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Multimodal therapy strategies based on hydrogels for 
the repair of spinal cord injury
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Abstract

Spinal cord injury (SCI) is a serious traumatic disease of the central nervous system, which can give rise to the loss of 
motor and sensory function. Due to its complex pathological mechanism, the treatment of this disease still faces a 
huge challenge. Hydrogels with good biocompatibility and biodegradability can well imitate the extracellular matrix 
in the microenvironment of spinal cord. Hydrogels have been regarded as promising SCI repair material in recent 
years and continuous studies have confirmed that hydrogel-based therapy can effectively eliminate inflammation and 
promote spinal cord repair and regeneration to improve SCI. In this review, hydrogel-based multimodal therapeutic 
strategies to repair SCI are provided, and a combination of hydrogel scaffolds and other therapeutic modalities are 
discussed, with particular emphasis on the repair mechanism of SCI.
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chitosan, alginate, agarose, etc. Natural polymer hydrogels 
are good candidates for the treatment of SCI due to the 
biocompatible and biodegradable nature. Synthetic hydrogels 
are made from artificial materials such as methacrylate and 
polyethylene glycol, which limit biological activity and have 
side-effects, such as cell adhesion[6]. But the biological 
properties can be improved by mixing with natural biomaterials 
or natural polymers, and thus these synthetic hydrogels also 
exhibit the required biocompatibility and biodegradability. 
A wide variety of natural hydrogels and synthetic hydrogels 
have different polymer topologies and chemical compositions, 
which make them highly adaptable for a wide application, such 
as conductive coating of nerve electrode[5,7], regenerative 
biomaterial[8,9], drug delivery[10], sensing[11], lubrication 
and so on[12-17]. Hydrogels have been widely utilized as 
SCI repair materials, and achieved a relatively good effect for 
SCI improvement in recent years. Moreover, the stem cells-
loaded hydrogel therapy has shown that it can enhance the 
therapeutic efficacy for SCI treatment[18,19]. When hydrogels 
are used as scaffolds for transplantation of stem cells, the 
cytocompatibility of hydrogels is a very important factor, and it 
is necessary to ensure that hydrogels can promote the survival 
rate of transplanted and increase therapeutic effect. Hydrogels 
act like the extracellular environment of body tissues, 
making them useful for cell transplantation. Hydrogels with 
cytocompatibility tend to influence their interactions with cell 
systems by controlling their physical properties and biological 

Background
Spinal cord injury (SCI) is a debilitating systemic disease of 
the central nervous system (CNS) and one of the most severe 
traumatic diseases. It influences thousands of people each year 
and most of them are young people[1]. It leads to a gradual 
loss of motor and sensory function, which poses a threat to 
the patients’ health and seriously affects the life expectancy 
of patients. Long-term treatment, care costs and financial 
losses can affect patients and their families, causing social and 
physical problems[2]. However, effective treatments for SCI 
have not been developed to date. With the current advance of 
biomaterials applications in medicine, many studies suggested 
the potential of biomaterial for SCI repairment. Hydrogels as a 
biomaterial have a good application in the nervous system due 
to their properties of hydrophilicity and biocompatibility[3].

Hydrogels are highly hydrated materials with water 
molecules and hydrophilic polymer networks. They have 
become one of the most conspicuous biological materials 
and their intrinsic properties such as biocompatibility, cell 
interactions, hydrophilic, permeability and biodegradation 
make them become suitable substrates to imitate the natural 
molecular microenvironment[4,5]. Hydrogels are usually made 
of natural or synthetic materials. Natural hydrogels are divided 
into protein and polysaccharides, including collagen, gelatin, 
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activities[20].
At present, hydrogels have been widely applied in the 

repair of SCI[6,21]. However, few articles comprehensively 
overviewed the applications of various hydrogels in repairing 
SCI. This paper comprehensively reviews hydrogel-based 
multimodal therapy strategies for the repair of SCI, including 

injectable hydrogels therapy, tissue engineering (alginate 
hydrogel scaffolds, and fibrous hydrogel scaffolds) and 
combination therapy of hydrogel scaffolds combined with 
phototherapy, growth factors (GFs), small molecules and stem 
cells (Fig. 1).

Fig. 1　Mechanisms of spinal cord injury (SCI) and different models therapy based on hydrogels.
a. A range of pathologic mechanisms following SCI: primary injury including demyelination and cyst formation; secondary injury 
including loss of neurons/axons, inflammation and glial scar. b. Multimodal therapy strategies based on hydrogel: injectable 
hydrogels therapy, tissue engineering and combination therapy. The therapy mechanisms based on hydrogels: promote new neurons 
formation, promote axonal growth, remove inflammatory cells and factors, eliminate cyst, inhibit glial scar formation, promote axonal 
regeneration. ECM. Extracellular matrix

SCI
Pathological mechanisms of SCI
Spinal cord, as one of the components of the CNS, plays a key 
role in the regulation of vital activities. Therefore, when SCI 
occurs, it can give rise to complex pathophysiology which 
affects the nerves, blood vessels and immune system and a 
loss of motor and sensory function, loss of autoregulation of 
breathing, and dysfunction of intestinal regulation, leading to 
permanent disability. Complex pathological change occurs 
in the central spinal cord after contusion, compression, or 
traumatic accident[1]. Spinal cord compression is the most 
common form of SCI and persists after injury[2]. It can lead 
to spinal canal hematomas. SCI is associated with bleeding in 
the early stages, followed by interruptions in the blood supply, 
which can lead to hypoxia and ischemic infarcts, both of which 
can damage gray matter with high metabolism and neurons 

and decrease the thickness of myelin, leading to a host of 
pathological changes[2].

SCI is characterized by mechanical damage of neurons 
and glial membranes, microvascular destruction, abnormal 
ion regulation, and proapoptotic signaling caused by initial 
traumatic injury, which often cause secondary damage cascade 
including activation of inflammatory cells, neurons and glial 
cells apoptosis, collagen fiber acidic protein expression, axonal 
injury and glial scar formation[22-24]. The secondary injury 
can extend the damage to areas which are far from the center of 
the injury and aggravated SCI. Moreover, SCI often has a wide 
range of inflammatory responses induced by macrophages, 
neutrophils, T cells and a range of pro-inflammatory factors 
which can cause lesion growth and tissue damage. Each model 
has slight differences in the degree of inflammatory infiltration, 
which hinders tissue regeneration. The functional loss caused 



605

Wang et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

by SCI is often lasting because of the limited regenerative 
ability of damaged neurons and the diffuse lesion site[2,25].
Therapy of SCI
Currently, the treatments of SCI in the clinical have some 
limitations. There are two primary strategies for SCI. The 
first strategy is to protect the remaining axons and neurons 
from secondary injury by early clinical decompression or 
elimination of secondary inflammation in the acute stage 
of injury. Specific treatment measures include high dose 
methylprednisolone, calcium channel antagonist, naloxone 
and other drugs, or local hypothermia protection, artificial 
high-pressure perfusion, etc. However, the treatment effect is 
limited with a poor prognosis. The second strategy is cell-based 
therapy to promote the repair and regeneration of nerve tissue 
in the chronic period of injury, including surgical treatment, 
transplantation of stem cells and hyperbaric oxygen therapy. 
Although good results have been achieved, the survival, 
migration and attachment of cells in cerebrospinal fluid (CSF) 
still pose great challenges[22]. Therefore, the key to treating 
SCI is anti-inflammatory, replacing damaged spinal tissue and 
promoting regeneration. The anti-inflammatory effect can be 
achieved by removing inflammatory cells and inhibiting the 
expression of proinflammatory factors. Replacing damaged 
spinal tissue can be achieved by inhibiting the formation of 
glial scar and promoting the repair of damaged neurons and the 
formation of new neurons. Axonal growth and regeneration 
can promote spinal cord regeneration.

Although a lot of resources and effort have been put into 
the search for effective treatments of SCI, there is no active 
or permanent cure for SCI. Anti-inflammation, replacing 
damaged spinal tissue and regeneration are the primary 
targets in the treatment of SCI. Based on the context, novel 
therapy strategies including injectable hydrogels therapy, tissue 
engineering and a combination therapy based on hydrogel 
scaffolds have been applied to the SCI repair. The most 
common therapy is tissue engineering which focuses on the 
delivery of specific growth neurotrophic factors[26], stem cells 
and anti-inflammatory agents to the specific injury site of the 
SCI delivered by a biomaterial scaffold.

Injectable hydrogels therapy
In general, hydrogels include injectable hydrogels and non-
injectable hydrogels. Injectable hydrogels are fluid and can 
be easily transported to the injured tissue. Importantly, 
formulations of injectable hydrogels have mechanical 
properties that greatly match the extracellular matrix (ECM) of 
spinal cord, which might promote axonal growth[27]. Several 
different kinds of injectable hydrogels are discussed below.

Hydrogels acted on ECM
The cystic cavity formed after SCI is the main obstacle to  
CNS tissue repair while the cystic cavity is connected by a 
fibronectin-rich ECM[28]. Hydrogels can simulate the ECM 
in the cystic cavity to achieve the better therapeutic effect. The 
following two different hydrogels that act on the cellular matrix 
are mainly discussed.

Imidazole-polymer (I-5) hydrogel can promote ECM 
connectivity, which is injected to completely eliminate cysts 
in a rat model of SCI. Matrix metalloproteinase-9 expressed 
by macrophages in the fibrous ECM mediated fibrous ECM 
remodeling. A large number of macrophages exist in fibrous 
ECM. I-5 hydrogel promoted ECM remodeling by activating 
metalloproteinase-9. This dynamic interaction between I-5 
hydrogel and macrophages resulted in the elimination of cystic 
cavities, neuronal repair, axonal increase and restoration in a 
rat  model of SCI[28].

Decel lular ized t issue matri x (DTM) is a common 
biomaterial used for the repair of soft tissue. Moreover, 
as a bioactive component, ECM has been found in DTM 
and demonstrated that it can sustain high tissue specificity. 
Further continuous digestion, pH neutralization, and ion 
equalization of the DTM yield DTM hydrogels that can 
be applied in tissue engineering. DTM hydrogels have 
achieved good results in the SCI repair in recent years, 
mainly achieving the functions of filling the lesion cavity, 
promoting axonal growth and good immune regulation[29]. 
By comparing a decellularized tissue matrix hydrogel 
(DSCM-GEL) from the spinal cord with a decellularized 
tissue matrix hydrogel (DNM-GEL) from the peripheral 
nervous system, the results showed that DSCM-GEL kept 
the structure of ECM like nanofibers, enhanced the 3D 
regenerative environment for the survival, proliferation and 
migration of neural stem cells and promoted the process of 
neuronal differentiation and synaptic formation of neural 
stem cells. It provided suitable conditions for endogenous 
cells to infiltrate into the injured site and it was conducive to 
promoting functional repair after SCI. Therefore, for future 
clinical transformation, the rational design of biological 
implants containing DTM hydrogel is much desirable for the 
successful recovery after SCI[29].
Tauroursodeoxycholic acid (TUDCA) hydrogels
TUDCA is a hydrophilic acid that protects cells. A recent study 
has shown that TUDCA can be used as a replaceable drug 
based on its anti-neuro inflammatory effect in SCI rats[30]. 
However, the treatment effects were limited because of the 
use of intraperitoneal injections. Hydrogels, a high-water-
content material, have been proposed as a drug delivery system 
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that effectively offers a drug at a suitable targeted site in a 
short period. A research has found that direct injection of the 
TUDCA-hydrogel (TC gel) can decrease the amount of glial 
fibrillary acidic protein (GFAP) which is a marker of activated 
astrocyte to inhibit the inflammatory effect and promote 
functional recovery after SCI[30]. Moreover, hydrogels have 
no side effects, so the anti-inflammatory effect of TUDCA can 
be better developed.
Peptide‑modified hydrogels
Natural hydrogels have been widely developed for SCI repair in 
recent years. Hydrogels are usually modified by other materials 
to work better, such as the peptide. The integrin-binding 
peptide RGD, a tripeptide sequence containing arginine—
glycine—aspartic acid, can be specifically recognized by 
integrin and can activate the pathway. It performs a key 
apoptotic function in cell cycle activity. The hydroxyphenyl 
derivative of HA (HA-PH), a promising HA-based material, 
can form covalently crosslinked hydrogel which has excellent 
mechanical properties. In a recent study, HA-PH was modified 
with peptide RGD to attain a soft injectable HA-PH-RGD 
hydrogel. The research has found that the hydrogel bridged 
the diseased cavity and enhanced axonal growth, which 
showed that the hydrogel might be a promising material in 
the repair of SCI[31]. In addition, a hydrogel modified with 
the platelet-derived growth factor (PDGF-A) and the RGD 
peptide promoted cell early survival and decreased teratoma 
formation[32].
Self‑assembling hydrogels
Peptide amphiphile hydrogels are absorbable, injectable, 
biofunctionalized and can control the release of nutrient 
factors[33]. Therefore, they have a good application prospect 
in regenerative medicine. Here, IKVAV functionalized PA 
hydrogel is taken as an example. A study found that injection of 
IKVAV functionalized PA hydrogel at the injured site inhibited 
glial scar formation and promoted axonal regeneration in SCI 
rats[33]. Then, scientists made further efforts to incorporate 
brain-derived neurotrophic factor (BDNF) into the self-
assembled peptide hydrogels through different binding 
methods. They demonstrated that BDNF can be released 
continuously for 21 d while maintaining BDNF bioactivity 
through PA hydrogels. Also, injection of the BDNF-loaded 
IKVAV PA hydrogel induced inflammatory response after 6 
weeks. Moreover, they also demonstrated that PA hydrogel 
can alleviate astrocyte proliferation and increase axonal 
preservation after severe SCI[33]. Therefore, the combined 
effect of this self-assembled peptide hydrogel and BDNF can 
reduce the barrier of a single treatment of neurotrophic factor 
and increase the sustained release[33,34].

Other hydrogels
Injectable hydrogels have potential application prospects 
in SCI regeneration. Apart from the ones described above, 
there are other types of injectable hydrogels. Silk fibroin/
polydopamine hydrogel and heparin-Laponite hydrogel are 
mainly discussed.

The heparin-Laponite hydrogel is introduced at first. 
Fibroblast growth factor 4 (FGF4), a novel neuroprotec-
tive factor, is widely used for angiogenesis and stem cell 
differentiation[27]. A study showed that FGF4 may imitate the 
axonal regeneration of neurons by regulating the stabilization 
of microtubule after SCI, but injection of FGF4 is hardly 
effective in SCI because of the short half-life[27]. FGF4 
belongs to FGF family containing a heparin-binding region, 
so it can be well combined with heparin. Laponite XLG, a 
2-dimensional nanomaterial composed of nano-particles with 
good biodegradability and biocompatibility, is well used in 
regenerative medicine. This material can also be combined 
with other biomaterials such as hydrogel to form injectable 
nanocomposite hydrogels for SCI. A recent study has shown 
that a novel injectable Lap/Hep gel including FGF4 which was 
formed by heparin-FGF4 hybrid can regulate mitochondrial 
localization, enhance microtubule stability and axonal growth 
to promote recovery after SCI[27].

Then the injectable silk protein/polydopamine (SF/
PDA) hydrogel will be introduced. SF, a water-insoluble 
protein with good biological and mechanical properties, has 
a wide application in nerve regeneration. Dopamine (DA), a 
kind of adhesion protein, can promote neuronal growth and 
differentiation. Therefore, DA has been widely concerned 
in biomedicine and mainly used for surface modification 
of different biomaterials. In recent years, the DA-based 
injectable hydrogels have shown a promising application 
in tissue regeneration. Based on the properties, in a recent 
study, an injectable SF/PDA composite hydrogel in different 
concentrations was formed. The addition of DA remarkably 
improved mechanical properties and physical properties and 
of the SF hydrogel. The study showed that SF/PDA hydrogel 
with the concentration of 2 mg/ml DA possessed the best 
repair effect on SCI, which indicated that SF/PDA hydrogels 
under this condition had potential application value in spinal 
cord regeneration[26].

Tissue engineering
Hydrogel scaffolds can be greatly implanted into the SCI site 
for their good biocompatibility and biodegradability. Tissue 
engineering can improve SCI by promoting the formation 
of new neurons and axonal regeneration, inhibiting glial 
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scar formation and decreasing secondary injury. Although 
hydrogel scaffolds have a good application prospect in 
tissue engineering, poor mechanical properties limited 
their applications. Therefore, recent research has focused 
on the preparation of composite scaffolds to improve the 
physical and chemical properties of scaffolds. The following 
mainly introduces composite scaffolds, several typical tissue 
engineering and combination therapy based on hydrogel 
scaffolds. Tissue engineering based on hydrogel scaffolds 
includes alginate hydrogel scaffolds, fibrous hydrogel scaffolds 
and combination therapy of hydrogel scaffolds combined with 
phototherapy, GFs, small molecules and stem cells.
Composite scaffolds
Composite scaffolds are generally prepared by adding 
nanoparticles, fibers, nanotubes and clay minerals into 
hydrogels. They show significant promise in tissue engineering, 
especially when considering mechanical properties. Several 
materials for preparing composite hydrogels are introduced 
below.
Nanoparticles
The combination of hydrogels and nanoparticles has become 
a new research field in tissue engineering and regenerative 
medicine. There are many types of nanoparticles, including 
polymer nanoparticles (dendritic macromolecules and 
hyperbranched polyester), inorganic/ceramic nanoparticles 
(hydroxyapatite, silica, silicates and calcium phosphate) 
and metal/metal oxide nanoparticles (gold, silver and ferric 
oxide)[25]. Studies have shown that the addition of magnetic 
Fe3O4 nanoparticles into chitosan or polyethylene glycol 
hydrogel can promote the survival and differentiation of bone 
marrow mesenchymal stem cells[25,35]. Hydroxyapatite 
was added to f ibroin hydrogel to promote osteogenic 
differentiation of human bone marrow mesenchymal stem 
cells[35]. In addition, metal nanoparticles are one of the most 
attractive nanomaterials due to their corrosion resistance, 
oxidation resistance and other unique properties. They are 
characterized by high surface volume ratio, easy synthesis, 
surface chemistry and functionalization, which make them 
have a wide application in biomedicine. In recent years, Au 
and Ag nanoparticles have had potential applications in tissue 
regeneration. The combination of nanoparticles and hydrogels 
significantly improves the mechanical properties of hydrogels, 
thus overcoming the limitation of poor mechanical properties 
and enhancing the applicability of hydrogel scaffolds in tissue 
engineering.
Fibers
Studies have shown that adding fibers to bulk hydrogels can 
improve the mechanical properties of hydrogels[36,37]. The 

structure of fibers is similar to the ECM. Hydrogels have high 
water content which is suitable for simulating soft tissue. The 
combination of fibers and hydrogels can produce a composite 
material similar to the natural microenvironment. The 
composite material has strong mechanical properties. Fiber–
hydrogel composite is usually prepared by adding fibers to bulk 
hydrogels and layering the fibers with hydrogel. When fiber–
hydrogel composite is applied to tissue engineering, the fiber 
density level in the hydrogels guides the cell behavior. Low-
density fibers promote the production of ECM, while high-
density fibers promote cell proliferation[36]. A recent study 
has reported a new type of nanofiberhydrogel composite 
material used for the repair of SCI[37]. Its mechanical 
properties can be well-matched with the spinal cord nerve 
tissue. Different from ordinary fiber-hydrogel composite, 
this kind of composite material mainly relies on the unique 
bonding structure between fiber and hydrogel network 
interface, so as to maintain the mechanical integrity of the 
composite material at the damaged site, thus promoting the 
regeneration and repair of the damaged nerve tissue.
Nanotubes
Generally, carbon nanotubes have poor water dispersion and 
high costs. Halloysite nanotubes show a similar structure 
to carbon nanotubes and have many advantages, such as 
low toxicity, high biocompatibility, high dispersion and 
environmental protection. They have a wide application in 
the biomedical field. They can be dispersed into hydrogels 
due to their stable tubular morphology, unique charge 
distribution and crystal structure. The two materials can 
be combined to form a composite hydrogel by physical or 
chemical methods[38]. The composite material also has good 
applicability in tissue engineering. Studies have shown that 
the combination of nanotubes and chitosan has little effect on 
the pore structure, but increases the number of pores, which 
is conducive to the survival of cells[38,39]. Naumenko and 
co-workers[39] added halloysite nanotube into chitosan-
gelatine-agarose hydrogels to form a nanocomposite hydrogel. 
They observed that the mechanical strength of the composite 
hydrogel was improved by adding Hal nanotube. In addition, 
the biocompatibility and safe properties of the composite 
hydrogel were confirmed. Furthermore, the implantation 
of the nanocomposite hydrogel scaffold in rats promoted 
angiogenesis, which indicated the nanocomposite hydrogel 
scaffold was an ideal scaffold for tissue engineering.
Clay minerals
Clay minerals, known as sheet si licates, are inorganic 
layered nanomaterials with good biocompatibility and 
biodegradability. They are widely used in many fields. In 
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medicine, they can promote wound healing and inhibit 
bleeding. They can also be applied as active ingredients in 
drug formulations. In pharmaceutical preparations, they can 
be applied as disintegrants, thinners, binders, thickeners 
and so on[40]. Clay minerals have been attracted much 
attention in recent years due to their layered structure and 
unique properties. The layered structures can be finely peeled 
to produce nanosheets with a high specific surface area. A 
number of studies have shown that adding clay minerals 
into the polymer can improve the mechanical properties 
and degradation of the polymer base[40,41]. The composite 
hydrogels formed by adding clay minerals to hydrogels have 
strong mechanical properties. The effect of clay minerals on the 
properties of composite hydrogels depends on the type of clay 
minerals, the concentration of clay minerals and the dispersion 
of clay minerals in the polymer network structure of hydrogels. 
The physical and chemical interactions between polymers 
and clay minerals are the most important. Clay minerals can 
combine with macromolecular, such as polyacrylic acid and 
polyethylene glycol, polypeptide, alginate and chitosan to 
form nanocomposite hydrogels. A study has shown that many 
cells such as stem cells, fibroblasts and epithelial cells can 
achieve good adhesion, differentiation and proliferation on the 
nanocomposite hydrogels[41]. In addition, the mechanical 
properties of composite hydrogels containing clay minerals are 
also significantly enhanced, which indicates that the composite 
hydrogels have the potential in tissue engineering.
Alginate (ALG) hydrogel scaffolds
ALG is a biological substance that is constantly used to heal 
and regenerate human tissues extracted from brown seaweed. 
In addition, ALG has the ability to form hydrogels[42]. The 
network of ALG hydrogels is cross-linked by divalent cations 
such as Ca2+, Mg2+, Ba2+ and many others, which are vital to 
the function of ALG hydrogels[43]. The interaction of these 
cations fabricates ordered 3D structures of ALG hydrogels that 
are favorable for the hydrogel to form a scaffold loaded with 
drugs. And the physical properties of hydrogels are different 
from the different ions used. With high biocompatibility and 
external structural similarity to the ECM of living tissues, ALG 
hydrogels have been widely used in soft tissue engineering 
and have proven to be an effective biomaterial in SCI. Studies 
showed that implantation of soft ALG hydrogel at the injured 
site can improve functional recovery via the mechanisms of 
stabilization wound[43,44], reduction secondary injury and 
inhibiting the formation of fibrous scarring.

Calcium-crosslinked ALG makes use of the electrostatic 
interaction of divalent cations with anionic polycarboxylate 
to form an ionic cross-linked network that can load small 

molecules, GFs or cells to maintain the regeneration of central 
nervous tissue[45]. Currently, Schwann cells (SCs) have been 
widely examined as an autologous cellular graft because they 
can support the axonal growth in SCI. Moreover, SCs also 
secrete neurotrophic factors to protect spared tissues, and one 
of the best representative neurotrophic factors is the BDNF. 
In a recent study, SC-seeded ALG hydrogels were grafted to 
the SCI site and BDNF expressing AAV5 was injected under 
the control of the tetracycline-regulated promoter. The study 
demonstrated that ALG hydrogels supported the survival 
of grafted SCs and promoted axonal growth. The number of 
axons that bridged the injured site significantly increased when 
BDNF expression was activated[46]. Based on the mentioned 
above, ALG hydrogels have a wide application prospect in SCI. 
Fibrous hydrogel scaffolds
In recent years, the hydrogel has been widely used as a bridge 
for the repair of SCI. They can not only promote the axonal 
growth and recovery of the damaged spinal cord, but also 
reduce and control inflammation. However, hydrogels are 
unstable in shape and easy to flow out of the SCI site, thus 
affecting the therapeutic effect. Based on this deficiency, 
researchers made the fibrous hydrogels to improve the strength 
of hydrogels by adding fiber, which had the ability to promote 
recovery and axonal regeneration[47]. Based on the fibrous 
hydrogel, there are nanofibers hydrogels and fibrin hydrogels, 
which are discussed below.
Nanofibers hydrogel scaffolds
Nanofibers, as a promising biomaterial, have the ability 
to imitate the architecture and the size scale of the natural 
ECM in spinal cord compared with the microfibers and 
microchannels which were previously used for SCI treatment. 
In previous work, researchers demonstrated that all kinds of 
drugs including low molecular weight lipophilic drugs could be 
incorporated into nanofiber matrices by electrospinning[37]. 
Collagen hydrogel enables sustained drug/gene delivery. A 
recent study showed that a biodegradable nanofibers-hydrogel 
scaffold which was composed of aligned poly electrospun 
nanofibers distributed in a 3D structure within a collagen 
hydrogel could be as a biofunctionalized platform to provide 
sustained drug/gene delivery and contact guidance for 
SCI repair. The hydrogel scaffold promoted aligned axonal 
regeneration. In addition, no excessive scar tissue formed and 
inflammatory response was induced[47,48]. Therefore, these 
results demonstrated the potential of nanofibers-hydrogel 
scaffold for the application of SCI repair.
Fibrin hydrogel scaffolds
Although hydrogels with excellent biocompatibility and 
biodegradability are widely applied in spinal cord regeneration, 
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most of them are isotropic in structures. The white matter in 
spinal tissue composed of well-aligned bundles of axons, has 
hierarchical tissue structures from a nerve axon to a nerve fiber. 
While the aligned fiber structure was demonstrated that it was 
more similar to the nerve tissue, so it can be designed for nerve 
regeneration[49]. A pilot study of fibrin hydrogel showed that 
a new biomaterial-aligned fibrin hydrogel (AFG) can limit glial 
scarring, regenerate nerve fibers in the lesion site and have a 
beneficial influence in the improvement of injured axons to 
promote functional recovery[50]. In addition to hierarchically 
aligned structures, the stiffness of biomaterials is an essential 
feature of neural tissue regeneration. In a previous study, a 
hierarchically AFG with an aligned nanofiber structure and low 
resilience was developed to promote nerve fiber regeneration 

in SCI models[51,52].
Combination therapy
Effective treatments for SCI have not been developed due to 
its complex pathophysiological mechanism. This complexity 
suggests that multiple treatments may be more effective 
than the single treatment. Currently, hydrogel-based tissue 
engineering strategies involving scaffolds, phototherapy, cells, 
small molecules and GFs have provided wide prospects for the 
treatment of SCI. Hydrogels have a 3D network structure and 
microenvironment that is similar to ECM, which can promote 
the cell growth and inserted biomacromolecules to maintain 
release. Table 1 is a summary of hydrogel scaffolds loaded with 
different GFs, small molecules and stem cells.

Table 1　Hydrogel scaffolds loaded with different GFs, small molecules and stem cells
GFs, small molecules 
and stem cells Advantages Disadvantages Hydrogel-based delivery system

GFs

BDNF[53-55]
Improving the axonal growth and 
promoting the formation of neural 
stem cells

Short half-life, low stability, 
and poor penetrativity of 
the BSCB

Hydrogel made by HA and MC

aFGF[56,57]
Reducing the number of apoptotic 
neurons and the inf lammatory 
reaction

A thermosensitive HP hydrogel loaded 
with aFGF

bFGF[56,57] Decreasing glial scar formation A thermosensitive HP hydrogel loaded 
with bFGF

HGF[58] Promoting neurogenesis and inhibi-
ting glial scar formation

A gelatin-FA hydrogel scaffold loaded 
with HGF combined with a CBD

Small molecules

Baricitinib[59] Decreasing inflammation and pro-
moting axonal regeneration

The first-pass effect; The 
special structure of BSCB 
and BBB

An in jectable  thermos-sens i t ive 
hydrogel loaded with baricitinib

Serpin[60,61] Decreasing inflammation and pro-
tecting neurons

A chitosan-collagen hydrogel loaded 
with serpin

Cab[62] Reducing inhibitory scar formation 
and promoting axonal growth

A biodegradable and injectable hybrid 
hydrogel

MH, PTX[63,64] Anti-inflammatory and antiapoptotic; 
Promoting axonal growth

A dual-drug delivery system based on 
alginate hydrogel

Stem cells

MSCs[65-67]
Promoting neurogenesis, enhancing 
neuronal cell survival and inhibiting 
glial scar formation

Limited survival and low 
implantation rate and the 
failure of crossing the BBB

An agarose/carbomer-based hydrogel; 
A 3D gelatin sponge scaffold; Aligned 
fibrin hydrogel scaffold; Chitosan-
based hydrogel

hMSCs[68,69] Promoting tissue regeneration and 
modulating the immune system

A 3D hydrogel scaffold based on 
agarose/carbomer hydrogel

hUC-MSCs[70] Abundant resources, convenient 
collection and low immunogenicity

A dual-enzymatically cross-linked 
gelatin hydrogel

Endometrium stem 
cells[71]

Low immunogenicity, high prolife-
ration rate and the plasticity to 
differentiate into other cells

Fibrin hydrogel

IPSC-NPs[72,73] Altering the diseased environment Optimized hydrogel based on gelatin

DPSCs[74-76] Anti-inflammatory HP hydrogel

OECs[77-79] Creating a suitable environment Collagen and fibrin hydrogels

GFs. Growth factors; BDNF. Brain-derived neurotrophic factors; aFGF. Acidic fibroblast growth factor; bFGF. Basic fibroblast growth factor; 
HGF. Hepatocyte growth factor; BSCB. Blood spinal cord barrier; HA. Hyaluronic acid; MC. Methylcellulose; HP. Heparin-poloxamer; 
FA. Furfueylamine; CBD. Collagen biding domain; MH. Minocvcline hydrochloride; PTX. Paclitaxel; BBB. Blood–brain barrier; MSCs. 
Mesenchymal stem cells; hMSCs. Human mesenchymal stem cells; hUC-MSCs. Human umbilical cord mesenchymal stem cells; IPSC-NPs. 
Induced pluripotent stem cell-derived neural progenitors; DPSCs. Dental pulp stem cells; OECs. Olfactory ensheathing cells
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Hydrogel scaffolds loaded with GFs
SCI often leads to the failure of axonal regeneration. In recent 
years, GFs capable of instructing specific cellular responses 
in microenvironments have been demonstrated to promote 
axonal sprouting and regeneration, modulate the viability of 
damaged neurons and block inhibitory molecules, so they can 
be applied to treat SCI. However, GFs exist drawbacks, such as 
short half-life, low stability and poor penetrability of the blood 
spinal cord barrier (BSCB), which make it difficult to maintain 
long-term activity[56]. To solve the problem, GFs can be 
immobilized onto a hydrogel with excellent biocompatibility 
and biomechanical properties, which can be injected into the 
cystic cavity to regenerate a favorable microenvironment and 
promote the repair of damaged tissue. The most appropriate 
hydrogel for loading GFs should be a hydrogel that can act 
as a delivery system and maximize its potential in improving 
SCI. The following will mainly discuss several different GFs 
combined with hydrogels for SCI.

Nerve growth factor (NGF) can stimulate regeneration 
of injured axons, neurogenesis and angiogenesis. BDNF has 
been demonstrated that it is the most promising[56]. BDNF 
can improve the axonal growth and promote the proliferation 
of neural stem cells. BDNF can also be combined with 
hydrogel through chemical conjugation or physical absorption. 
Compared with physical absorption, chemical conjugation is 
more advantageous. Encapsulating BDNF into microspheres 
with good biodegradable and biocompatible can protect BDNF 
from microenvironmental damage and achieve sustained 
delivery at the injured sites. Poly (lactic-co-glycolic acid) 
(PLGA) microsphere has been widely applied in controlled 
release of BDNF. Studies have found that the implantation of 
composite hydrogel has been considered as a biofunctionalized 
delivery platform for neural regeneration and it can sustain the 
release of BDNF, such as HAMC-KAFAK/BDNF hydrogel, 
and HA-MC hydrogel. KAFAK was a biomaterial to control 
local inflammation after SCI[53-55]. HA-MC hydrogel was 
made by hyaluronic acid (HA), methylcellulose (MC) and 
a composite material containing BDNF-loaded poly PLGA 
particles for localized and sustained protein delivery.

Hepatocyte growth factor (HGF) which is a multipotent 
neurotrophic and neuroregenerative factor, can promote 
neurogenesis and inhibit glial scar formation. Moreover, 
immobilized HGF can be retained and localized at the injury 
site for longer periods than native HGF. In a recent study, HGF 
combined with a collagen-biding domain (CBD) was retained 
for 7 d in a gelatin-furfurylamine (FA) as a scaffold, which is 
longer than native HGF without the hydrogel scaffold[58].

Acidic fibroblast growth factor (aFGF) and basic fibroblast 

growth factor (bFGF) are powerful factors in the protection 
and regeneration of damaged neurons. aFGF can decrease the 
number of apoptotic neurons and the inflammatory reactions 
after SCI[56]. bFGF can reduce glial scar formation at later 
stage of SCI[57]. Studies have confirmed that the most suitable 
hydrogels for SCI was thermosensitive hydrogel, which 
has a high loading capacity and provides the GFs maximal 
protection[56,57]. Researchers designed an innovative 
thermosensitive heparin-poloxamer (HP) hydrogel that 
can deliver GFs to the injured site to develop the aFGF-HP 
hydrogel and the GFs-HP hydrogel (GFs-HP) that consisted of 
bFGF and NGF. After injection of aFGF-HP and GFs-HP into 
the spinal cord lesion, they both showed sustained release of 
GFs and retained the activity of GFs[56,57], which provided 
an effective treatment for SCI.
Hydrogel scaffolds loaded with small molecules
To date, many drugs have been used for SCI therapy. However, 
the delivery of therapeutic drugs to the CNS was a challenge 
because of the special structure of BSCB, blood–brain 
barrier (BBB) and the first-pass effect[59]. Moreover, drugs 
can be cleared rapidly due to CSF rapid renovation, which 
requires higher dosage/frequency. Therefore, it is important 
to prolong drug release at the SCI site. In the therapy of 
CNS diseases, hydrogels provide supporting substrates for 
tissue regeneration, and locally serve as a slow-release drug 
reservoir, which can reduce the frequency and total dose of 
administration, thereby reducing side effects and improving 
patient compliance. Several combination strategies of different 
representative drugs and hydrogels for SCI will be discussed in 
the following context.

Baricitinib, a JAK1/2 inhibitor with high efficiency, can 
decrease inflammation and promote axonal regeneration. A 
study has shown that PLGA/PEG block thermally reversible 
gelling polymers were widely used, especially for drug delivery 
due to their biodegradability and biocompatibility[59]. 
In addition, injectable hydrogels are thought to help with 
surgery, especially for those small, deep incisions. Based 
on this, researchers made an injectable PLGA-PEG-PLGA 
thermosensitive hydrogel scaffold loaded with baricitinib 
(Bari-P hydrogel). The results suggested that the hydrogel 
prolonged the baricitinib release, inhibited inflammation 
factors and reduced neuronal apoptosis[59].

Serine proteases can activate an acute inflammatory 
response to aggravate SCI. Serpin is an inhibitor of serine 
protease and an immunomodulatory biologic drug, which can 
decrease inflammation and protect neurons for SCI therapy. 
The combination of chitosan and a collagen hydrogel with 
stable structure produced a highly biodegradable material 
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that had the properties of good biocompatibility and low 
antigenicity in animal models of SCI. Therefore, scientists 
demonstrated that serpin, when delivered by a chitosan-
collagen hydrogel (CCH) into a rat of SCI, maintained the 
therapeutic effect and promoted functional recovery[60]. In 
addition, CCH loaded with selenium nanoparticle can also 
improve functional recovery[61].

Cabazitaxel (Cab), a microtubule inhibitor, is a second-
line drug for the therapy of metastatic castrated prostate 
cancer. Researchers demonstrated that a low dose of Cab could 
decrease the formation of inhibitory scar and promote axonal 
growth by moderating microtubule stability[62]. However, 
the aqueous solubility of Cab is poor, so they designed a 
biodegradable and injectable hybrid hydrogel (Cab-M/H) 
scaffold to increase the aqueous solubility of Cab and 
established a SCI rat model. The results suggested that 
Cab-M/H hydrogel decreased fibrotic scarring and the axonal 
inhibitory factors, and boosted nerve regeneration to facilitate 
functional recovery[62].

It is necessary to combine multiple drugs to overcome 
several barriers owing to the multifaceted nature of SCI. 
Minocycline hydrochloride (MH), a neuroprotective agent, 
is a second-generation tetracycline used as an antibiotic in 
clinics with anti-inflammatory and anti-apoptotic properties. 
Paclitaxel (PTX), an anti-cancer drug, can also promote axonal 
growth at the trauma site by stabilizing microtubules. Scientists 
assumed that the combination of MH and PTX would be a 
promising therapy for SCI repair. Considering the interaction 
of MH with metal ions, they made affinity alginate hydrogel 
scaffold as a delivery system to avoid the risk of hepatotoxity 
and even death caused by MH and toxicity of PTX on 
peripheral nerve tissue. The hydrogel based on metal-ion 
chelation and electrostatic interaction incorporated MH and 
PTX which were incorporated into PLGA microspheres and 
inserted into the alginate hydrogel to form a dual-drug delivery 
system. The system decreased inflammation and promoted 
neuronal regeneration[63]. Furthermore, the therapy of agents 
combined GFs for SCI is also a promising method[64].
Hydrogel scaffolds loaded with stem cells
In recent years, cell-based therapy strategy on SCI has achieved 
a good effect. The implant of stem cells and hydrogel scaffolds 
is a promising approach for SCI repair. However, there are 
many challenges in the cell therapy approach such as migration 
to the target site, attachment to the SC surface and cell survival 
in CSF[65]. One strategy to over these drawbacks is the 
implantation of stem cells and the hydrogel scaffolds which 
can promote tissue regeneration by releasing neuro-protective 
factors. Strategies based on different stem cells and hydrogel 

scaffolds will be discussed below.
Regenerative medicine based on mesenchymal stem cells 

(MSCs) is regarded as a promising strategy to repair SCI 
tissue. MSCs, as a particularly promising therapeutic strategy, 
can promote neurogenesis, enhance neuronal cell survival and 
inhibit glial scar formation. However, recent studies have found 
that the survival of cells after implantation was limited and 
the implantation rate was low, because implanted cells did not 
survive for a long time and the survival rate was greatly reduced 
when the cells were implanted in a damaged and highly 
reactive environment. Hydrogels, a promising biomaterial for 
SCI, can be as cell carriers to enhance both cell survival and 
implantation rate in the injured site. These hydrogels have 
proved better effect[65-67]: 1) An agarose/carbomer-based 
hydrogel can offer a suitable microenvironment to sustain the 
survival of MSCs; 2) A 3D gelatin sponge scaffold loaded with 
MSCs can improve axonal regeneration; 3) The AFG scaffold 
can control neural differentiation; 4) Chitosan-based hydrogel 
with anti-inflammatory and anti-oxidant properties can 
decrease inflammatory factors to create a suitable environment 
for MSCs.

Human mesenchymal stem cells (hMSCs) as an effective 
therapeutic approach in tissue repair after SCI, can promote 
tissue regeneration by releasing exogenous factors and 
modulating the immune system. However, direct injection may 
result in limited survival of stem cells and limited therapeutic 
effect since cells cannot cross the BBB and the ischemia 
environment in the injured area after SCI[68,69]. A method 
can be used to overcome the problem by encapsulating hMSCs 
into a new 3D hydrogel scaffold based on agarose/carbomer 
hydrogel.

Hu m a n  u m b i l i c a l  c o rd  m e s e n c hy m a l  s te m  c e l l s 
(hUCMSCs) are less immunogenic, which have the properties 
of abundant resources, convenient collection and low 
immunogenicity[70]. However, the effect of stem cell therapy 
is still hindered by low cell implantation rate, low survival rate, 
and uncontrolled cell differentiation. Based on the mentioned 
above, scientists designed the dual-enzymatically cross-
linked gelatin hydrogel as an injectable scaffold composed of 
hydrogen horseradish peroxidase (HRP) and galactose oxidase 
(GalOx) loaded with hUC-MSCs. The results showed that 
implantation of the hydrogel system was a promising therapy 
strategy for SCI[70].

Endometrium stem cells are superior to other MSCs in 
some characteristics including low immunogenicity, high 
proliferation rate and the plasticity to differentiate into other 
cells[74]. Considering the complexity and sensitivity of 
CNS, hydrogel scaffolds with excellent biocompatible and 
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biodegradable can be regarded as an ideal biomaterial. A recent 
study showed transplantation of human endometrial stem cells 
encapsulated in fibrin hydrogel reduced glial scar formation 
and enhanced axonal regeneration in a SCI rat model, which 
suggested that the strategy could be used for SCI recovery[71].

With the application of the induced pluripotent stem cell 
(IPSC) method, IPSCs have been a better cell type for the 
treatment of SCI[72]. Progenitor cells and stem cells are 
particularly helpful tools in regenerative medicine because 
they can rebuild the diseased environment. In general, they 
can increase the level of neurotrophic factors to promote nerve 
regeneration. IPSC-derived neural progenitors (IPSC-NPs) 
for the treatment of acute SCI are positive through forming 
glial scar, promoting axonal growth and sparing tissue to 
facilitate spinal cord regeneration. IPSC-NPs can be combined 
with hydrogels that are composed of the gelatin combined 
with methacrylate (GelMA) and laminin-coated pHEMA-
MOETACL (LHM) hydrogel[72,73], which can offer a 
suitable environment for the cell growth to treat SCI rat model.

Stem cells transplantation can provide new neural cells 
in the replacement of dead cells and generate many trophic 
factors. Dental stem cells derived from stem cells possess stem 
cell characteristics. Therefore, they can also be applied for SCI 
to promote tissue regeneration. Besides, they have the ability to 
decrease inflammatory factors and promote motor functional 
recovery through releasing trophic factors[74]. In a study, an 
innovative thermosensitive HP hydrogel including bFGF and 
dental pulp stem cells (DPSCs) was designed to be transported 
to the site of SCI to retain the high density of DPSCs and the 
continued role of bFGF in the process of recovery. The results 
showed that the implant of HP hydrogel including DPSCs 
and bFGF promoted nerve regeneration and functional 
recovery[74,75]. The human gingival mesenchymal stem cells 
are derived from DPSCs[76], so it can also be applied in SCI 
treatment.

Olfactory ensheathing cells (OECs) are an important 
and clinically relevant cell transplantation population for 
SCI, and they can produce a suitable environment for axonal 
growth in the damaged CNS[77]. Studies have indicated 
that both collagen and fibrin hydrogels could improve the 
delivery[78,79], survival and retention of transplanted OECs 
for SCI.
Hydrogel scaffolds combined with phototherapy
Hydrogels can mimic the ECM microenvironment very well. 
Phototherapy as a promising strategy can further promote 
hydrogels to imitate the dynamic and complex nature of 
the ECM because it has the property to provide dosage 
controls[80]. The combination of hydrogels and phototherapy 

is more effective for treating SCI. The following are two 
examples of hydrogels that combine phototherapy with 
hydrogels. They are photosensitive hydrogels and photo-
crosslinked hydrogels.

SCI often leads to the loss of cell viability and lack of 
directional control of neuronal regeneration. A study has 
confirmed that the introduction of nerve guidance conduits 
(NGCs) not only regulated the internal microenvironment 
to promote cell regeneration but also guided the regeneration 
of nerve endings, which was a good treatment for SCI[80]. 
However, the disadvantage was that most synthetic NGC 
scaffolds lack the ability of cell adhesion due to the absence 
of natural recognition sites, resulting in low viability. A study 
has constructed a microporous functional hydrogel (MFH) 
scaffold with a guide conduit and a photo-responsive monomer 
was copolymerized for protein coupling[80]. Proteins were 
effectively located on the whole inner surface of the hydrogel 
while also reducing the possibility of light attenuation. After 
the hydrogel scaffold was implanted into the transected spinal 
cord, it was found that the optimized hydrogel scaffold could 
improve the motor recovery of rats after SCI. Histology further 
demonstrated that the design of the hydrogel scaffold provided 
a favorable biologic site for neurons to generate directional 
neuronal tissue and facilitated the repair of SCI[80]. The 
proposed design of photosensitive hydrogel provides another 
good option for the treatment of SCI.

Inflammation is commonly associated with SCI. Microglia/
macrophages are the main contributors to inflammation 
factors. Moreover, activated microglia/macrophages can 
produce pro-inflammatory mediators to inhibit the repair of 
spinal cord and homeostasis. Spinal cord lacks of lymphatic 
circulation against invasion of inflammatory mediators which 
can aggravate SCI. Therefore, SCI can be treated by eliminating 
inflammation by removing inflammatory cells and reducing 
pro-inflammatory factors. The photo-crosslinked gelatin 3D 
hydrogel system applied at present with good biocompatibility 
and biodegradation can simulate the microenvironment of 
ECM in the spinal cord and suppress inflammatory factors. 
However, it can only work in the injured site because of the 
lack of target specificity. In addition, the system requires 
photoactivation. PLX3397, an inhibitor of colony stimulating 
factor 1 receptor (CSF1R), can eliminate microglia and rebuilt 
microglial population. The treatment can alleviate persistent 
inflammation caused by brain injury. A study showed that the 
treatment of the implantation of photo-crosslinked gelatin 
3D hydrogel and PLX3397 reduced the number of activated 
microglia/macrophages and facilitated the formation of new 
neurons to promote SCI repair[81,82].
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Discussion
SCI is a severe traumatic disease of the CNS, which will bring 
a great influence on the patients’ lifestyle and cause certain 
pressure on the patients’ physical and psychological aspects. 
The introduction of hydrogels as a biomaterial has opened up 
a new way for the treatment of induced regeneration after SCI. 
Hydrogels are a kind of highly hydrated material with water 
molecules and hydrophilic polymer networks, which have 
a particularity similar to nerve tissue. They have the ability 
to fill the cystic cavity and promote axonal growth and cell 
differentiation[83]. Hydrogels can be implanted or injected 
at the site of the lesion and corresponding therapies were 
injectable hydrogel therapy and tissue engineering introduced 
in this article.

The injectable hydrogels introduced in this paper include 
hydrogels acted on ECM, TUDCA hydrogels, peptide-
modified hydrogels and self-assembling hydrogels. Tissue 
engineering includes alginate hydrogel scaffolds, fibrous 
hydrogel scaffolds and combination therapy based on 
hydrogel scaffolds combined with phototherapy, GFs 
and stem cells. Hydrogels used to treat SCI should mimic 
the mechanical properties of nerve tissue to promote the 
regeneration of damaged tissue[83]. Injectable hydrogels 
are fluid and can be easily transported to the injured tissue. 
Importantly, formulations of injectable hydrogels have the 
mechanical properties that greatly match the ECM of spinal 
cord, which might promote axonal growth[34]. When using 
injectable hydrogels for the treatment of SCI, it is necessary 
to consider the viscosity, formulation, type of hydrogels 
and other materials bound to hydrogels. Different types 
of hydrogels have different properties, such as mechanical 
properties, viscosity, biocompatibility, biodegradation and 
so on. In order to greatly match the ECM of the spinal cord 
and achieve better therapeutic effect, the performance of 
hydrogels can be improved by modif ying hydrogels or 
preparing composite hydrogels. Hydrogels acting on ECM 
can treat SCI by promoting ECM remodeling and eliminating 
cystic cavity[28,29]. TUDCA hydrogels are used to treat SCI 
through anti-inflammatory activity[30]. Compared with the 
two injectable hydrogels mentioned above, peptide-modified 
hydrogels and self-assembling hydrogels have certain advantages. 
These hydrogels have better biocompatibility and can 
promote cell survival and SCI recovery in many ways[31-34]. 
But injectable hydrogels also have their drawbacks, they are 
unstable in shape and easy to flow out of the SCI site due to 
their characteristics, thus influencing the therapeutic effect. 
Compared with injectable hydrogels, tissue engineering has a 
wider application prospect. Hydrogel scaffolds as an excellent 

and multi-function platform can be further combined with 
other therapeutic substances, such as drugs, GFs and stem cells. 
They can protect molecules or cells from enzyme degradation 
or adverse immune response and increase the potential role 
of transplanted cells[83]. However, the mechanical properties 
of hydrogel scaffolds are important when they are considered 
for implantation. Hydrogel scaffolds for SCI have an inherent 
limitation of strength and mechanical properties. Thus they 
are usually supplemented with “miscellaneous” materials 
forming composites to improve their properties. For example, 
adding fiber or SF to the hydrogel scaffolds can increase the 
hardness of the hydrogel scaffolds, adding natural hydrogels 
to the synthetic hydrogels can improve the degradability of 
the synthetic hydrogels, adding a light initiator to the hydrogel 
scaffolds can achieve photopolymerization to solidify their 
shape.

ALG hydrogel scaffolds with good biocompatibility are 
similar to the structure of ECM of living tissue, which is 
a kind of effective biological material for the treatment of 
SCI. Studies have shown that the implantation of a soft ALG 
hydrogel into the injury site can reduce secondary injury 
by stabilizing the wound surface and inhibiting fibrous scar 
formation to promote functional recovery[43,44]. The 
fibrous hydrogels have strong hardness and have the ability 
to promote the recovery and axonal regeneration[47]. 
Compared with two kinds of hydrogel scaffolds mentioned 
above, the combination therapy based on hydrogel scaffolds 
has a better therapeutic effect. When hydrogel scaffolds are 
combined with phototherapy, phototherapy as a promising 
strategy can further promote hydrogels to imitate the dynamic 
and complex nature of the ECM because it has the property 
to provide dosage controls[80]. GFs capable of instructing 
specific cellular responses in microenvironments have been 
demonstrated to promote axonal sprouting and regeneration, 
modulate the viability of damaged neurons and block 
inhibitory molecules[56,82]. MSCs, as a particularly promising 
therapeutic tool, can promote neurogenesis, enhance neuronal 
cell survival and inhibit glial scar formation[65]. At present, 
compared with other therapies, tissue engineering based on 
stem cells and GFs has a promising application prospect. But 
it is necessary to design a suitable hydrogel scaffold to deliver 
stem cells and GFs to the targeted site. The suitable hydrogel 
scaffold can also increase the survival rate of transplanted cells 
and prolong the release time to achieve a good treatment effect. 
The mechanical properties, viscosity, cellular compatibility, 
degradability and other properties of hydrogels should be 
taken into consideration when selecting suitable hydrogel 
scaffolds. Tissue engineering is usually combined with different 
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materials to form composite hydrogel scaffolds, thus improving 
its performance. Studies have confirmed that the most suitable 
hydrogel scaffold for SCI was thermosensitive hydrogel, 
which has high loading capacity, provides the GFs maximal 
protection and a suitable living environment for stem cells and 
plays a good therapeutic role[56,57]. Although many studies of 
cell-based tissue engineering using small animal models of SCI 
have yielded promising results, there have been no human trials 
of hydrogels for SCI so far. In order to successfully transform 
the experiment into a clinical trial, successful amplification 
in large animal models must first be demonstrated and this is 
what future researchers need to do further.

Conclusions
This paper mainly summarizes multimodal therapy strategies 
based on hydrogels for the repair of SCI. The therapy model 
of different types of hydrogels which are served as biological 
scaffolds and combined with other nutritional factors, small 
molecules and various stem cells for SCI is more common now.

An effective therapeutic strategy for SCI must combine 
multiple factors to solve every challenge in a coordinated 
manner due to the complex pathophysiology of SCI, such 
as stem cells, anti-inflammatory drugs, and GFs, all of which 
require hydrogels served as scaffolds to deliver into the injured 
site. However, hydrogels are unstable in shape and easy to flow 
out of the SCI site due to their characteristics, thus influencing 
the therapeutic effect. Therefore, it is necessary to further 
optimize the structure of hydrogels, such as adding fiber or 
preparing composite hydrogels to improve the strength of 
hydrogels. Moreover, most of the current studies have been 
conducted in SCI models, but it is unknown whether the same 
effect will be seen in the clinic.

Hydrogels with excellent biocompatibility and biodeg-
radability are considered as a bridge for post-SCI repair. They 
can well imitate the ECM of the spinal cord microenvironment. 
Therefore, hydrogels have a better application prospect in 
treating SCI in the future.

Abbreviations

AFG: Aligned fibrin hydrogel; aFGF: Acidic fibroblast growth factor; 
ALG: Alginate; BBB: Blood–brain barrier; BDNF: Brain-derived 
neurotrophic factor; bFGF: Basic fibroblast growth factor; BSCB: Blood 
spinal cord barrier; Cab: Cabazitaxel; CBD: Collagen-biding domain; 
CCH: Chitosan-collagen hydrogel; CNS: Central nervous system; CSF: 
Cerebrospinal fluid; CSF1R: Colony stimulating factor 1 receptor; 
DA: Dopamine; DNM-GEL: Decellularized tissue matrix hydrogel 
from the peripheral nervous system; DPSCs: Dental pulp stem cells; 
DSCM-GEL: Decellularized tissue matrix hydrogel from the spinal 
cord; DTM: Decellularized tissue matrix; ECM: Extracellular matrix; FA: 
Furfurylamine; FGF4: Fibroblast growth factor 4; GalOx: Ggalactose 

oxidase; GFAP: Glial fibrillary acidic protein; GFs: Growth factors; HA: 
Hyaluronic acid; HGF: Hepatocyte growth factor; hMSCs: Human 
mesenchymal stem cells; HP: Heparinpoloxamer; HRP: Horseradish 
peroxidase; hUC-MSCs: Human umbilical cord mesenchymal stem 
cells; I-5 hydrogel: Imidazole-polymer hydrogel; IPSC-NPs: Induced 
pluripotent stem cell-derived neural progenitors; MC: Methylcellulose; 
MFH: Microprous functional hydrogel; MH: Minocycline hydrochloride; 
MSCs: Mesenchymal stem cells; NGCs: Nerve guidance conduits; NGF: 
Nerve growth factor; OECs: Olfactory ensheathing cells; PDGF: Platelet-
derived growth factor; PTX: Paclitaxel; SCI: Spinal cord injury; SCs: 
Schwann cells; SF: Silk fibroin; TUDCA: Tauroursodeoxycholic acid.

Acknowledgements

Not applicable.

Authors’ contributions

YW, PZ and GXL conceived this article. YW wrote the manuscript. HQL, 
XC, WXX, YL, GXL and PZ reviewed and revised the manuscript. All 
authors read and approved the final manuscript.

Funding

Not applicable.

Availability of data and materials

Not applicable.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1Shenyang Pharmaceutical University, 103 Wenhua Road, Shenyang 
110016, China. 2Center for Nanotechnology in Drug Delivery, Eshelman 
School of Pharmacy, University of North Carolina at Chapel Hill, Chapel 
Hill, NC 27599, USA.

References

1.	 Alizadeh A, Dyck SM, Karimi-Abdolrezaee S. Traumatic spinal cord 
injury: an overview of pathophysiology, models and acute injury 
mechanisms. Front Neurol. 2019;10:282.

2.	 Zhang Y, Al Mamun A, Yuan Y, Lu Q, Xiong J, Yang S, et al. Acute 
spinal cord injury: pathophysiology and pharmacological 
intervention (review). Mol Med Rep. 2021;23(6):417.

3.	 Liu S, Xie YY, Wang B. Role and prospects of regenerative 
biomaterials in the repair of spinal cord injury. Neural Regen Res. 
2019;14(8):1352–63.

4.	 Tong Z, Jin L, Oliveira JM, Reis RL, Zhong Q, Mao Z, et al. 
Adaptable hydrogel with reversible linkages for regenerative 
medicine: dynamic mechanical microenvironment for cells. 
Bioact Mater. 2020;6(5):1375–87.

5.	 Cho H, Jeon S, Yang J, Baek SY, Kim D. Hydrogel nanoparticle as 
a functional coating layer in biosensing, tissue engineering, and 



615

Wang et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

drug delivery. Coatings. 2020;10(7):663.
6.	 Marchini A, Raspa A, Pugliese R, El Malek MA, Pastori V, Lecchi M, 

et al. Multifunctionalized hydrogels foster hNSC maturation in 3D 
cultures and neural regeneration in spinal cord injuries. Proc Natl 
Acad Sci U S A. 2019;116(15):7483–92.

7.	 Dong M, Shi B, Liu D, Liu JH, Zhao D, Yu ZH, et al. Conductive 
hydrogel for a photothermal-responsive stretchable artificial 
nerve and coalescing with a damaged peripheral nerve. ACS 
Nano. 2020;14(12):16565–75.

8.	 Zhu Y, Ma Z, Kong L, He Y, Chan HF, Li H. Modulation of 
macrophages by bioactive glass/sodium alginate hydrogel 
is crucial in skin regeneration enhancement. Biomaterials. 
2020;256:120216.

9.	 Dumont CM, Carlson MA, Munsell MK, Ciciriello AJ, Strnadova K, 
Park J, et al. Aligned hydrogel tubes guide regeneration following 
spinal cord injury. Acta Biomater. 2019;86:312–22.

10.	 Heo JY, Noh JH, Park SH, Ji YB, Ju HJ, Kim DY, et al. An injectable 
clickcrosslinked hydrogel that prolongs dexamethasone release 
from dexamethasone-loaded microspheres. Pharmaceutics. 
2019;11(9):438.

11.	 Xu N, Ma N, Yang X, Ling G, Yu J, Zhang P. Preparation of 
intelligent DNA hydrogel and its applications in biosensing. Eur 
Polym J. 2020;137:109951.

12.	 Liu J, Lin S, Liu X, Qin Z, Yang Y, Zang J, et al. Fatigue-resistant 
adhesion of hydrogels. Nat Commun. 2020;11(1):1071.

13.	 Peng L, Chang L, Si M, Lin J, Wei Y, Wang S, et al. Hydrogel-coated 
dental device with adhesion-inhibiting and colony-suppressing 
properties. ACS Appl Mater Interfaces. 2020;12(8):9718–25.

14.	 Li X, Liu X, Ni S, Liu Y, Sun H, Lin Q. Enhanced osteogenic healing 
process of rat tooth sockets using a novel simvastatin-loaded 
injectable microsphere-hydrogel system. J Craniomaxillofac Surg. 
2019;47(7):1147–54.

15.	 Kim BJ, Choi JY, Choi H, Han S, Seo J, Kim J, et al. Astrocyte-
encapsulated hydrogel microfibers enhance neuronal circuit 
generation. Adv Healthc Mater. 2020;9(5):e1901072.

16.	 Nagoshi N, Tsuji O, Nakamura M, Okano H. Cell therapy for spinal 
cord injury using induced pluripotent stem cells. Regen Ther. 
2019;11:75–80.

17.	 Sun X, Liu D, Xu X, Shen Y, Huang Y, Zeng Z, et al. NIR-triggered 
thermoresponsive biodegradable hydrogel with combination of 
photothermal and thermodynamic therapy for hypoxic tumor. 
Asian J Pharm Sci. 2020;15(6):713–27.

18.	 Milich LM, Ryan CB, Lee JK. The origin, fate, and contribution of 
macrophages to spinal cord injury pathology. Acta Neuropathol. 
2019;137(5):785–97.

19.	 Koffler J, Zhu W, Qu X, Platoshyn O, Dulin JN, Brock J, et al. 
Biomimetic 3D-printed scaffolds for spinal cord injury repair. Nat 
Med. 2019;25(2):263–9.

20.	 Seliktar D. Designing cell-compatible hydrogels for biomedical 
applications. Science. 2012;336(6085):1124–8.

21.	 Chen C, Tang J, Gu Y, Liu L, Liu X, Deng L, et al. Bioinspired 
hydrogel electrospun fibers for spinal cord regeneration. Adv 
Funct Mater. 2019;29(4):1806899.

22.	 Badhiwala JH, Ahuja CS, Fehlings MG. Time is spine: a review of 
translational advances in spinal cord injury. J Neurosurg Spine. 
2018;30(1):1–18.

23.	 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(47):10712–38.

24.	 Bothig R, Tiburtius C, Schops W, Zellner M, Balzer O, Kowald B, et 

al. Urinary bladder cancer as a late sequela of traumatic spinal 
cord injury. Mil Med Res. 2021;8(1):29.

25.	 Tan HL,  Teow SY,  Pushpamalar  J.  Application of  metal 
nanoparticlehydrogel composites in tissue regeneration. 
Bioengineering (Basel). 2019;6(1):17.

26.	 Chen S, Liu S, Zhang L, Han Q, Liu H, Shen J, et al. Construction of 
injectable silk fibroin/polydopamine hydrogel for treatment of 
spinal cord injury. Chem Eng J. 2020;399:125795.

27.	 Wang C, Gong Z, Huang X, Wang J, Xia K, Ying L, et al. An 
injectable heparin-laponite hydrogel bridge FGF4 for spinal cord 
injury by stabilizing microtubule and improving mitochondrial 
function. Theranostics. 2019;9(23):7016–32.

28.	 Hong LTA, Kim YM, Park HH, Hwang DH, Cui Y, Lee EM, et al. An 
injectable hydrogel enhances tissue repair after spinal cord injury 
by promoting extracellular matrix remodeling. Nat Commun. 
2017;8(1):533.

29.	 Xu Y, Zhou J, Liu C, Zhang S, Gao F, Guo W, et al. Understanding 
the role of tissue-specific decellularized spinal cord matrix 
hydrogel for neural stem/progenitor cell microenvironment 
re c o n s t r u c t i o n  a n d  s p i n a l  c o rd  i n j u r y.  B i o m a t e r i a l s . 
2021;268:120596.

30.	 Han GH, Kim SJ, Ko WK, Lee D, Lee JS, Nah H, et al. Injectable 
hydrogel containing tauroursodeoxycholic acid for anti-
neuroinflammatory therapy after spinal cord injury in rats. Mol 
Neurobiol. 2020;57(10):4007–17.

31.	 Zaviskova K, Tukmachev D, Dubisova J, Vackova I, Hejcl A, 
Bystronova J, et al. Injectable hydroxyphenyl derivative of 
hyaluronic acid hydrogel modified with RGD as scaffold for spinal 
cord injury repair. J Biomed Mater Res A. 2018;106(4):1129–40.

32.	 Führmann T, Tam RY, Ballarin B, Coles B, Elliott Donaghue I, van 
der Kooy D, et al. Injectable hydrogel promotes early survival of 
induced pluripotent stem cell-derived oligodendrocytes and 
attenuates longterm teratoma formation in a spinal cord injury 
model. Biomaterials. 2016;83:23–36.

33.	 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. 2019;50(2):278–85.

34.	 Hassannejad Z, Zadegan SA, Vaccaro AR, Rahimi-Movaghar V, 
Sabzevari O. Corrigendum to “Biofunctionalized peptide-based 
hydrogel as an injectable scaffold for BDNF delivery can improve 
regeneration after spinal cord Injury.” Injury. 2019;50(6):1267.

35.	 Barrett-Catton E, Ross ML, Asuri P. Multifunctional hydrogel 
nanocomposites for biomedical applications. Polymers (Basel). 
2021;13(6):856.

36.	 Shapiro JM, Oyen ML. Hydrogel composite materials for tissue 
engineering scaffolds. JOM. 2013;65(4):505–16.

37.	 Nguyen LH, Gao M, Lin J, Wu W, Wang J, Chew SY. Three-
dimensional 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.

38.	 Rezaie J, Akbari A, Rahimkhoei V, Lighvani ZM, Jafari H. Halloysite 
nanotubes/carbohydrate-based hydrogels for biomedical 
applications: from drug delivery to tissue engineering. Polym 
Bull. 2021. https://doi.org/10.1007/s00289-021-03784-w.

39.	 Naumenko EA, Guryanov ID, Yendluri R, Lvov YM, Fakhrullin 
RF. Clay nanotube-biopolymer composite scaffolds for tissue 
engineering. Nanoscale. 2016;8(13):7257–71.

40.	 Mousa M, Evans ND, Oreffo ROC, Dawson JI. Clay nanoparticles 
for regenerative medicine and biomaterial design: a review of 



616

Wang et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

clay bioactivity. Biomaterials. 2018;159:204–14.
41.	 Zhao LZ, Zhou CH, Wang J, Tong DS, Yu WH, Wang H. Recent 

advances in clay mineral-containing nanocomposite hydrogels. 
Soft Matter. 2015;11(48):9229–46.

42.	 Ahmad Raus R, Wan Nawawi WMF, Nasaruddin RR. Alginate and 
alginate composites for biomedical applications. Asian J Pharm 
Sci. 2021;16(3):280–306.

43.	 Grijalvo S, Nieto-Diaz M, Maza RM, Eritja R, Diaz DD. Alginate 
hydrogels as scaffolds and delivery systems to repair the 
damaged spinal cord. Biotechnol J. 2019;14(12):e1900275.

44.	 Sitoci-Ficici KH, Matyash M, Uckermann O, Galli R, Leipnitz 
E, Later R, et al. Non-functionalized soft alginate hydrogel 
promotes locomotor recovery after spinal cord injury in a rat 
hemimyelonectomy model. Acta Neurochir. 2018;160(3):449–57.

45.	 Galli R, Sitoci-Ficici KH, Uckermann O, Later R, Mareckova M, Koch 
M, et al. Label-free multiphoton microscopy reveals relevant 
tissue changes induced by alginate hydrogel implantation in rat 
spinal cord injury. Sci Rep. 2018;8(1):10841.

46.	 Liu S, Sandner B, Schackel T, Nicholson L, Chtarto A, Tenenbaum L, 
et al. Regulated viral BDNF delivery in combination with schwann 
cells promotes axonal regeneration through capillary alginate 
hydrogels after spinal cord injury. Acta Biomater. 2017;60:167–80.

47.	 Zhou X, Du J, Jia X. Effects of hydrogel-fiber on cystic cavity after 
spinal cord injury. In: Annual international conference of the IEEE 
engineering in medicine and biology society; 2019. p. 1070–3.

48.	 Li X, Zhang C, Haggerty AE, Yan J, Lan M, Seu M, et al. The effect 
of a nanofiber-hydrogel composite on neural tissue repair 
and regeneration in the contused spinal cord. Biomaterials. 
2020;245:119978.

49.	 Cao Z, Yao S, Xiong Y, Zhang Z, Yang Y, He F, 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 Mater M. 2020;31(5):40.

50.	 Zhang Z, Yao S, Xie S, Wang X, Chang F, Luo J, et al. Effect of 
hierarchically aligned fibrin hydrogel in regeneration of spinal 
cord injury demonstrated by tractography: a pilot study. Sci Rep. 
2017;7:40017.

51.	 Yao S, Yu S, Cao Z, Yang Y, Yu X, Mao HQ, et al. Hierarchically 
aligned fibrin nanofiber hydrogel accelerated axonal regrowth 
and locomotor function recovery in rat spinal cord injury. Int J 
Nanomed. 2018;13:2883–95.

52.	 Moreno PMD, Ferreira AR, Salvador D, Rodrigues MT, Torrado 
M, Carvalho ED, et al. Hydrogel-assisted antisense LNA gapmer 
delivery for in situ gene silencing in spinal cord injury. Mol Ther 
Nucl Acids. 2018;11:393–406.

53.	 He Z, Zang H, Zhu L, Huang K, Yi T, Zhang S, et al. An anti-
inflammatory peptide and brain-derived neurotrophic factor-
modified hyaluronanmethylcellulose hydrogel promotes nerve 
regeneration in rats with spinal cord injury. Int J Nanomed. 
2019;14:721–32.

54.	 Huang F, Chen T, Chang J, Zhang C, Liao F, Wu L, et al .  A 
conductive dual-network hydrogel composed of oxidized dextran 
and hyaluronichydrazide as BDNF delivery systems for potential 
spinal cord injury repair. Int J Biol Macromol. 2021;167:434–45.

55.	 Khaing ZZ, Agrawal NK, Park JH, Xin S, Plumton GC, Lee KH, et al. 
Localized and sustained release of brain-derived neurotrophic 
factor from injectable hydrogel/microparticle composites 
fosters spinal learning after spinal cord injury. J Mater Chem B. 
2016;4(47):7560–71.

56.	 Hu X, Li R, Wu Y, Li Y, Zhong X, Zhang G, et al. Thermosensitive 

heparinpoloxamer hydrogel encapsulated bFGF and NGF to treat 
spinal cord injury. J Cell Mol Med. 2020;24(14):8166–78.

57.	 Wang Q, He Y, Zhao Y, Xie H, Lin Q, He Z, et al. A thermosensitive 
heparin-poloxamer hydrogel bridges aFGF to treat spinal cord 
injury. ACS Appl Mater Inter. 2017;9(8):6725–45.

58.	 Yamane K, Mazaki T, Shiozaki Y, Yoshida A, Shinohara K, Nakamura 
M, et al. Collagen-binding hepatocyte growth factor (HGF) alone 
or with a gelatin-furfurylamine hydrogel enhances functional 
recovery in mice after spinal cord injury. Sci Rep. 2018;8(1):917.

59.	 Hogan MK, Zhao T, Kondiles B, Sellers D, Pun S, Horner P. 
Controlled release of thrombin-inhibitor from injectable 
hydrogel modulates gliosis after spinal cord injury. J Neurotraum. 
2018;35(16):A37.

60.	 Kwiecien JM, Zhang L, Yaron JR, Schutz LN, Kwiecien-Delaney 
CJ, Awo EA, et al. Local serpin treatment via chitosan-collagen 
hydrogel after spinal cord injury reduces tissue damage and 
improves neurologic function. J Clin Med. 2020;9(4):1221.

61.	 Javdani M, Ghorbani R, Hashemnia M. Histopathological 
evaluation of spinal cord with experimental traumatic injury 
following implantation of a controlled released drug delivery 
system of chitosan hydrogel loaded with selenium nanoparticle. 
Biol Trace Elem Res. 2021;199(7):2677–86.

62.	 Li X, Wu M, Gu L, Ren Y, Mu M, Wang Y, et al. A single dose of 
thermalsensitive biodegradable hybrid hydrogel promotes 
functional recovery after spinal cord injury. Appl Mater Today. 
2019;14:66–75.

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

64.	 Wang Q, Zhang H, Xu H, Zhao Y, Li Z, Li J, et al. Novel multi-drug 
delivery hydrogel using scar-homing liposomes improves spinal 
cord injury repair. Theranostics. 2018;8(16):4429–46.

65.	 Boido M, Ghibaudi M, Gentile P, Favaro E, Fusaro R, Tonda-Turo 
C. Chitosan-based hydrogel to support the paracrine activity of 
mesenchymal stem cells in spinal cord injury treatment. Sci Rep. 
2019;9(1):6402.

66.	 Yao S, He F, Cao Z, Sun Z, Chen Y, Zhao H, et al. Mesenchymal 
stem cell-laden hydrogel microfibers for promoting nerve fiber 
regeneration in long-distance spinal cord transection injury. ACS 
Biomater Sci Eng. 2020;6(2):1165–75.

67.	 An H, Li Q, Wen J. Bone marrow mesenchymal stem cells 
encapsulated 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. 2020;203:111741.

68.	 Caron I, Rossi F, Papa S, Aloe R, Sculco M, Mauri E, et al. A new 
three dimensional biomimetic hydrogel to deliver factors 
secreted by human mesenchymal stem cells in spinal cord injury. 
Biomaterials. 2016;75:135–47.

69.	 Papa S, Vismara I, Mariani A, Barilani M, Rimondo S, De Paola M, 
et al. Mesenchymal stem cells encapsulated into biomimetic 
hydrogel scaffold gradually release CCL2 chemokine in situ 
preserving cytoarchitecture and promoting functional recovery 
in spinal cord injury. J Control Release. 2018;278:49–56.

70.	 Yao M, Li J, Zhang J, Ma S, Wang L, Gao F, et al. Dual-enzymatically 
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(2):440–52.



617

Wang et al. Mil Med Res 2022
http://mmrjournal.biomedcentral.com

71.	 Jalali  Monfared M, Nasirinezhad F, Ebrahimi-Barough S, 
Hasanzade G, Saberi H, Tavangar SM, et al. Transplantation 
of miR-219 overexpressed human endometrial stem cells 
encapsulated in fibrin hydrogel in spinal cord injury. J Cell Physiol. 
2019;234(10):18887–96.

72.	 Ruzicka J, Romanyuk N, Jirakova K, Hejcl A, Janouskova O, 
Machova LU, et al. The effect of iPS-derived neural progenitors 
seeded on laminincoated pHEMA-MOETACL hydrogel with 
dual porosity in a rat model of chronic spinal cord injury. Cell 
Transplant. 2019;28(4):400–12.

73.	 Fan L, Liu C, Chen X, Zou Y, Zhou Z, Lin C, et al. Directing induced 
pluripotent stem cell derived neural stem cell fate with a three-
dimensional biomimetic hydrogel for spinal cord injury repair. 
ACS Appl Mater Interfaces. 2018;10(21):17742–55.

74.	 Albashari  A,  He Y,  Zhang Y,  Al i  J,  L in F,  Zheng Z,  et  al . 
Thermosensitive bFGF-modified hydrogel with dental pulp stem 
cells on neuroinflammation of spinal cord injury. ACS Omega. 
2020;5(26):16064–75.

75.	 Luo L, Albashari AA, Wang X, Jin L, Zhang Y, Zheng L, et al. Effects 
of transplanted heparin-poloxamer hydrogel combining dental 
pulp stem cells and bFGF on spinal cord injury repair. Stem Cells 
Int. 2018;2018:2398521.

76.	 Subbarayan R, Barathidasan R, Raja STK, Arumugam G, Kuruvilla 
S, Shanthi P, et al. Human gingival derived neuronal cells in the 
optimized caffeic acid hydrogel for hemitransection spinal cord 
injury model. J Cell Biochem. 2020;121(3):2077–88.

77.	 Gomes ED, Ghosh B, Lima R, Goulao M, Moreira-Gomes T, Martins-
Macedo J, et al. Combination of a gellan gum-based hydrogel 

with cell therapy for the treatment of cervical spinal cord injury. 
Front Bioeng Biotech. 2020;8:984.

78.	 Gomes ED, Mendes SS, Leite-Almeida H, Gimble JM, Tam RY, 
Shoichet MS, et al. Combination of a peptide-modified gellan 
gum hydrogel with cell therapy in a lumbar spinal cord injury 
animal model. Biomaterials. 2016;105:38–51.

79.	 Bartlett RD, Phillips JB, Choi D. P25 Hydrogel system to enhance 
the delivery of cell therapy for traumatic spinal cord injury. J 
Neurol Neurosur Ps. 2019;90(3):E31–2.

80.	 Cai Z, Gan Y, Bao C, Wu W, Wang X, Zhang Z, et al. Photosensitive 
hydrogel creates favorable biologic niches to promote spinal 
cord injury repair. Adv Healthc Mater. 2019;8(13):e1900013.

81.	 Ma D, Zhao Y, Huang L, Xiao Z, Chen B, Shi Y, et al. A novel 
hydrogel-based treatment for complete transection spinal cord 
injury repair is driven by microglia/macrophages repopulation. 
Biomaterials. 2020;237:119830.

82.	 Li H, Ham TR, Neill N, Farrag M, Mohrman AE, Koenig AM, et al. 
A hydrogel bridge incorporating immobilized growth factors 
and neural stem/progenitor cells to treat spinal cord injury. Adv 
Healthc Mater. 2016;5(7):802–12.

83.	 Shultz RB, Zhong Y. Hydrogel-based local drug delivery strategies 
for spinal cord repair. Neural Regen Res. 2021;16(2):247–53.

https://doi.org/10.1186/s40779-022-00376-1
Cite this article as: Wang Y, Lv HQ, Chao X, Xu WX, Liu Y, Ling 
GX, et al. Multimodal therapy strategies based on hydrogels 
for the repair of spinal cord injury. Mil Med Res. 2022;9(1):16.




