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Severe spinal cord injuries (SCI) lead to loss of functional activity of the body
below the injury site, affect a person’s ability to self-care and have a direct
impact on performance. Due to the structural features and functional role of
the spinal cord in the body, the consequences of SCI cannot be completely
overcome at the expense of endogenous regenerative potential and,
developing over time, lead to severe complications years after injury. Thus,
the primary task of this type of injury treatment is to create artificial conditions
for the regenerative growth of damaged nerve fibers through the area of the
SCI. Solving this problem is possible using tissue neuroengineering involving
the technology of replacing the natural tissue environment with synthetic
matrices (for example, hydrogels) in combination with stem cells, in particular,
neural/progenitor stem cells (NSPCs). This approach can provide maximum
stimulation and support for the regenerative growth of axons of damaged
neurons and their myelination. In this review, we consider the currently
available options for improving the condition after SCI (use of NSC
transplantation or/and replacement of the damaged area of the SCI with a
matrix, specifically a hydrogel). We emphasise the expediency and
effectiveness of the hydrogel matrix + NSCs complex system used for the
reconstruction of spinal cord tissue after injury. Since such a complex
approach (a combination of tissue engineering and cell therapy), in our
opinion, allows not only to creation of conditions for supporting
endogenous regeneration or mechanical reconstruction of the spinal cord,
but also to strengthen endogenous regeneration, prevent the spread of the
inflammatory process, and promote the restoration of lost reflex, motor and
sensory functions of the injured area of spinal cord.
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1 Introduction

Spinal cord injuries (SCI) of various genesis lead to the loss of axons (and neurons),
which in turn leads to impaired sensory and motor functions, disability and often death. In
2019, there were 20.6 million people worldwide living with spinal cord injury (Safdarian
et al., 2023). All traumatic injuries of nervous tissue lead not only to physical limitations,
reduced quality of life, and social losses, but also to significant financial losses at the state
level (up to 56 billion dollars in the USA) (Ai et al., 2013; Tian et al., 2015). That is why an
important issue for regenerative biology is the investigation of nervous tissue regenerative
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potential, the ways of its activation, increase, as well as the search for
alternative methods of effective structural and functional restoration
of injured tissue.

Injury of spinal cord (SC) tissue leads to activation of internal
regenerative potential, which is extremely limited by activation of
reactive astrogliosis with subsequent glial scar formation at the
injury site (Okada et al., 2018; Li et al., 2020; Yu et al., 2021).
Such a pathological process prevents the regeneration of axons and
functional restoration of SC tissue. In addition, tissue injury leads to
the appearance of such proteoglycans as chondroitin and keratin
sulfate in the extracellular matrix. These inhibitory molecules of the
extracellular matrix are synthesized by reactive astrocytes of glial
scar and make it extremely difficult to repair damaged tissue (Ai
et al., 2013; Yuan and He, 2013; Takazawa et al., 2018).

A lot of studies in regenerative biomedicine are dedicated to
elucidating neural stem cell (NSC) properties for their further use in
nerve tissue regeneration after SCI (Son et al., 2023; Xu et al., 2023).
The main and important characteristics of NSCs are their ability for
self-renewing and differentiation into nerve tissue cells (Vieira et al.,
2018; Zhu et al., 2021; Yale et al., 2023). Moreover, NSCs synthesize
cytokines, growth factors and other trophic factors that provide a
neuroprotective influence on neighbouring cells, thereby affecting
their survival (De Gioia et al., 2020; Dause et al., 2022). In addition to
NSCs, liver stem cells, neural crest derivatives (isolated from skin or
hair follicles), bone marrow stem cells, mesenchymal stem cells
(MSCs), and Schwann cells are used to restore damaged or lost parts
of nervous tissue (Hui et al., 2011; Stoltz et al., 2015). However, the
use of stem cells is very often ineffective due to the presence of a glial
scar at the injury site and the toxicity of the recipient’s extracellular
environment (Nicaise et al., 2022; Han et al., 2023).

Since the 1990s, one of the progressive directions of regenerative
biology has been tissue engineering, which proposes the use of
polymer matrices of various origins for damaged/lost tissue
regeneration, in particular nerve tissue, because of diseases,
ageing or trauma (Han et al., 2020; Akhtar et al., 2023; Zarrintaj
et al., 2023). The main goal of tissue engineering is the development
and synthesis of polymer matrices with mechanical, chemical and
physical characteristics similar to those of native tissue. After all, the
ideal matrix should promote differentiation, cell growth into a
polymer frame, integrate into the recipient`s tissue, without
causing an inflammatory response, and mimic the extracellular
matrix (ECM), namely, provide trophic support and, similar to
the native, biochemical composition (Snigdha and Sabu Thomas,
2017; Radulescu et al., 2022; Revete et al., 2022; Sánchez-Cid et al.,
2022). In addition, polymer matrixes must completely degrade or
transform into non-toxic metabolites within the living organism
tissue (Revete et al., 2022; Sánchez-Cid et al., 2022).

Nowadays, there is a significant number of biological polymer
matrixes that differ in origin, method of synthesis, physical structure,
chemical composition, and type of cross-linking agent, and are used as
implants for spinal cord tissue and nerve processes restoration (Ai et al.,
2013; Maitz, 2015; Stratton et al., 2016; Ganz et al., 2017). To restore the
structure of injured SC, implants based on natural polymer materials are
often used—collagen, laminin, fibronectin, hyaluronic acid, cellulose,
methylcellulose, agarose, chitosan, etc. (Ahmadi et al., 2015; Yeh,
2018; James et al., 2019). Synthetic matrices based on polyolefin,
silicones (polydimethylsiloxane (PDMS)), methacrylates
(polymethylmethacrylate (PMMA), PHEMA, PLGA, PGA, PLLA)),

polyesters (polycarbonates (PC)), polyethylene terephthalate (PET,
dacron), polyethersulfone (PES), polyethers, polyurethanes
(polytetrafluoroethylene (PTFE), PVA, PVC)) etc. have also been
actively used for damaged nerve tissue regeneration (Ahmadi et al.,
2015; Snigdha and Sabu Thomas, 2017; Yeh, 2018; Ligorio and
Mata, 2023).

In recent years, a large number of studies have been devoted to
elucidating effectiveness of hydrogel matrices during implantation
in the SCI area (Lv et al., 2022; Radulescu et al., 2022; Qin et al., 2023;
Sun et al., 2023). It was shown that hydrogels, as synthetic and semi-
synthetic matrices, provide appropriate conditions for cell adhesion
and cellular remodelling in a three-dimensional structure
(González-Díaz and Varghese, 2016; Akther et al., 2020; Ligorio
and Mata, 2023). In addition, hydrogel scaffolds can retain proteins,
growth factors, and components necessary for cell growth and
differentiation (Hejčl et al., 2013; Khaing et al., 2014; Ahmadi
et al., 2015; Assunção-Silva et al., 2015; James et al., 2019).
Hydrogels’ physicochemical characteristics (flexibility, elasticity,
and density—properties that affect the mechanics of the hydrogel
implant, thereby preventing additional compression on the tissue of
the recipient) make it possible to successfully combine them with
each other, improving structure and functionality; also combine
them with stem cells (populate), thereby increasing nerve tissue
regeneration efficiency (Khayambashi et al., 2021; Li et al., 2022;
Rybachuk et al., 2023b; Hasanzadeh et al., 2023; Giorgi et al., 2024;
Politrón-Zepeda et al., 2024). For instance, a biocompatible
macroporous hydrogel based on poly-N-
hydroxypropylmethacryamide (pHPMA) in recipient tissue can
mimic the natural environment for cells, in particular, NSCs, that
will further differentiate into neurons, astrocytes, and
oligodendrocytes; can encapsulate not only stem cells but also
bioactive molecules, which makes it possible to further regulation
of introduced cells response, activation and increase the regenerative
potential of tissue at the injury site (Trimaille et al., 2016).

The number of in vitro and in vivo studies on the population of
hydrogels with stem cells, in particular, NSCs, is still insignificant,
but it is already possible to confidently indicate the effectiveness of
this approach for SC tissue regeneration after injury. In this review,
we will consider data that confirm the effectiveness and feasibility of
using hydrogels populated with stem cells in SCI. First, we consider
stem cell transplantation as one of the options for improving the
condition after the SCI; we indicate the positive and negative sides of
this method. We also analyze information about currently available
matrix materials (primarily hydrogels), which should be regarded as
the most promising for neuroengineering applications; we identify
the main characteristics/criteria of hydrogels that should be
considered when selecting a material for stem cell population and
subsequent implantation.

2 NSC transplantation in SCI

SCI of various provenance causes the loss of a large number of
nerve processes, including neurons, resulting in a considerable
decrease in sensitivity and decreased movement of the body part
below the site of injury. Unlike other vertebrates, the regenerative
potential of the mammalian CNS is quite limited, despite its inherent
so-called spontaneous recovery, i.e., the set in endogenous
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regenerative processes in the affected area (Steeves, 2015;
Khorasanizadeh et al., 2019; Tran et al., 2022). Insignificant
ability to recover caused by suppression of all reparative
processes, the appearance of myelin debris, the absence of a
sufficient amount of intercellular substance and violation of the
natural ratio of its component molecules as a result of tissue injury.
Precisely intercellular substance, that consists of a linked
macromolecules network, which forms a highly hydrated gel-like
structure that serves not only as a physical support for cells but also
ensures the functional integrity of the organ. Due to the intercellular
substance, both the distribution of some signalling molecules and
factors necessary for normal tissue functioning and regeneration in
case of damage are also controlled (Casarosa et al., 2014; Marquardt
and Heilshorn, 2017).

In addition, during SC tissue injury, in most cases, neurons are
replaced by astrocytes, thereby creating a glial scar (Okada et al.,
2018; Yu et al., 2021). Even though in this way the injury site is
isolated from the neurons, the formation of glial scar also prevents
normal electrical conductivity between neurons, which in turn
affects all nerve tissue functional state (Casarosa et al., 2014).
That is why the up-to-date task of common regenerative biology
is the search for ways to restore tissue, in particular SC tissue, after
traumatic damages of various genesis.

Today, replacement repair surgery is one of the developed
procedures for reconstructing injured tissue (replacement of lost
cells) (Yuan, 2009). Thus, to strengthen the endogenous
regeneration of damaged SC parts and counteract the
development of inflammatory processes, the replacement of
nervous tissue damaged areas with stem cells, in particular NSCs,
is carried out (Li et al., 2021; Xue et al., 2021; Guo et al., 2022). As
known, NSCs secrete a large number of active compounds by an
autocrine/paracrine mechanism. These active compounds (NSC
secretomes) have an important therapeutic role. The NSC
secretome promotes the regeneration of nervous tissue,
particularly SC: improving the survival of recipient nerve cells,
neuroplasticity and neuroimmune modulation (Dause et al.,
2022). The autocrine mechanism consists of synthesising
cytokines, growth factors and extracellular matrix molecules by
stem cells for their self-maintenance, cell migration and adhesion
(Dause et al., 2024). Autocrine regulation is ensured by activation of
the expression of sonic hedgehog (SHH), platelet derived growth
factor (PDGF), chondroitin sulfate proteoglycans (CSPGs),
apolipoprotein E (ApoE) and pituitary adenylate cyclase-
activating peptide (PACAP), vascular endothelial growth factor
(VEGF), insulin-like growth factor 2 (IGF2), milk fat globule-
EGF 8 (MFGE8), Wingless and Int-1 (WNT), glycosylated
cystatin C (CCg) and stem cell-derived neural stem/progenitor
cell supporting factor (SDNSF). Also, NSCs secrete aggrecans,
neurocans, and phosphocans, which increase the survival of
NSCs in the recipient’s tissue (Gong et al., 2020; Dause et al.,
2022; 2024). Moreover, through a paracrine mechanism, NSCs
can regulate the microenvironment under pathological conditions
(Wang et al., 2019; Zhang et al., 2020; Pajer et al., 2021); due to the
paracrine mechanism, NSCs can perform intercellular responses.
NSC secretome includes chemokines, cytokines, early inflammatory
cytokines, growth factors, regulatory factors of stem cells,
extracellular vesicles, etc. It is these molecules that are important
in the regulation of critical biological processes such as cell survival/

viability, proliferation and differentiation, immune regulation, anti-
apoptosis and stimulation of neighbouring cells in tissues
(Skalnikova et al., 2011; Kirby et al., 2015; Overall et al., 2016;
Hu et al., 2018; Wang et al., 2019; Zhang et al., 2020; Pajer et al.,
2021; Gilbert et al., 2022).

It has been proven that NSCs differentiate into neurons when
transplanted into injured SC (Kong et al., 2021; Mahadewa et al.,
2021; Xue et al., 2021); activation of axon growth occurs—sprouting
of axons by 10 mm into the white matter of the recipient`s SC
(Pereira et al., 2019). In addition, transplanted NSCs differentiate
not only into neurons, which contribute to the active synapse
formation with neurons of the recipient’s SC but also into glial
cells (Dulin and Lu, 2014; Zhao et al., 2017; Guo et al., 2022).

Due to NSCs can differentiate into neurons and glial cells, they
are used for the regeneration of the recipient’s axons and the
restoration of the SC conducting pathways. In turn, axons in the
recipient`s SC are capable of forming corticospinal, serotonergic,
noradrenergic, propriospinal and sensory axons with transplanted
NSCs (Hou et al., 2020; Zawadzka et al., 2021). Beyond that,
transplanted NSCs can reduce secondary damage to nerve tissue.
However, to activate the internal regenerative processes of axons in
injured SC, it is necessary to use additional therapeutic approaches,
in particular, neurotrophin introduction. Genetic approaches can
also be used, namely, deletion of phosphatase and tensin homolog
(PTEN) and overexpression of Krüppel-like factor 7 (Dulin and
Lu, 2014).

Transplanted NSCs survive even in conditions of chronic SCI,
contributing to damaged axon recovery and reducing the cavity in
the nerve tissue. And NSCs differentiated into oligodendrocytes
promote axon remyelination while NSCs differentiated into
astrocytes provide vascularization of nervous tissue and facilitate
growth/neuroprotective factors synthesis; differentiated
motoneurons and interneurons form new neuronal connections
between recipient nerve cells and differentiated NSCs (Pereira et al.,
2019; Li et al., 2021; Suzuki et al., 2022).

On the other hand, it is known that NSCs play an important role
in scar formation during the first 2 weeks after SCI. Active
replacement of lost neurons occurs due to the differentiation of
endogenous NSCs into astrocytes, which form the scar, and into
oligodendrocytes progenitors, which later partially provide
myelination of damaged axons (Nicaise et al., 2022). In such a
way, the damage site is isolated from intact neurons, but the
formation of a glial scar opposes the normal electrical conduction
between neurons, which in turn affects the functional state of the
entire nervous tissue (Ai et al., 2013; Yuan and He, 2013; Casarosa
et al., 2014; Takazawa et al., 2018).

Nevertheless, transplantation of exogenous NSCs is considered
an alternative approach to the regeneration of injured SC tissue.
After all, there is an activation of neurogenesis and a decrease in
inflammation, which occurs as a result of scar formation. This way of
nerve tissue regeneration is based on the secretion of NSC growth
factors, which create a supportive extracellular milieu in a paracrine
way. The extracellular environment prevents further development of
neurodegenerative processes due to scar formation and stimulates
regenerative processes in damaged nerve tissue (Nicaise et al., 2022).

However, clinical findings suggest that this regenerative
approach results in only a short-term improvement in symptoms,
while injury degree persists at a higher level than expected. The low
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level of NSC survival in damaged areas (5%–20%) is caused by the
presence of transplanted cells in a non-vascularized injured area
with haemorrhages (Park et al., 2012; van Gorp et al., 2013; Oliveri
et al., 2014; Zhang and He, 2014; Powell and Davidson, 2015;
Assinck et al., 2017). Moreover, the post-traumatic
microenvironment very often turns out to be extremely toxic for
stem cells due to myelin debris appearance, glial scar formation, and
release of molecules by damaged tissue that inhibit NSCs growth and
differentiation (Nicaise et al., 2022; Han et al., 2023). Another
problem with this approach is the need for a large number of
cells for transplantation. Thus, although conventional cell
transplantation is promising in restoring small damaged areas of
grey matter, this method remains inefficient in SCI (Khazaei
et al., 2017).

3 Hydrogels and spinal cord repair

As studies of the last decade have shown, the implantation of
polymer matrices is also a promising direction for the restorative
treatment of SCI (Cheng et al., 2022).

Nowadays, there are a lot of biological polymer matrixes that
differ in origin, method of synthesis, physical structure, chemical
composition, and type of cross-linking agent, and are used in the
form of implants for the brain and spinal cord nerve tissue, nerve
processes restoring (Ai et al., 2013; Maitz, 2015; Stratton et al., 2016;
Ganz et al., 2017). Recently, hydrogels are most often used, both for
direct implantation and as a material for combined implant variants
manufacture.

Hydrogels are polymers with a hydrophilic structure that allows
them to absorb a lot of water and other biological fluids. Depending
on the polymer (polymers) properties, as well as on the nature and
density of bonds, such structures may contain different amounts of
water in equilibrium; usually in a hydrated (swollen) state, the mass
fraction of water in hydrogel significantly exceeds the mass fraction
of the polymer (Ahmed, 2015). Hydrogels are known to absorb 99%
w/w of their dry weight without dissolution (Ebhodaghe, 2022). The
high ability of hydrogels to absorb water ensures their ability to
facilitate nutrient diffusion (Radulescu et al., 2022).

Hydrogels can possess such biomimetic qualities as flexibility,
softness, excellent absorbency, non-toxicity, biocompatibility,
biodegradability and adjustable mechanical properties (Sánchez-
Cid et al., 2022). In addition, their considerable flexibility and
elasticity, similar to the natural ECM, provide necessary
biochemical and structural support for surrounding cells and
influence tissue formation (Radulescu et al., 2022).

The advantages of hydrogels as matrices lie in their ability to
create a trimeric framework for neuronal regeneration and axon
elongation, which initiates cell growth, proliferation, and cell
migration. Also, hydrogels contribute to the delivery of SC
precisely to the damaged site, reducing cell loss in the adjacent
tissue. In addition, hydrogels slowly release medicinal substances or
bioactive factors introduced into them, which contributes to a more
stable and long-term recovery of SC tissue (Perale et al., 2011).

The use of hydrogels, namely, collagen, gelatin, fibrin, chitosan,
alginate, laminin, agarose, dextran, and hyaluronic acid-based
hydrogels are considered effective because collagen is the main
component of the extracellular matrix in CNS. In vitro

experiments show that collagen favours neural cell proliferation
and differentiation and prevents the development of neurocollagen
gliosis. Collagen hydrogels promote nerve cell migration, axon
growth and regeneration, brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT-3) synthesis (Lv et al., 2022).

Alginate hydrogels are used to deliver drugs or cytokines to the
injury site. The effectiveness of hydrogels based on hyaluronic acid is
related to the fact that hyaluronic acid is also a natural component of
the SC extracellular environment: therefore, the presence of such a
component reduces inflammation and reduces fibrous scar size after
SCI (Lv et al., 2022).

Chitosan polymers are also actively used for nervous tissue
regeneration in the form of stents, which help to reduce
inflammation and fibrous scar formation, as well as to restore SC
vessels and axons. And fibronectin hydrogels actively adhere to the
recipient`s tissue and have a neuroprotective effect by regulating
ischemia-induced necrosis after SCI (Wang et al., 2022; Lv
et al., 2022).

Some studies also confirm the effectiveness of using hydrogels
based on biodegradable oligopolyethylene-glycol-fumarate for
damaged SS tissue regeneration (Chen et al., 2011). Moreover,
scientists have recently used biodegradable polymers to
regenerate individual nerve endings. For instance, many
experimental works are devoted to the investigation of implanted
PLGA structure’s impact using fibrin glue in the injured area of SC.
Research results indicate that such polymer implants contribute to
the restoration of axons in peripheral nerve endings (Grahn et al.,
2014). And natural polysaccharide alginate is used as a hydrogel to
imitate the ECM of nervous tissue (Lv et al., 2022).

During the last 2 decades, natural hydrogels have been gradually
replaced by synthetic hydrogels, which have a long service life, high
water absorption capacity, and high gel strength. After all, synthetic
polymers usually have well-defined structures that can be modified
to provide individual degradability and functionality (Ahmed,
2015). Most hydrogels are completely artificial or petrochemical
in origin and are made from acrylic monomers. In the industrial
production of hydrogel, acrylamide (AM), acrylic acid (AC) and its
sodium or potassium salts are most often used (Ahmed, 2015).

Due to their porosity, hydrogel matrices, in particular synthetic
ones, promote cell migration and blood vessel growth. In
comparison with hydrogels of natural origin, it is possible to
independently determine the physical parameters of synthetic
hydrogels, their size and the number of pores. In addition,
synthetic hydrogels do not cause an immune response (Cai
et al., 2023).

Today, some clinical applications of hydrogels are known, in
particular, for wound healing, bone regeneration, framework
formation to provide a biomimetic 3D microenvironment of
nervous tissue, drug delivery, intraocular lenses, contact lenses,
corneal prostheses, orthopaedics, biosensors, hemostatic
bandages, etc. (Revete et al., 2022). Hydrogel scaffolds can retain
proteins, growth factors and components necessary for cell growth
and differentiation (Hejčl et al., 2013; Khaing et al., 2014; Ahmadi
et al., 2015; Assunção-Silva et al., 2015; James et al., 2019). In most
cases, hydrogels are used as homogeneous soft materials with
homogeneous volumetric properties. To better mimic the
anisotropic and complex structures of body tissues, hierarchical
hydrogels containing multiple layers with different biochemical
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signals and mechanical properties play a crucial role in biomedical
applications (Revete et al., 2022).

Constructions based on a mixture of synthetic biodegradable
polymers PLGA, PLC, and poly-2-hydroxyethylmethacrylate
(pHEMA) are also used to restore SC tissue, PLA macroscopic
sponges are also effective for restoring SC axonal pathways (Straley
et al., 2010; Shrestha et al., 2014; Gao et al., 2016).

A significant amount of investigations are devoted to the
examination of biocompatible macroporous hydrogel based on
poly-N-hydroxypropylmethacrylamide (pHPMA) properties
(Pertici et al., 2013). pHPMA-hydrogel and its derivatives are
synthetic polymers with high biocompatibility. One of the
derivatives of pHPMA is NeuroGel, the three-dimensional
structure of which is represented by a contacting network of
macromolecules of hydrophilic monomers that swell in an
aqueous environment. The internal structure of pHPMA-
hydrogel (Neurogel) is represented by a set of pores of different
diameters (2–300 nm), which allow micro-, macromolecules, and
cells, including during the process of vascularization, to move freely
within the matrix (Woerly et al., 1999; 2001; Pertici et al., 2013). It is
also known that NeuroGel prevents glial scar formation in injured
tissue; at the same time, free tissue (spared tissue) in the centre of
injury can improve motor functions due to the reorganization of
nerve pathways below the injury site (Woerly et al., 2004; Ma et al.,
2022; Ma et al., 2022). Such a hydrogel matrix in a recipient`s tissue
can mimic natural environmental conditions for stem cells, in
particular NSCs, which will be able to differentiate freely into
neurons, astrocytes, and oligodendrocytes in the future. In
addition, pHPMA-hydrogel derivatives can encapsulate not only
stem cells but also bioactive molecules, which makes it possible for
further regulation of introduced/populated cell response, and
activation and increase regenerative potential of tissue at the
injury site (Trimaille et al., 2015).

As known, disruption of microenvironment composition as a
result of SCI often leads to nervous tissue infection. Hydrogels with
anti-inflammatory and antibacterial properties contribute to the
reduction or complete elimination of infection processes, which
significantly increases the efficiency of tissue regeneration (Sun
et al., 2023).

In recent years, conductive hydrogels have gained popularity—a
class of organic materials with unique electrical and optical
properties similar to those of inorganic semiconductors and
metals (Tomczykowa and Plonska-Brzezinska, 2019; Xuan et al.,
2023). Due to high electrical activity, such matrices promote cell
adhesion, their growth and proliferation. Polypyrrole (PPy),
polyaniline (PANi), polythiophene (PT), its derivatives, and poly
(3,4-ethylenedioxythiophene) (PEDOT) are most often used for SC
tissue regeneration (Qin et al., 2023).

Peptide hydrogels are also currently being actively used for
wound healing, drug delivery, and in combination with stem cells
in SCI (Sun et al., 2023). Peptide hydrogels based on insulin-like
growth factor 1 (IGF1c) contribute to neuronal activation,
proliferation and differentiation of populated NSCs for further
implantation in injured SC. In addition, this type of matrix
increases the survival of NSCs due to the reduction of acute
inflammation in the early stages of the post-traumatic period and
also enhances the growth of axons and suppresses the development
of reactive astrogliosis. Such properties of the hydrogel contribute to

the improvement of motor functions in animals with SCI (Wang
et al., 2023).

It is known that the self-assembling peptide (SAP) group of
highly organized hydrogels has biomimetic tunnelling (Mondal
et al., 2020; Gelain et al., 2021). SAP hydrogels can retain water,
have high biocompatibility and are similar to the extracellular
matrix in many ways. The advantages of such synthetic hydrogels
are their characteristics, such as porosity, elasticity, and drug
delivery rate. SAP is characterized by a slow and sustained
release of active cytokines, and the release kinetics depend on the
SAP sequences and their type (Mondal et al., 2020). Injections of
SAP hydrogels loaded with ChABC (Chondroitinase ABC) have
been shown to promote neuronal regeneration and recovery of
functional activity in rats with chronic SCI. In addition, it was
demonstrated that under in vitro conditions, ChABC enzymatic
activity (usually lasting less than 72 h) released from SAP was
detected in significant amounts up to 42 days (Raspa et al., 2021).

Moreover, RGD and BMHP motifs contained in SAP contribute
to the proliferation and differentiation of introduced NSCs.
KLPGWSG and FAQRVPP motifs activate NSC differentiation
into neurons and oligodendrocytes. The inclusion of 3 motifs
(LDLK) in such hydrogels promotes the differentiation of NSCs
into neurons, astrocytes, and oligodendrocytes (Gelain et al., 2021).

In general, the inclusion of RGD and PDGF-A protein motifs in
the composition of hydrogels also improves their characteristics and,
accordingly, the regeneration of nerve tissue. Thus, the inclusion of
such peptides in hydrogels based on hyaluronic acid, collagen, fibrin,
alginate, chitosan, gelatin, agarose, and methylcellulose promotes
early survival, integration, migration, and differentiation of
introduced stem cells into the matrix. Modification of the
hydrogels with such peptides results in enhanced axon growth
and electrical conductivity, thus replacing the cavity formed as a
result of the injury (Wang et al., 2022; Chen et al., 2024).

3.1 Necessary characteristics of hydrogels
for their use in neuroengineering

As is well known, hydrogels in regenerative medicine are used as
scaffolds to provide structural integrity and volume for cellular
organization and morphological orientation, serve as tissue and
bioadhesive barriers, act as reservoirs for drugs, deliver biologically
active agents that promote natural recovery process, encapsulate and
deliver cells. Due to their high water content and physical and
chemical properties, hydrogels are suitable for use even in soft
organs such as the brain and spinal cord (Revete et al., 2022;
Sánchez-Cid et al., 2022).

The elasticity of hydrogels varies within 3–300 kPa, which
corresponds to the elastic properties of SC tissue. Within the
hydrogels, the recipient`s SC neurons are characterized by a longer
axon length, and also provide an appropriate composition of extracellular
environment for nerve tissue electrical stimulation to accelerate axon
regeneration. This ability is based on hydrogels’ ability to inhibit reactive
oxygen species synthesis in the area of injured SC neurons and, thus, to
prevent apoptosis of intact SC cells and promote regeneration of already
injured SC neurons. Hydrogels are also effective for filling of cavities
formed in damaged nerve tissue: they create channels for the passage of
electrical signals in SC (Sun et al., 2023).
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Therefore, hydrogels as materials for further use in (neuro) tissue
reconstruction should have the following characteristics/criteria:

Biocompatibility: the goal of biocompatibility of any hydrogel
evaluation is a limitation of toxic effects that can be caused in the
body. The three main factors to consider during evaluation are the
healing process, inflammation, and immune response known as
immunotoxicity (Lee and Mooney, 2001; Griffith, 2002; Drury and
Mooney, 2003; Brandl et al., 2007; Chamkouri, 2021; Radulescu
et al., 2022). By applying stimuli such as light, pH, temperature or
magnetic field, hydrogels can release various active substances that
have been “sewn” into their structure, which can be one of the
options for local effects on various pathologies (Radulescu
et al., 2022).

Adhesion: hydrogel matrices are known as inherently hydrated
materials, and their adhesion depends on sparse and loose adhesive
junctions that are surrounded by water (Yang. et al., 2022).

Porosity: one of the most important properties of hydrogels is
porosity. This property is important for biomaterial structure, which
ensures oxygen and nutrients supply to cells and the removal of
cellular debris. In addition, the porous structure of the scaffold also
affects cell migration and tissue integration. The pore size is crucial
for the depth of cell penetration into the hydrogel framework
(Radulescu et al., 2022).

Liquid absorption specificity: one of the important hydrogels’
characteristics is their ability to swell when the system is in contact
with water or a thermodynamically compatible solvent. When the
hydrogel structure contacts with solvent molecules, they enter the
polymer network. Due to hydration, the polymer chains are
weakened, and as a result, an entire system expands. This process
is supported by existing osmotic forces, while the elastic force of
hydrogel balances a polymer network and prevents its deformation,
which leads to equilibrium (equilibrium water content) without
additional swelling (Bashir et al., 2020; Zhang et al., 2023).

Mechanical strength and stiffness: The mechanical properties of
hydrogel scaffold must match a specific tissue to enhance cell
adhesion and precisely fill damaged tissue. The stiffness of the
hydrogel matrix affects the stem cell differentiation. The
necessary mechanical requirements for each hydrogel are specific
to a target tissue type (Khaing et al., 2016; Foster et al., 2017).

Biodegradability: biodegradability is another important property
for hydrogel development as they require controlled degradation
and resorption in vivo. Degradation of the hydrogel matrix is known
as a chemical process, but it can also be driven by a dynamic physical
stimulus that affects cell function and behaviour. The main purpose
of this process is to provide the ability to mimic ECM and enhance
tissue regeneration (Oliva et al., 2017). The biodegradability of
hydrogels is manifested in the ability to break down in the
recipient’s body, and is used to encapsulate medicinal substances
for several days or weeks to extend their shelf life (Chen et al., 2019).

Self-healing is an unusual property of hydrogels, whichmanifests
itself in the ability to restore its original structure after exposure to
exogenous factors. This property of hydrogels is important for
parenteral therapy. In addition, self-healing of hydrogels
increases their period of existence in the body and increases the
effectiveness of any therapy (Chyzy and Plonska-Brzezinska, 2020).

Reduction of stress by ionic and covalent hydrogels occurs by
splitting and reformatting crosslinks within the polymer and water
migration. This property of hydrogels promotes SC growth, their

proliferation and differentiation into different types of cells (Li
et al., 2018).

Most authors in their research even indicate some functional
features of an ideal hydrogel:

➢ Colorless, odourless, absolutely non-toxic (Marin et al., 2013);
➢ The highest capacity for biological degradation without toxic

substances formation after degradation. For example, PLGA
hydrogel, which was approved by the FDA, however, its
degradation products (obtained in vivo) turned out to be
toxic, which significantly limits its clinical use (Oliva
et al., 2017);

➢ pH neutrality after swelling in water (Li et al., 2018);
➢ The highest strength and stability in a swelling environment

and during storage (Bashir et al., 2020);
➢ Ability (if necessary) to rewet: hydrogel must be able to

dehydrate the solution or retain it; depending on
application requirements (Ahmed, 2015; Yang et al., 2022);

➢ The greatest capacity for hydration (maximum equilibrium
swelling) in physiological solution (Bashir et al., 2020);

➢ The highest absorbency under load (AUL) (Chai et al., 2017);
➢ Desired absorption rate (desired particle size and porosity)

depending on application requirements (Nicodemus and
Bryant, 2008; Slaughter et al., 2009);

➢ The lowest soluble content and residual monomer (Bashir
et al., 2020);

➢ Photostability (Bashir et al., 2020; Yang et al., 2022).

4 Advances of hydrogel combined with
neural stem cells in SCI

Stem cell transplantation has always been considered effective,
however, it can cause an active immune response and cannot ensure
the presence of SC at the injury site for a long time, which directly
affects the therapeutic effect (Perale et al., 2011). Therefore, a
combination of stem cells and polymer matrices is currently
considered the most optimal approach for injured nerve tissue
regeneration, in particular, SC (Yang et al., 2020; Lin et al., 2021;
Cheng et al., 2022; Li et al., 2022).

Every day there are more and more in vitro and in vivo studies
devoted to combining hydrogels with NSCs (encapsulation of SCs)
(Li et al., 2012; Li et al., 2022 J.; Garrudo et al., 2021; Yao et al., 2021;
Yuan et al., 2021; Afsartala et al., 2022; Chen et al., 2022; Albashari
et al., 2023; Ji et al., 2023; Jia et al., 2023; Liu et al., 2023; Yang et al.,
2023). Especially NSCs which are a unique and effective tool for
nerve tissue regeneration. This type of stem cell has three main
characteristics: an ability to self-renew, neural tripotency—an ability
to differentiate into the main lineages of neural cells, i.e., astrocytes,
oligodendrocytes, and neurons, as well as an ability to regenerate in
vivo (Casarosa et al., 2014; Assunção-Silva et al., 2015).

It has been proven that NSCs in injured SC differentiate into
astrocytes and oligodendrocytes, which promotes remyelination.
Neurons, into which NSCs differentiate, migrate rostrally and
caudally at the contusion site of rat SC, which contributes to the
improvement of locomotor functions. NSCs also contribute to the
strengthening of recipient neuronal axons (Assunção-Silva et al.,
2015). In addition to the fact that NSCs (encapsulated) within the
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matrices in injured SC differentiate into neurons and
oligodendrocytes, they are also able to migrate in the injury site,
enhance neuronal regeneration and reduce inflammatory processes
in SC (Skop et al., 2014; Kandilogiannakis et al., 2021).

In the recipient, NSCs promote the recovery of damaged areas of
nervous tissue by providing nearby cells with trophic substances,
activating endogenous regeneration, or by directly replacing
neurons and glial cells. Biodegradable polymers, in turn, serve as
a framework for the axonal network restoration and at the same time
act as a reservoir for progenitor cells. It was found that both natural
and synthetic biomaterials contribute to NSCs’ survival, as they
serve for the latter as a microenvironment with controlled properties
for growth and differentiation (Kim and Jung, 2016; Zou
et al., 2020).

It is known that NSCs growing in the PLGAmatrix were used to
restore axonal networks for lateral incision injury in rats. Already
70 days after implantation, experimental animals showed higher
physical activity, and histological evaluation showed a decrease in
the glial scar size. Moreover, studies using NPC-PLGA constructs,
which were implanted into the fully dissected rat SC, showed the
formation of a greater number of axons inside the polymer, in
contrast to implants devoid of stem cells. Chitosan-NPS-constructs
on the 7th day after implantation in a completely severed rat SC
contributed to the restoration of nervous tissue structural integrity
due to the high survival of stem cells and their active differentiation
into astrocytes and oligodendrocytes (Shrestha et al., 2014).
However, despite the efficiency of use for the restoration of
damaged nerve tissue, the above-mentioned combined systems
are characterized by a significant drawback—low survival and the
impossibility of controlled differentiation of NSCs. Therefore, to
improve NSCs’ state in the matrix: their survival, engraftment and
integration into the recipient`s tissue, hydrogels are now used. As
research has shown, one of the most common hydrogels is fibrin
hydrogels, which can mimic natural environmental conditions for
NSCs, which further differentiate into neurons, astrocytes, and
oligodendrocytes (Marquardt and Heilshorn, 2017).

The use of hydrogels in combination with stem cells depends on
the mechanical and biological properties of matrices. Thus,
biochemical signals and interactions between stem cells and the
ECM directly affect the SC’s shape: stiffness of the extracellular
environment directly affects the cells (Chamkouri, 2021). Stem cells,
which are cultivated together with hydrogels of a rigid structure, are
characterized by a more developed cytoskeleton, proliferate faster
andmigrate within thematrix. On the other hand, non-toxicity, high
viscosity, ability not to cause an immune response, stability and
biodegradability of hydrogels contribute to higher adhesiveness,
proliferation and growth of stem cells (Chamkouri, 2021).

In general, the compatibility of stem cells with hydrogels is
influenced by such physical characteristics of matrices as stiffness,
porosity, elasticity, architecture, adhesiveness, and biodegradability.
The stiffness of hydrogels has a positive effect on stem cell
morphology, proliferation and differentiation. Stem cells respond
to the degree of matrix stiffness by triggering FAK, 170–172 Rho/
ROCK, 173,174 YAP/TAZ, 26,175 Wnt/β-catenin signalling
cascades, which cause their further differentiation (Cao et al.,
2021). The porosity of hydrogels also affects stem cells’
properties, namely, their cytoskeleton reorganization, distribution
of organelles in cells, chromatin and nuclear membrane proteins

reorganization, and this in turn affects stem cells morphology, their
migration, differentiation and germination in the recipient tissue (Li
et al., 2012; Cao et al., 2021). The elasticity of hydrogels also has a
positive effect on stem cell sprouting, proliferation and
differentiation (Cao et al., 2021). The architecture (diameter and
arrangement of fibrils) determines how stem cells will contact each
other (Cao et al., 2021). Biodegradation: in contrast to non-
biodegradable hydrogels, biodegradable matrices contribute to
better contact of stem cells and their germination (Teng et al.,
2002; Cao et al., 2021). Stem cell adhesion sites (formed by
α2β1 integrins, CD44 proteoglycans, and receptor tyrosine
kinase) by integrins in the matrix also affect stem cell survival by
inducing (Straley et al., 2010; Cao et al., 2021).

It is known that hydrogels of both natural and synthetic origin
are used for stem cell encapsulation. These can be collagen, fibrin,
keratin, agarose and alginate (alginate-gelatin) hydrogels, chitosan
and chondroitin sulfate matrices, hydrogels based on desired rubber
and based on hyaluronic acid, Polyethylene Glycol (PEG) and Poly
(N-isopropylacrylamide) (PNIPAAm) (Kandilogiannakis et al.,
2021; Wang Y. et al., 2022).

As research results show, stem cell encapsulation provides a
semi-permeable barrier for cells, which allows the absorption of
nutrients and protection from harmful factors (Costa et al., 2022).
An important advantage of stem cell encapsulation to prevent
immune response occurrence is stem cell “masking” from
recipients’ antibodies due to the semi-permeability of the matrix
itself. Thereafter, such immunomodulation prolongs stem cell
lifespan (Hasturk and Kaplan, 2019). Hydrogels also improve
stem cells’ survival and proliferative capacity during long-term
cultivation due to the stimulation of their natural resources (Bajaj
et al., 2014). The creation of a semipermeable environment for stem
cells by hydrogels also creates conditions for growth and activation
of differentiation due to the supplying of appropriate exogenous
factors. Such encapsulation also prolongs the duration of stem cells
and medicinal substance’s therapeutic effect. Physical protection of
stem cells against mechanical damage based on structural elements
of hydrogels and crosslinks between them is considered another
significant advantage of stem cell encapsulation, which determines
this ability (Kandilogiannakis et al., 2021). Stem cell encapsulation is
also effective for the cryoprotection of stem cells within cryogels
(Bajaj et al., 2014; Hasturk and Kaplan, 2019; Kandilogiannakis et al.,
2021; Costa et al., 2022). Therefore, well-spent that many authors
claim that stem cells are always in a stable state within the hydrogel,
and the hydrogel creates optimal conditions for the ECM of SC
tissue (Bajaj et al., 2014; Pérez-Luna and González-Reynoso, 2018;
Hasturk and Kaplan, 2019; Kandilogiannakis et al., 2021;
Khayambashi et al., 2021; Lee et al., 2021; Costa et al., 2022;
Huang et al., 2022).

It was established that NSCs/NPCs within hydrogels, in
particular, alginate ones, in injured SC differentiate into neurons
(40.7%), astrocytes (26.6%) and oligodendrocytes (28.4%) (Zhou
et al., 2022). Such an indicator of differentiation leads to an increase
in neuronal connections number and improves motor functions.
iPSCs also differentiate into glial cells and neurons, so they are
considered an alternative NSC type of stem cell, although their
ability to multidirectional differentiation and transformation into
cancer cells significantly limits the possibilities of their use. MSCs are
often used to restore SC tissue due to their multidirectional
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differentiation, regulated immune response, and biological anti-
inflammatory effects; an ability to replace damaged not only
bone, cartilage and myocardium but also nerve tissue. The
combination of MSCs with hydrogels promotes anti-
inflammatory and antioxidant properties, which in turn activates
endogenous NSCs’ survival and proliferation (Cai et al., 2023).

It has been shown that the use of hydrogels in combination with
NSCs for SC regeneration contributes to their differentiation into
neurons with subsequent involvement of the recipient’s lost
neurons. Such NSCs within the hydrogel secrete neurotrophic
growth factors, and cytokines, which contribute to inflammatory
reaction reduction, damaged SC cells restoration, reduction of
demyelination level and axon damage and, as a result, the
subsequent restoration of the body’s motor functions (Lv
et al., 2022).

Hydrogels in combination with embryonic stem cells (ESCs) are
also used to enhance SC tissue regeneration and angiogenesis,
enhance Tuj1, MAP2 and Syn expression, reduce immune
response, and as a result—restore motor function. ESC-derived
motoneurons within composite hydrogels are considered the
most effective and least invasive method for regeneration (Lv
et al., 2022). ESCs differentiate into neural and glial stem cells
within hydrogels after implantation into the injured SC. In the
injured SC of rats, ESCs migrate to the injury site and differentiate
mainly into oligodendrocytes and astrocytes (Assunção-Silva
et al., 2015).

iPSCs-derived neurospheres within hydrogels survive, migrate
and differentiate into the main neural cell lines in injured SC. After
transplantation, the expression of neurotrophic factors, activation of
angiogenesis, restoration of axons, and remyelination at the injury
site are noted. In the injured SC of nonhuman primates, iPSCs
differentiate into neurons, astrocytes, and oligodendrocytes without
degenerating into cancer cells (Assunção-Silva et al., 2015).

In another investigation, DNA hydrogels with NSCs were
implanted in the SC (after 2-mm transection of rat SC); and
already on the 8th week of observation, improvement of motor
functions of both limbs was noted (Lv et al., 2022). And when
HAMC hydrogel + rPDGF-A + NSCs were implanted into damaged
SC, a decrease in SC damage area, and an increase of neurons and
oligodendrocytes survival in intact areas of SC were established (Lv
et al., 2022). During the implantation of collagen hydrogel + EGF +
NSCs, a significant number of preserved nerve cells, reduction of
glial scar size and, accordingly, its pressure on the adjacent tissue,
were noted (Lv et al., 2022). It was also shown that hydrogels based
on hyaluronic acid, compatible with embryonic NSCs, reduce SC
damage area (Lv et al., 2022).

When GelMA/ECM hydrogel + NSCs were implanted in rat SC
with complete transection, it was established that the GelMA/ECM
matrix promotes axon sprouting as early as 8 weeks after
implantation (Chen et al., 2022). And in vitro (cultivated for
14 days), such a matrix enhances NSC adhesion and
differentiation. This type of matrix is synthesized from gelatin
and methacrylic aldehyde, due to which its proteolytic
biodegradability and cell attachment sites correspond to those of
the natural ECM (Chen et al., 2022).

After complete transection of rat SC at T8-T10, for nerve tissue
regeneration, AFG hydrogel (consisting of fibrinogen and poly
(ethyloxide)) was also transplanted together with E14 NSCs of

rats’ hippocampus. It was found that such a hydrogel, compatible
with NSCs, reduces the level of inflammation of damaged tissue,
promotes differentiation of NSCs into glial cells and neurons, and
also promotes angiogenesis at the injury site (Yang et al., 2023).

NGP hydrogels (based on amino-gelatin) are also used together
with NSCs to restore SC tissue after injury. Thus, E16 NSCs of rat
neocortex were cultured together with NGP hydrogel for 7 days.
Such constructs were implanted in the rat SC at T9-T10 level after
excision (2-mm) trauma. It was shown that NGP promotes
neurogenic differentiation of NSCs and inhibition of glial
differentiation in vitro. The implantation of such structures
contributes to axons sprouting, and their myelination
strengthening, which in turn contributes to the improvement of
hind limb locomotor functions (Liu et al., 2023). Similar results were
obtained when pHPMA hydrogel with NSCs was implanted in rats
SC after hemisection. Namely: an implant area was closely related to
the recipient`s tissue; the recipient’s cell processes freely grew into
the implant itself; NSCs populated in hydrogel differentiated into
neurons; a dense network of neuron processes was visible inside the
implant. Preliminary in vitro results showed that pHPMA hydrogel
promotes NSC differentiation into neurons and inhibits their
differentiation into glial cells, in particular, into astrocytes
(Rybachuk et al., 2023a).

When implanting CSMA-hydrogels in combination with NSCs
in rat SC after its contusion, it was shown that the combination of
hydrogel with NSCs contributes to functional recovery of the SC
cavity after injury and neurogenesis development with the
prevention of fibroglial layer formation. And reduced level of
NSC differentiation into astrocytes may be a consequence of the
encapsulation of cells in the composition of a hydrogel (Liu
et al., 2019).

It is known that NSCs in the composition of hydrogel matrices
are also implanted in SC with chronic injury, both in experimental
models and in clinical cases. In particular, it was shown that the
presence of NSC affects the reduction of cyst size; and provides axon
regeneration through a synergistic effect on fibroblasts or
neuroepithelial stem cells through EGF, bFGF, PDGF-AA and
NT-3 synthesis; NSCs can differentiate into all three types of glial
cells to regenerate neuronal pathways, demyelinated axons, and can
provide trophic support for endogenous cells (Suzuki et al., 2022).
Thus, laminin-coated hydrogels with iPSCNPs (iPSC-derived neural
progenitor cells) in chronic SCI in rats reduce the cavity area in the
SC tissue. iPSCNPs and oligodendrocyte progenitor cells
differentiate within the matrix and form long axons to
communicate with each other. iPSCs in hyaluronic and gelatin
hydrogels accelerate neurite elongation and induce spontaneous
neuronal differentiation (Lv et al., 2022).

Undoubtedly, such combinations of hydrogel + NSC have
prospects for their further clinical application. Namely, the
improvement of axon sprouting, their remyelination and the
formation of synapses contribute to the improvement of
locomotor and sensory functions of the limbs of a patient with
SCI (Zeng, 2023a). In the case of injury to the SC (for example, at the
lower thoracic level) and implantation of the hydrogel + NSC
complex, the appearance of elements of deep sensitivity in the
proximal areas of the buttocks is possible, which will contribute
to the further improvement of motor functions. Due to the presence
of stem cells, there is a decrease in inflammatory processes in the
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area of the injury (Freyermuth-Trujillo et al., 2022), which also
contributes to the acceleration of functional recovery. In general, a
systemic improvement in the condition of patients after SCI is
possible: improvement in the functioning of internal organs,
absence/reduction of the need for catheterization, and partial or
even complete independence.

First and foremost, the hydrogel implanted in the injured region
of SC has a hemostatic effect, which helps to reduce both the primary
and secondary inflammatory responses (Lv et al., 2022). Later, axons
sprouting, reinnervation, and remyelination occur, as the hydrogel
provides the necessary supportive mechanical microenvironment by
connecting the edges of the damaged nerve tissue (Hejcl et al., 2008;
Hong et al., 2017; Silva et al., 2021; Lv et al., 2022; Park et al., 2022).
In parallel, NSCs (in particular, their secretome) also have a positive
effect on all the above-mentioned processes by a paracrine
mechanism; differentiate, in particular, into neurons that are
actively integrated into the recipient’s neuronal networks (Hey
et al., 2023). All of the above significantly improves the
morphological structure of the damaged nerve tissue and
therefore contributes to the recovery of motor function after SCI
(Hong et al., 2017; Silva et al., 2021; Park et al., 2022).

4.1 Problems and possible limitations in the
use of hydrogel with NSCs in SCI

Today, there is a significant variety of natural and artificial
materials that have potential prospects for use in tissue engineering
and neuroengineering in particular (Boni et al., 2018; Kim et al.,
2023). Each material (matrix) has both general characteristics
(physical, chemical, biochemical, etc.) and certain individual
characteristics, which makes them as suitable for use as possible
(Akhtar et al., 2023; Kim et al., 2023; Nasser et al., 2024). However,
among all the positive aspects, limitations in their further use often
arise, particularly in clinical application (Niyonambaza et al., 2019;
Akhtar et al., 2023; Socci et al., 2023).

An important requirement for any matrix is an absence of
immune reaction initiation, and, according to chemical and
physical properties, the ability to support the recipient`s tissue
(Boni et al., 2018; Bian et al., 2023). Therefore, one of the main
characteristics is the biodegradation of such matrices (Meereboer
et al., 2020; Socci et al., 2023). The formation of stable
intermediate products should accompany biodegradation.
Stability means the absence of the body’s immune reaction to
them, the absence or slight toxicity and their easy transformation
into substances that can be used by the body in synthesis
processes or easily removed from it as needed (Subramanian
et al., 2009; Socci et al., 2023).

As already mentioned above, matrices are of biodegradable
and non-biodegradable types (Subramanian et al., 2009; Boni
et al., 2018; Geevarghese et al., 2022). A feature of the first is the
possibility of decomposition inside the recipient`s tissue, and
this is their advantage because, in the process of tissue
regeneration, no obstacles to the growth of cells are created
(Geevarghese et al., 2022; Oleksy et al., 2023). However, they also
have a significant drawback—an impossibility of regulating the
toxicity of their decomposition products (Gu, 2021; Oleksy et al.,
2023). Another problem in the production of matrices of this

type is the heterogeneity of the material and the difficulty of its
cleaning (Gu, 2021; Kirillova et al., 2021). Incomplete clearance
of the material can lead to strong immune response development
in already damaged tissue (Kasravi et al., 2023). Their
development is more complicated and takes more time
because it is necessary to achieve minimum toxicity of decay
products and approximate synchronization of the
decomposition time of the substance with the time of tissue
regeneration. Such substances include chitosan, poly-α-hydroxy
acids and poly-δ-butyrate (Straley et al., 2010).

Another type of matrix, that is, non-biodegradable, is
characterized by mechanical strength and elasticity, but this
strength can be a disadvantage in some cases, for example,
sometimes such matrices can limit cell growth (Boni et al., 2018;
Krishani et al., 2023). After all, non-biodegradable matrices are
mainly made of synthetic materials (Phiri et al., 2023), and the
constant presence of an implant made of such substances can
increase the risk of inflammation, and can often lead to
compression of the nerve tissue section, which in the long run
will necessitate another operation to remove or replace such implant
(Reddy et al., 2021; Flores-Rojas et al., 2023; Khodaei et al., 2023).
For example, silicone is a biocompatible material, but it is not used in
vivo due to its non-porous structure and frequent cases of its
compression of the lesion site, which significantly impairs the
recovery process (Bruckmann et al., 2022; Nuwayhid et al., 2024).
Therefore, as an alternative to silicone, PVC is more often used,
which is semipermeable and retains stability in vivo. However,
despite its biocompatibility, PVC does not have a high degree of
adhesiveness, which limits its use in the future (Chen et al., 2021).

pHEMA, a matrix of synthetic origin, is known not to
biodegrade. In addition, the presence of calcification and a
prolonged inflammatory reaction after implantation of such a
matrix lead to a slowdown in the regeneration of axons (Ma X.
et al., 2022).

Although, as most authors point out, polymer matrices still have
several advantages for SC regeneration. Thus, matrices repeat the
natural structure of the extracellular matrix and stimulate the
growth of axons, promoting axon growth. In addition, matrices
can serve as a basis for the transplantation of stem cells of various
types, growth factors and medicinal substances (Cheng et al., 2022;
Li W. et al., 2022). For strengthening the regenerative properties of
matrices, researchers are still working on the optimization of
mechanical properties, increasing the adhesiveness of cells, ability
to biodegradation and electrical activity (Straley et al., 2010).
Hydrogel matrices based on natural components, in particular,
polysaccharides (collagen, gelatin, alginate, agarose, etc.) deserve
special attention. Such matrices have some advantages: susceptibility
to biodegradation, hydrophilicity, and porosity of the structure,
which allows for imitation of the natural microenvironment of
nervous tissue (Wang Y. et al., 2022).

On the other hand, stem cell transplantation has always been
considered effective (Zeng, 2023b; 2023a), however, sometimes it
causes an active immune response and cannot ensure the presence of
stem cells at the injury site for a long time, which directly affects the
therapeutic effect (Shang et al., 2022; Zeng, 2023a). Therefore,
nowadays hydrogels are most often used in combination with
different types of stem cells: cells are always in a stable state
within the hydrogel, and the matrix creates optimal conditions
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for the extracellular matrix of SC tissue (Khayambashi et al., 2021;
Peng et al., 2023). However, data indicate that stem cells populated
in the matrix cannot stay in it permanently, despite the volume and
tunnelling of the matrix itself (Lv et al., 2022).

Regarding NSCs, the biggest drawback in their use is bioethical
norms that do not allow the use of NSCs in the clinic, it is impossible
to use them as autologous material, ability of this type of stem cells to
transform into cancer cells has also been confirmed (Pereira et al.,
2019). Also, a limitation is that it is difficult to obtain enough NSCs
to regenerate damaged nervous cells, as endogenous NSCs reside in a
restricted niche of the CNS and have a limited ability to proliferate in
vivo compared to other stem cells (Behnan et al., 2017; Kim et al.,
2022). Although it was shown that NSCs within hydrogels
differentiate into astrocytes, oligodendrocytes and neurons, which
increases the number of neuronal connections and improves motor
functions (Cai et al., 2023).

An alternative to NSCs is iPSCs, which also differentiate into
glial cells and neurons (Cai et al., 2023). After implantation in the
area of SC damage, iPSCs-derived neurospheres within hydrogels
survive, migrate and differentiate into neurons and glial cells (Kong
et al., 2021; Xue et al., 2021). After such implantation, the expression
of neurotrophic factors, activation of angiogenesis, restoration of
axons, and remyelination at the injury site are noted (Assunção-
Silva et al., 2015). It has been proven that in the injured SC of non-
human primates, iPSCs differentiate into neurons, astrocytes, and
oligodendrocytes without degenerating into cancer cells (Assunção-
Silva et al., 2015).

MSCs are often used for the restoration of SC tissue due to their
multidirectional differentiation, regulated immune response and
biological anti-inflammatory effects, therefore they can replace
damaged not only bone, cartilage tissue and myocardium, but
also nerve tissue. The combination of MSCs with hydrogels
promotes anti-inflammatory and antioxidant properties, which in
turn activates the survival and proliferation of endogenous NSCs
(Perale et al., 2011; Cai et al., 2023).

However, despite the indicated problems and limitations in the
use of matrices, hydrogels, of natural and synthetic origin, and
NSCs, the data obtained made it possible to more thoroughly
investigate the mechanisms of cellular interactions at the site of
tissue damage (Yang et al., 2022; Cai et al., 2022; Cai et al., 2023) and
accelerated experimental and, to some extent, clinical progress in the
field of neuroengineering.

5 Conclusion

In recent years, more and more data have been accumulated that
indicate the effectiveness of complex approaches for SC nerve tissue
regeneration usage. Such a complex approach lies in the application
of hydrogels populated with stem cells, in particular NSCs. However,
there are still a lot of questions to be clarified for the possibility of
further application of this approach in clinical practice (for hydrogel:
choose the most suitable/ideal sample in terms of nervous tissue
characteristics; for stem cells, first of all, establish an amount of
population per unit volume of hydrogel to achieve the maximum
positive effect). However, the prospect of such a complex method of
SC nerve tissue restoration is undeniable.

Author contributions

OR: Writing–review and editing, Writing–original draft,
Supervision, Conceptualization. YN: Writing–original draft,
Investigation. VZ: Writing–original draft, Investigation.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Afsartala, Z., Hadjighassem, M., Shirian, S., Ebrahimi-Barough, S., Gholami, L., Fahad
Hussain, M., et al. (2022). Comparison of the regenerative effect of adipose tissue
mesenchymal stem cell encapsulated into two hydrogel scaffolds on spinal cord injury.
Archives Neurosci. 9. doi:10.5812/ans.119170

Ahmadi, F., Oveisi, Z., Samani, M., and Amoozgar, Z. (2015). Chitosan based
hydrogels: characteristics and pharmaceutical applications. Res. Pharm. Sci. 10, 1–16.

Ahmed, E. M. (2015). Hydrogel: preparation, characterization, and applications: a
review. J. Adv. Res. 6, 105–121. doi:10.1016/j.jare.2013.07.006

Ai, J., Kiasat-Dolatabadi, A., Ebrahimi-Barough, S., Ai, A., Lotfibakhshaiesh, N.,
Norouzi-Javidan, A., et al. (2013). Polymeric scaffolds in neural tissue engineering: a
review. Archives Neurosci. 1, 15–20. doi:10.5812/archneurosci.9144

Akhtar, A., Farzamrad, V., Moradi, A. R., Yar, M., and Bazzar, M. (2023). Emerging
polymeric biomaterials and manufacturing-based tissue engineering approaches for
neuro regeneration-A critical review on recent effective approaches. Smart Mater. Med.
4, 337–355. doi:10.1016/j.smaim.2022.11.007

Akther, F., Little, P., Li, Z., Nguyen, N. T., and Ta, H. T. (2020). Hydrogels as artificial
matrices for cell seeding in microfluidic devices. RSC Adv. 10, 43682–43703. doi:10.
1039/d0ra08566a

Albashari, A. A., He, Y., Luo, Y., Duan, X., Ali, J., Li, M., et al. (2023). Local spinal cord
injury treatment using a dental pulp stem cell encapsulated H2S releasing
multifunctional injectable hydrogel. Adv. Healthc. Mater. 2302286,
23022866–e2302315. doi:10.1002/adhm.202302286

Assinck, P., Duncan, G. J., Hilton, B. J., Plemel, J. R., and Tetzlaff, W. (2017). Cell
transplantation therapy for spinal cord injury.Nat. Neurosci. 20, 637–647. doi:10.1038/nn.4541

Assunção-Silva, R. C., Gomes, E. D., Sousa, N., Silva, N. A., and Salgado, A. J. (2015).
Hydrogels and cell based therapies in spinal cord injury regeneration. Stem cells Int.
2015, 948040. doi:10.1155/2015/948040

Bajaj, P., Schweller, R. M., Khademhosseini, A., West, J. L., and Bashir, R. (2014). 3D
biofabrication strategies for tissue engineering and regenerative medicine. Annu. Rev.
Biomed. Eng. 16, 247–276. doi:10.1146/annurev-bioeng-071813-105155

Frontiers in Pharmacology frontiersin.org10

Rybachuk et al. 10.3389/fphar.2024.1419797

https://doi.org/10.5812/ans.119170
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.5812/archneurosci.9144
https://doi.org/10.1016/j.smaim.2022.11.007
https://doi.org/10.1039/d0ra08566a
https://doi.org/10.1039/d0ra08566a
https://doi.org/10.1002/adhm.202302286
https://doi.org/10.1038/nn.4541
https://doi.org/10.1155/2015/948040
https://doi.org/10.1146/annurev-bioeng-071813-105155
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1419797


Bashir, S., Hina, M., Iqbal, J., Rajpar, A. H., Mujtaba, M. A., Alghamdi, N. A., et al.
(2020). Fundamental concepts of hydrogels: synthesis, properties, and their
applications. Polymers 12, 2702–2760. doi:10.3390/polym12112702

Behnan, J., Stangeland, B., Langella, T., Finocchiaro, G., Tringali, G., Meling, T. R.,
et al. (2017). Identification and characterization of a new source of adult human neural
progenitors. Cell Death Dis. 8, 29911–e3013. doi:10.1038/CDDIS.2017.368

Bian, N., Chu, C., Rung, S., Huangphattarakul, V., Man, Y., Lin, J., et al. (2023).
Immunomodulatory biomaterials and emerging analytical techniques for probing the
immune micro-environment. Tissue Eng. Regen. Med. 20, 11–24. doi:10.1007/s13770-
022-00491-z

Boni, R., Ali, A., Shavandi, A., and Clarkson, A. N. (2018). Current and novel
polymeric biomaterials for neural tissue engineering. J. Biomed. Sci. 25, 90–21. doi:10.
1186/s12929-018-0491-8

Brandl, F., Sommer, F., and Goepferich, A. (2007). Rational design of hydrogels for
tissue engineering: impact of physical factors on cell behavior. Biomaterials 28, 134–146.
doi:10.1016/j.biomaterials.2006.09.017

Bruckmann, S., Nunes, F. B., Salles, R., Franco, C., Carla, F., Rodrigo, C., et al. (2022).
Biological applications of silica-based nanoparticles. Magnetochemistry 8. doi:10.3390/
magnetochemistry8100131

Cai, J., Zhang, H., Hu, Y., Huang, Z., Wang, Y., Xia, Y., et al. (2022). GelMA-MXene
hydrogel nerve conduits with microgrooves for spinal cord injury repair.
J. Nanobiotechnology 20, 460–513. doi:10.1186/s12951-022-01669-2

Cai, M., Chen, L., Wang, T., Liang, Y., Zhao, J., Zhang, X., et al. (2023). Hydrogel
scaffolds in the treatment of spinal cord injury: a review. Front. Neurosci. 17, 1211066.
doi:10.3389/fnins.2023.1211066

Cao, H., Duan, L., Zhang, Y., Cao, J., and Zhang, K. (2021). Current hydrogel
advances in physicochemical and biological response-driven biomedical application
diversity. Signal Transduct. Target. Ther. 6, 426–431. doi:10.1038/s41392-021-00830-x

Casarosa, S., Bozzi, Y., and Conti, L. (2014). Neural stem cells: ready for therapeutic
applications? Mol. Cell. Ther. 2, 31. doi:10.1186/2052-8426-2-31

Chai, Q., Jiao, Y., and Yu, X. (2017). Hydrogels for biomedical applications: their
characteristics and the mechanisms behind them. Gels 3, 6. doi:10.3390/gels3010006

Chamkouri, H. (2021). A review of hydrogels, their properties and applications in
medicine. Am. J. Biomed. Sci. Res. 11, 485–493. doi:10.34297/ajbsr.2021.11.001682

Chen, B. K., Knight, A. M., Madigan, N. N., Gross, L., Dadsetan, M., Nesbitt, J. J., et al.
(2011). Comparison of polymer scaffolds in rat spinal cord: a step toward quantitative
assessment of combinatorial approaches to spinal cord repair. Biomaterials 32,
8077–8086. doi:10.1016/j.biomaterials.2011.07.029

Chen, G., Tang, W., Wang, X., Zhao, X., Chen, C., and Zhu, Z. (2019). Applications of
hydrogels with special physical properties in biomedicine. Polymers 11, 1420–1517.
doi:10.3390/polym11091420

Chen, K., Yu, W., Zheng, G., Xu, Z., Yang, C., Wang, Y., et al. (2024). Biomaterial-
based regenerative therapeutic strategies for spinal cord injury. NPG Asia Mater. 16, 5.
doi:10.1038/s41427-023-00526-4

Chen, S., Gil, C. J., Ning, L., Jin, L., Perez, L., Kabboul, G., et al. (2021). Adhesive tissue
engineered scaffolds: mechanisms and applications. Front. Bioeng. Biotechnol. 9,
683079. doi:10.3389/fbioe.2021.683079

Chen, Z., Wang, L., Chen, C., Sun, J., Luo, J., Cui, W., et al. (2022). NSC-derived
extracellular matrix-modified GelMA hydrogel fibrous scaffolds for spinal cord injury
repair. NPG Asia Mater. 14, 20. doi:10.1038/s41427-022-00368-6

Cheng, Y., Zhang, Y., and Wu, H. (2022). Polymeric fibers as scaffolds for spinal cord
injury: a systematic review. Front. Bioeng. Biotechnol. 9, 807533–807614. doi:10.3389/
fbioe.2021.807533

Chyzy, A., and Plonska-Brzezinska, M. E. (2020). Hydrogel properties and their
impact on regenerative medicine and tissue engineering. Molecules 25, 5795. doi:10.
3390/molecules25245795

Costa, A. L. R., Willerth, S. M., de la Torre, L. G., and Han, S. W. (2022). Trends in
hydrogel-based encapsulation technologies for advanced cell therapies applied to limb
ischemia. Mater. Today Bio 13, 100221. doi:10.1016/j.mtbio.2022.100221

Dause, T. J., Denninger, J. K., Osap, R.,Walters, A. E., Rieskamp, J. D., and Kirby, E. D.
(2024). Autocrine VEGF drives neural stem cell proximity to the adult hippocampus
vascular niche. Life Sci. Alliance 7, 2024026599–e202402718. doi:10.26508/lsa.
202402659

Dause, T. J., Denninger, J. K., Smith, B. M., and Kirby, E. D. (2022). The neural stem
cell secretome across neurodevelopment. Exp. Neurol. 355, 114142. doi:10.1016/j.
expneurol.2022.114142

De Gioia, R., Biella, F., Citterio, G., Rizzo, F., Abati, E., Nizzardo, M., et al. (2020).
Neural stem cell transplantation for neurodegenerative diseases. Int. J. Mol. Sci. 21,
3103. doi:10.3390/ijms21093103

Drury, J. L., and Mooney, D. J. (2003). Hydrogels for tissue engineering: scaffold
design variables and applications. Biomaterials 24, 4337–4351. doi:10.1016/S0142-
9612(03)00340-5

Dulin, J. N., and Lu, P. (2014). Bridging the injured spinal cord with neural stem cells.
Neural Regen. Res. 9, 229–231. doi:10.4103/1673-5374.128212

Ebhodaghe, S. O. (2022). Hydrogel–based biopolymers for regenerative medicine
applications: a critical review. Int. J. Polym. Mater. Polym. Biomaterials 71, 155–172.
doi:10.1080/00914037.2020.1809409

Flores-Rojas, G. G., Gómez-Lazaro, B., López-Saucedo, F., Vera-Graziano, R., Bucio,
E., and Mendizábal, E. (2023). Electrospun scaffolds for tissue engineering: a review.
Macromol 3, 524–553. doi:10.3390/macromol3030031

Foster, A. A., Marquardt, L. M., and Heilshorn, S. C. (2017). The diverse roles of
hydrogel mechanics in injectable stem cell transplantation. Curr. Opin. Chem. Eng. 15,
15–23. doi:10.1016/j.coche.2016.11.003

Freyermuth-Trujillo, X., Segura-Uribe, J. J., Salgado-Ceballos, H., Orozco-Barrios, C.
E., and Coyoy-Salgado, A. (2022). Inflammation: a target for treatment in spinal cord
injury. Cells 11, 2692–2734. doi:10.3390/cells11172692

Ganz, J., Shor, E., Guo, S., Sheinin, A., Arie, I., Michaelevski, I., et al. (2017).
Implantation of 3D constructs embedded with oral mucosa-derived cells induces
functional recovery in rats with complete spinal cord transection. Front. Neurosci.
11, 589–615. doi:10.3389/fnins.2017.00589

Gao, Y., Yang, Z., and Li, X. (2016). Regeneration strategies after the adult
mammalian central nervous system injury-biomaterials. Regen. Biomater. 3,
115–122. doi:10.1093/RB/RBW004

Garrudo, F. F. F., Mikael, P. E., Xia, K., Silva, J. C., Ouyang, Y., Chapman, C. A., et al.
(2021). The effect of electrospun scaffolds on the glycosaminoglycan profile of
differentiating neural stem cells. Biochimie 182, 61–72. doi:10.1016/j.biochi.2021.01.001

Geevarghese, R., Sajjadi, S. S., Hudecki, A., Sajjadi, S., Jalal, N. R., Madrakian, T., et al.
(2022). Biodegradable and non-biodegradable biomaterials and their effect on cell
differentiation. Int. J. Mol. Sci. 23, 16185–16236. doi:10.3390/ijms232416185

Gelain, F., Luo, Z., Rioult, M., and Zhang, S. (2021). Self-assembling peptide scaffolds
in the clinic. npj Regen. Med. 6, 9–8. doi:10.1038/s41536-020-00116-w

Gilbert, E. A. B., Lakshman, N., Lau, K. S. K., and Morshead, C. M. (2022). Regulating
endogenous neural stem cell activation to promote spinal cord injury repair. Cells 11,
846–926. doi:10.3390/cells11050846

Giorgi, Z., Veneruso, V., Petillo, E., Veglianese, P., Perale, G., and Rossi, F. (2024).
Biomaterials and cell therapy combination in central nervous system treatments. ACS
Appl. Bio Mater. 7, 80–98. doi:10.1021/acsabm.3c01058

Gong, Z., Wang, C., Ni, L., Ying, L., Shu, J., Wang, J., et al. (2020). An injectable
recombinant human milk fat globule–epidermal growth factor 8–loaded copolymer
system for spinal cord injury reduces inflammation through NF-κB and neuronal cell
death. Cytotherapy 22, 193–203. doi:10.1016/j.jcyt.2020.01.016

González-Díaz, E. C., and Varghese, S. (2016). Hydrogels as extracellular matrix
analogs. Gels 2, 20. doi:10.3390/gels2030020

Grahn, P. J., Vaishya, S., Knight, A. M., Chen, B. K., Schmeichel, A. M., Currier, B. L.,
et al. (2014). Implantation of cauda equina nerve roots through a biodegradable scaffold
at the conus medullaris in rat. Spine J. 14, 2172–2177. doi:10.1016/j.spinee.2014.01.059

Griffith, L. G. (2002). Emerging design principles in biomaterials and scaffolds for tissue
engineering. Ann. N. Y. Acad. Sci. 961, 83–95. doi:10.1111/j.1749-6632.2002.tb03056.x

Gu, X. (2021). Biodegradable materials and the tissue engineering of nerves.
Engineering 7, 1700–1703. doi:10.1016/j.eng.2021.10.011

Guo, W., Zhang, X., Zhai, J., and Xue, J. (2022). The roles and applications of neural
stem cells in spinal cord injury repair. Front. Bioeng. Biotechnol. 10, 966866–966918.
doi:10.3389/fbioe.2022.966866

Han, F., Wang, J., Ding, L., Hu, Y., Li, W., Yuan, Z., et al. (2020). Tissue engineering
and regenerative medicine: achievements, future, and sustainability in asia. Front.
Bioeng. Biotechnol. 8, 83–35. doi:10.3389/fbioe.2020.00083

Han, T., Song, P., Wu, Z., Wang, C., Liu, Y., Ying, W., et al. (2023). Inflammatory
stimulation of astrocytes affects the expression of miRNA-22-3p within NSCs-EVs
regulating remyelination by targeting KDM3A. Stem Cell Res. Ther. 14, 52–21. doi:10.
1186/s13287-023-03284-w

Hasanzadeh, E., Seifalian, A., Mellati, A., Saremi, J., Asadpour, S., Enderami, S. E.,
et al. (2023). Injectable hydrogels in central nervous system: unique and novel platforms
for promoting extracellular matrix remodeling and tissue engineering.Mater. Today Bio
20, 100614. doi:10.1016/j.mtbio.2023.100614

Hasturk, O., and Kaplan, D. L. (2019). Cell armor for protection against
environmental stress: advances, challenges and applications in micro- and
nanoencapsulation of mammalian cells. Acta Biomater. 95, 3–31. doi:10.1016/j.
actbio.2018.11.040

Hejcl, A., Lesný, P., Prádný, M., Michálek, J., Jendelová, P., Stulík, J., et al. (2008).
Biocompatible hydrogels in spinal cord injury repair. Physiological Res. 57 (Suppl. 3),
S121–S132. doi:10.33549/physiolres.931606

Hejčl, A., Růžička, J., Kapcalová, M., Turnovcová, K., Krumbholcová, E., Přádný, M.,
et al. (2013). Adjusting the chemical and physical properties of hydrogels leads to
improved stem cell survival and tissue ingrowth in spinal cord injury reconstruction: a
comparative study of four methacrylate hydrogels. Stem Cells Dev. 22, 2794–2805.
doi:10.1089/scd.2012.0616

Hey, G., Willman, M., Patel, A., Goutnik, M., Willman, J., and Lucke-Wold, B. (2023).
Stem cell scaffolds for the treatment of spinal cord injury—a review. Biomech. Switz. 3,
322–342. doi:10.3390/biomechanics3030028

Frontiers in Pharmacology frontiersin.org11

Rybachuk et al. 10.3389/fphar.2024.1419797

https://doi.org/10.3390/polym12112702
https://doi.org/10.1038/CDDIS.2017.368
https://doi.org/10.1007/s13770-022-00491-z
https://doi.org/10.1007/s13770-022-00491-z
https://doi.org/10.1186/s12929-018-0491-8
https://doi.org/10.1186/s12929-018-0491-8
https://doi.org/10.1016/j.biomaterials.2006.09.017
https://doi.org/10.3390/magnetochemistry8100131
https://doi.org/10.3390/magnetochemistry8100131
https://doi.org/10.1186/s12951-022-01669-2
https://doi.org/10.3389/fnins.2023.1211066
https://doi.org/10.1038/s41392-021-00830-x
https://doi.org/10.1186/2052-8426-2-31
https://doi.org/10.3390/gels3010006
https://doi.org/10.34297/ajbsr.2021.11.001682
https://doi.org/10.1016/j.biomaterials.2011.07.029
https://doi.org/10.3390/polym11091420
https://doi.org/10.1038/s41427-023-00526-4
https://doi.org/10.3389/fbioe.2021.683079
https://doi.org/10.1038/s41427-022-00368-6
https://doi.org/10.3389/fbioe.2021.807533
https://doi.org/10.3389/fbioe.2021.807533
https://doi.org/10.3390/molecules25245795
https://doi.org/10.3390/molecules25245795
https://doi.org/10.1016/j.mtbio.2022.100221
https://doi.org/10.26508/lsa.202402659
https://doi.org/10.26508/lsa.202402659
https://doi.org/10.1016/j.expneurol.2022.114142
https://doi.org/10.1016/j.expneurol.2022.114142
https://doi.org/10.3390/ijms21093103
https://doi.org/10.1016/S0142-9612(03)00340-5
https://doi.org/10.1016/S0142-9612(03)00340-5
https://doi.org/10.4103/1673-5374.128212
https://doi.org/10.1080/00914037.2020.1809409
https://doi.org/10.3390/macromol3030031
https://doi.org/10.1016/j.coche.2016.11.003
https://doi.org/10.3390/cells11172692
https://doi.org/10.3389/fnins.2017.00589
https://doi.org/10.1093/RB/RBW004
https://doi.org/10.1016/j.biochi.2021.01.001
https://doi.org/10.3390/ijms232416185
https://doi.org/10.1038/s41536-020-00116-w
https://doi.org/10.3390/cells11050846
https://doi.org/10.1021/acsabm.3c01058
https://doi.org/10.1016/j.jcyt.2020.01.016
https://doi.org/10.3390/gels2030020
https://doi.org/10.1016/j.spinee.2014.01.059
https://doi.org/10.1111/j.1749-6632.2002.tb03056.x
https://doi.org/10.1016/j.eng.2021.10.011
https://doi.org/10.3389/fbioe.2022.966866
https://doi.org/10.3389/fbioe.2020.00083
https://doi.org/10.1186/s13287-023-03284-w
https://doi.org/10.1186/s13287-023-03284-w
https://doi.org/10.1016/j.mtbio.2023.100614
https://doi.org/10.1016/j.actbio.2018.11.040
https://doi.org/10.1016/j.actbio.2018.11.040
https://doi.org/10.33549/physiolres.931606
https://doi.org/10.1089/scd.2012.0616
https://doi.org/10.3390/biomechanics3030028
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1419797


Hong, L. T. A., Kim, Y. M., Park, H. H., Hwang, D. H., Cui, Y., Lee, E. M., et al. (2017).
An injectable hydrogel enhances tissue repair after spinal cord injury by promoting
extracellular matrix remodeling. Nat. Commun. 8, 533–614. doi:10.1038/s41467-017-
00583-8

Hou, S., Saltos, T. M., Mironets, E., Trueblood, C. T., Connors, T. M., and Tom, V. J.
(2020). Grafting embryonic raphe neurons reestablishes serotonergic regulation of
sympathetic activity to improve cardiovascular function after spinal cord injury.
J. Neurosci. 40, 1248–1264. doi:10.1523/JNEUROSCI.1654-19.2019

Hu, Y. D., Zhao, Q., Zhang, X. R., Xiong, L. L., Zhang, Z. B., Zhang, P., et al. (2018).
Comparison of the properties of neural stem cells of the hippocampus in the tree shrew
and rat in vitro. Mol. Med. Rep. 17, 5676–5683. doi:10.3892/mmr.2018.8589

Huang, Y., Li, X., and Yang, L. (2022). Hydrogel encapsulation: taking the therapy of
mesenchymal stem cells and their derived secretome to the next level. Front. Bioeng.
Biotechnol. 10, 859927–859929. doi:10.3389/fbioe.2022.859927

Hui, H., Tang, Y., Hu, M., and Zhao, X. (2011). Stem cells: general features and
characteristics. Stem Cells Clin. Res. doi:10.5772/23755

James, S. L., Bannick, M. S., Montjoy-Venning, W. C., Lucchesi, L. R., Dandona, L.,
Dandona, R., et al. (2019). Global, regional, and national burden of traumatic brain
injury and spinal cord injury, 1990-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurology 18, 56–87. doi:10.1016/S1474-4422(18)30415-0

Ji, R., Hao, Z., Wang, H., Li, X., Duan, L., Guan, F., et al. (2023). Application of
injectable hydrogels as delivery systems in spinal cord injury. Gels 9, 907. doi:10.3390/
gels9110907

Jia, Z., Zeng, H., Ye, X., Dai, M., Tang, C., and Liu, L. (2023). Hydrogel-based
treatments for spinal cord injuries. Heliyon 9, e19933. doi:10.1016/j.heliyon.2023.
e19933

Kandilogiannakis, L., Filidou, E., and Kolios, G. (2021). Polymers Encapsulation.Pdf.
Processes 9, 1–23. doi:10.3390/pr9010011

Kasravi, M., Ahmadi, A., Babajani, A., Mazloomnejad, R., Hatamnejad, M. R.,
Shariatzadeh, S., et al. (2023). Immunogenicity of decellularized extracellular matrix
scaffolds: a bottleneck in tissue engineering and regenerative medicine. Biomaterials
Res. 27, 10–24. doi:10.1186/s40824-023-00348-z

Khaing, Z. Z., Ehsanipour, A., Hofstetter, C. P., and Seidlits, S. K. (2016). Injectable
hydrogels for spinal cord repair: a focus on swelling and intraspinal pressure. Cells
Tissues Organs 202, 67–84. doi:10.1159/000446697

Khaing, Z. Z., Thomas, R. C., Geissler, S. A., and Schmidt, C. E. (2014). Advanced
biomaterials for repairing the nervous system: what can hydrogels do for the brain?
Mater. Today 17, 332–340. doi:10.1016/j.mattod.2014.05.011

Khayambashi, P., Iyer, J., Pillai, S., Upadhyay, A., Zhang, Y., and Tran, S. D. (2021).
Hydrogel encapsulation of mesenchymal stem cells and their derived exosomes for
tissue engineering. Int. J. Mol. Sci. 22, 684–715. doi:10.3390/ijms22020684

Khazaei, M., Ahuja, C. S., and Fehlings, M. G. (2017). Induced pluripotent stem cells
for traumatic spinal cord injury. Front. Cell Dev. Biol. 4, 152–159. doi:10.3389/fcell.2016.
00152

Khodaei, T., Schmitzer, E., Suresh, A. P., and Acharya, A. P. (2023). Immune response
differences in degradable and non-degradable alloy implants. Bioact. Mater. 24,
153–170. doi:10.1016/j.bioactmat.2022.12.012

Khorasanizadeh, M., Yousefifard, M., Eskian, M., Lu, Y., Chalangari, M., Harrop, J. S.,
et al. (2019). Neurological recovery following traumatic spinal cord injury: a systematic
review and meta-analysis. J. Neurosurg. Spine 30, 683–699. doi:10.3171/2018.10.
spine18802

Kim, J. T., Youn, D. H., Kim, B. J., Rhim, J. K., and Jeon, J. P. (2022). Recent stem cell
research on hemorrhagic stroke: an update. J. Korean Neurosurg. Soc. 65, 161–172.
doi:10.3340/jkns.2021.0126

Kim, S. D., Kim, K., and Shin, M. (2023). Recent advances in 3D printable conductive
hydrogel inks for neural engineering. Nano Converg. 10, 41. doi:10.1186/s40580-023-
00389-z

Kim, W., and Jung, J. (2016). Polymer brush: a promising grafting approach to
scaffolds for tissue engineering. BMB Rep. 49, 655–661. doi:10.5483/BMBRep.2016.49.
12.166

Kirby, E. D., Kuwahara, A. A., Messer, R. L., and Wyss-Coray, T. (2015). Adult
hippocampal neural stem and progenitor cells regulate the neurogenic niche by
secreting VEGF. Proc. Natl. Acad. Sci. U. S. A. 112, 4128–4133. doi:10.1073/pnas.
1422448112

Kirillova, A., Yeazel, T. R., Asheghali, D., Petersen, S. R., Dort, S., Gall, K., et al. (2021).
Fabrication of biomedical scaffolds using biodegradable polymers. Chem. Rev. 121,
11238–11304. doi:10.1021/acs.chemrev.0c01200

Kong, D., Feng, B., Amponsah, A. E., He, J., Guo, R., Liu, B., et al. (2021). hiPSC-
derived NSCs effectively promote the functional recovery of acute spinal cord injury in
mice. Stem Cell Res. Ther. 12, 172–215. doi:10.1186/s13287-021-02217-9

Krishani, M., Shin, W. Y., Suhaimi, H., and Sambudi, N. S. (2023). Development of
scaffolds from bio-based natural materials for tissue regeneration applications: a review.
Gels 9, 100. doi:10.3390/gels9020100

Lee, K. Y., and Mooney, D. J. (2001). Hydrogels for tissue engineering. Chem. Rev.
101, 1869–1879. doi:10.1021/cr000108x

Lee, S. Y., Ma, J., Khoo, T. S., Abdullah, N., Nik Md Noordin Kahar, N. N. F., Abdul
Hamid, Z. A., et al. (2021). Polysaccharide-based hydrogels for microencapsulation of
stem cells in regenerative medicine. Front. Bioeng. Biotechnol. 9, 735090–735119. doi:10.
3389/fbioe.2021.735090

Li, H., Wijekoon, A., and Leipzig, N. D. (2012). 3D differentiation of neural stem cells
in macroporous photopolymerizable hydrogel scaffolds. PLoS ONE 7, e48824. doi:10.
1371/journal.pone.0048824

Li, J., Ji, Z., Wang, Y., Li, T., Luo, J., Li, J., et al. (2022a). Human adipose-derived stem
cells combined with nano-hydrogel promote functional recovery after spinal cord injury
in rats. Biology 11, 781. doi:10.3390/biology11050781

Li, Q., Wang, D., Jiang, Z., Li, R., Xue, T., Lin, C., et al. (2022b). Advances of hydrogel
combined with stem cells in promoting chronic wound healing. Front. Chem. 10,
1038839–1038915. doi:10.3389/fchem.2022.1038839

Li, T., Zhao, X., Duan, J., Cui, S., Zhu, K., Wan, Y., et al. (2021). Targeted inhibition of
STAT3 in neural stem cells promotes neuronal differentiation and functional recovery
in rats with spinal cord injury. Exp. Ther. Med. 22, 711–11. doi:10.3892/etm.2021.10143

Li,W., Chen, J., Zhao, S., Huang, T., Ying, H., Trujillo, C., et al. (2022c). High drug-loaded
microspheres enabled by controlled in-droplet precipitation promote functional recovery
after spinal cord injury. Nat. Commun. 13, 1262. doi:10.1038/s41467-022-28787-7

Li, X., Li, M., Tian, L., Chen, J., Liu, R., and Ning, B. (2020). Reactive astrogliosis:
implications in spinal cord injury progression and therapy. Oxidative Med. Cell. Longev.
2020, 9494352. doi:10.1155/2020/9494352

Li, X., Sun, Q., Li, Q., Kawazoe, N., and Chen, G. (2018). Functional hydrogels with
tunable structures and properties for tissue engineering applications. Front. Chem. 6,
499–520. doi:10.3389/fchem.2018.00499

Ligorio, C., and Mata, A. (2023). Synthetic extracellular matrices with function-
encoding peptides. Nat. Rev. Bioeng. 1, 518–536. doi:10.1038/s44222-023-00055-3

Lin, P. H., Dong, Q., and Chew, S. Y. (2021). Injectable hydrogels in stroke and spinal
cord injury treatment: a review on hydrogel materials, cell-matrix interactions and glial
involvement. Mater. Adv. 2, 2561–2583. doi:10.1039/d0ma00732c

Liu, C., Fan, L., Xing, J., Wang, Q., Lin, C., Liu, C., et al. (2019). Inhibition of astrocytic
differentiation of transplanted neural stem cells by chondroitin sulfate methacrylate
hydrogels for the repair of injured spinal cord. Biomaterials Sci. 7, 1995–2008. doi:10.
1039/c8bm01363b

Liu, T., Zhang, Q., Li, H., Cui, X., Qi, Z., and Yang, X. (2023). An injectable, self-
healing, electroconductive hydrogel loaded with neural stem cells and donepezil for
enhancing local therapy effect of spinal cord injury. J. Biol. Eng. 17, 48–20. doi:10.1186/
s13036-023-00368-2

Lv, Z., Dong, C., Zhang, T., and Zhang, S. (2022). Hydrogels in spinal cord injury repair:
a review. Front. Bioeng. Biotechnol. 10, 931800–931815. doi:10.3389/fbioe.2022.931800

Ma, X., Wang, M., Ran, Y., Wu, Y., Wang, J., Gao, F., et al. (2022a). Design and
fabrication of polymeric hydrogel carrier for nerve repair. Polym. (Basel) 14 (8), 1549.
doi:10.3390/polym14081549

Ma, Y., Wang, X., Su, T., Lu, F., Chang, Q., and Gao, J. (2022b). Recent advances in
macroporous hydrogels for cell behavior and tissue engineering. Gels 8, 606. doi:10.
3390/gels8100606

Mahadewa, T. G. B., Mardhika, P. E., Awyono, S., Putra, M. B., Saapang, G. S.,
Wiyanjana, K. D. F., et al. (2021). Mesenteric neural stem cell for chronic spinal cord
injury: a literature review.Open Access Macedonian J. Med. Sci. 9, 310–317. doi:10.3889/
oamjms.2021.6653

Maitz, M. F. (2015). Applications of synthetic polymers in clinical medicine.
Biosurface Biotribology 1, 161–176. doi:10.1016/j.bsbt.2015.08.002

Marin, E., Briceño, M. I., and Caballero-George, C. (2013). Critical evaluation of
biodegradable polymers used in nanodrugs. Int. J. Nanomedicine 8, 3071–3090. doi:10.
2147/IJN.S47186

Marquardt, L., and Heilshorn, S. (2017). Design of injectable materials to improve stem cell
transplantation. Curr. Stem Cell Rep. 2, 207–220. doi:10.1007/s40778-016-0058-0

Meereboer, K. W., Misra, M., and Mohanty, A. K. (2020). Review of recent advances
in the biodegradability of polyhydroxyalkanoate (PHA) bioplastics and their
composites. Green Chem. 22, 5519–5558. doi:10.1039/d0gc01647k

Mondal, S., Das, S., and Nandi, A. K. (2020). A review on recent advances in polymer
and peptide hydrogels. Soft Matter 16, 1404–1454. doi:10.1039/c9sm02127b

Nasser, R. A., Arya, S. S., Alshehhi, K. H., Teo, J. C. M., and Pitsalidis, C. (2024).
Conducting polymer scaffolds: a new frontier in bioelectronics and bioengineering.
Trends Biotechnol. 42, 760–779. doi:10.1016/j.tibtech.2023.11.017

Nicaise, A. M., D’Angelo, A., Ionescu, R. B., Krzak, G., Willis, C. M., and Pluchino, S.
(2022). The role of neural stem cells in regulating glial scar formation and repair. Cell
Tissue Res. 387, 399–414. doi:10.1007/s00441-021-03554-0

Nicodemus, G. D., and Bryant, S. J. (2008). Cell encapsulation in biodegradable
hydrogels for tissue engineering applications. Tissue Eng. - Part B Rev. 14, 149–165.
doi:10.1089/ten.teb.2007.0332

Niyonambaza, S. D., Kumar, P., Xing, P., Mathault, J., Koninck, P. D., Boisselier, E.,
et al. (2019). A Review of neurotransmitters sensing methods for neuro-engineering
research. Appl. Sci. Switz. 9, 4719. doi:10.3390/app9214719

Frontiers in Pharmacology frontiersin.org12

Rybachuk et al. 10.3389/fphar.2024.1419797

https://doi.org/10.1038/s41467-017-00583-8
https://doi.org/10.1038/s41467-017-00583-8
https://doi.org/10.1523/JNEUROSCI.1654-19.2019
https://doi.org/10.3892/mmr.2018.8589
https://doi.org/10.3389/fbioe.2022.859927
https://doi.org/10.5772/23755
https://doi.org/10.1016/S1474-4422(18)30415-0
https://doi.org/10.3390/gels9110907
https://doi.org/10.3390/gels9110907
https://doi.org/10.1016/j.heliyon.2023.e19933
https://doi.org/10.1016/j.heliyon.2023.e19933
https://doi.org/10.3390/pr9010011
https://doi.org/10.1186/s40824-023-00348-z
https://doi.org/10.1159/000446697
https://doi.org/10.1016/j.mattod.2014.05.011
https://doi.org/10.3390/ijms22020684
https://doi.org/10.3389/fcell.2016.00152
https://doi.org/10.3389/fcell.2016.00152
https://doi.org/10.1016/j.bioactmat.2022.12.012
https://doi.org/10.3171/2018.10.spine18802
https://doi.org/10.3171/2018.10.spine18802
https://doi.org/10.3340/jkns.2021.0126
https://doi.org/10.1186/s40580-023-00389-z
https://doi.org/10.1186/s40580-023-00389-z
https://doi.org/10.5483/BMBRep.2016.49.12.166
https://doi.org/10.5483/BMBRep.2016.49.12.166
https://doi.org/10.1073/pnas.1422448112
https://doi.org/10.1073/pnas.1422448112
https://doi.org/10.1021/acs.chemrev.0c01200
https://doi.org/10.1186/s13287-021-02217-9
https://doi.org/10.3390/gels9020100
https://doi.org/10.1021/cr000108x
https://doi.org/10.3389/fbioe.2021.735090
https://doi.org/10.3389/fbioe.2021.735090
https://doi.org/10.1371/journal.pone.0048824
https://doi.org/10.1371/journal.pone.0048824
https://doi.org/10.3390/biology11050781
https://doi.org/10.3389/fchem.2022.1038839
https://doi.org/10.3892/etm.2021.10143
https://doi.org/10.1038/s41467-022-28787-7
https://doi.org/10.1155/2020/9494352
https://doi.org/10.3389/fchem.2018.00499
https://doi.org/10.1038/s44222-023-00055-3
https://doi.org/10.1039/d0ma00732c
https://doi.org/10.1039/c8bm01363b
https://doi.org/10.1039/c8bm01363b
https://doi.org/10.1186/s13036-023-00368-2
https://doi.org/10.1186/s13036-023-00368-2
https://doi.org/10.3389/fbioe.2022.931800
https://doi.org/10.3390/polym14081549
https://doi.org/10.3390/gels8100606
https://doi.org/10.3390/gels8100606
https://doi.org/10.3889/oamjms.2021.6653
https://doi.org/10.3889/oamjms.2021.6653
https://doi.org/10.1016/j.bsbt.2015.08.002
https://doi.org/10.2147/IJN.S47186
https://doi.org/10.2147/IJN.S47186
https://doi.org/10.1007/s40778-016-0058-0
https://doi.org/10.1039/d0gc01647k
https://doi.org/10.1039/c9sm02127b
https://doi.org/10.1016/j.tibtech.2023.11.017
https://doi.org/10.1007/s00441-021-03554-0
https://doi.org/10.1089/ten.teb.2007.0332
https://doi.org/10.3390/app9214719
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1419797


Nuwayhid, R., Schulz, T., Siemers, F., Schreiter, J., Kobbe, P., Hofmann, G., et al.
(2024). A platform for testing the biocompatibility of implants: silicone induces a
proinflammatory response in a 3D skin equivalent. Biomedicines 12, 224. doi:10.3390/
biomedicines12010224

Okada, S., Hara, M., Kobayakawa, K., Matsumoto, Y., and Nakashima, Y. (2018).
Astrocyte reactivity and astrogliosis after spinal cord injury. Neurosci. Res. 126, 39–43.
doi:10.1016/j.neures.2017.10.004

Oleksy, M., Dynarowicz, K., and Aebisher, D. (2023). Advances in biodegradable
polymers and biomaterials for medical applications—a review. Molecules 28, 6213.
doi:10.3390/molecules28176213

Oliva, N., Conde, J., Wang, K., and Artzi, N. (2017). Designing hydrogels for on-
demand therapy. Accounts Chem. Res. 50, 669–679. doi:10.1021/acs.accounts.6b00536

Oliveri, R. S., Bello, S., and Biering-Sørensen, F. (2014). Mesenchymal stem cells
improve locomotor recovery in traumatic spinal cord injury: systematic review with
meta-analyses of rat models.Neurobiol. Dis. 62, 338–353. doi:10.1016/j.nbd.2013.10.014

Overall, R. W., Walker, T. L., Fischer, T. J., Brandt, M. D., and Kempermann, G.
(2016). Different mechanisms must be considered to explain the increase in
hippocampal neural precursor cell proliferation by physical activity. Front. Neurosci.
10, 362–369. doi:10.3389/fnins.2016.00362

Pajer, K., Bellák, T., and Nógrádi, A. (2021). Stem cell secretome for spinal cord repair:
is it more than just a random baseline set of factors? Cells 10, 3214. doi:10.3390/
cells10113214

Park, H. H., Kim, Y. M., Anh Hong, L. T., Kim, H. S., Kim, S. H., Jin, X., et al. (2022).
Dual-functional hydrogel system for spinal cord regeneration with sustained release of
arylsulfatase B alleviates fibrotic microenvironment and promotes axonal regeneration.
Biomaterials 284, 121526. doi:10.1016/j.biomaterials.2022.121526

Park, J. H., Kim, D. Y., Sung, I. Y., Choi, G. H., Jeon, M. H., Kim, K. K., et al. (2012).
Long-term results of spinal cord injury therapy using mesenchymal stem cells derived
from bone marrow in humans. Neurosurgery 70, 1238–1247. doi:10.1227/NEU.
0b013e31824387f9

Peng, H., Liu, Y., Xiao, F., Zhang, L., Li, W., Wang, B., et al. (2023). Research progress of
hydrogels as delivery systems and scaffolds in the treatment of secondary spinal cord
injury. Front. Bioeng. Biotechnol. 11, 1111882–1111916. doi:10.3389/fbioe.2023.1111882

Perale, G., Rossi, F., Sundstrom, E., Bacchiega, S., Masi, M., Forloni, G., et al. (2011).
Hydrogels in spinal cord injury repair strategies. ACS Chem. Neurosci. 2, 336–345.
doi:10.1021/cn200030w

Pereira, I. M., Marote, A., Salgado, A. J., and Silva, N. A. (2019). Filling the gap: neural
stem cells as a promising therapy for spinal cord injury. Pharmaceuticals 12, 65–32.
doi:10.3390/ph12020065

Pérez-Luna, V. H., and González-Reynoso, O. (2018). Encapsulation of biological
agents in hydrogels for therapeutic applications. Gels 4, 61–30. doi:10.3390/gels4030061

Pertici, V., Amendola, J., Laurin, J., Gigmes, D., Madaschi, L., Carelli, S., et al. (2013).
The use of poly(N-[2-hydroxypropyl]- methacrylamide) hydrogel to repair a T10 spinal
cord hemisection in rat: a behavioural, electrophysiological and anatomical
examination. ASN Neuro 5, 149–166. doi:10.1042/AN20120082

Phiri, R., Mavinkere Rangappa, S., Siengchin, S., Oladijo, O. P., and Dhakal, H. N.
(2023). Development of sustainable biopolymer-based composites for lightweight
applications from agricultural waste biomass: a review. Adv. Industrial Eng. Polym.
Res. 6, 436–450. doi:10.1016/j.aiepr.2023.04.004

Politrón-Zepeda, G. A., Fletes-Vargas, G., and Rodríguez-Rodríguez, R. (2024).
Injectable hydrogels for nervous tissue repair—a brief review. Gels 10, 190. doi:10.
3390/gels10030190

Powell, A., and Davidson, L. (2015). Pediatric spinal cord injury: a review by organ
system. Phys.Med. Rehabilitation Clin. N. Am. 26, 109–132. doi:10.1016/j.pmr.2014.09.002

Qin, C., Qi, Z., Pan, S., Xia, P., Kong,W., Sun, B., et al. (2023). Advances in conductive
hydrogel for spinal cord injury repair and regeneration. Int. J. Nanomedicine 18,
7305–7333. doi:10.2147/IJN.S436111

Radulescu, D. M., Neacsu, I. A., Grumezescu, A. M., and Andronescu, E. (2022). New
insights of scaffolds based on hydrogels in tissue engineering. Polymers 14, 799–830.
doi:10.3390/polym14040799

Raspa, A., Carminati, L., Pugliese, R., Fontana, F., and Gelain, F. (2021). Self-
assembling peptide hydrogels for the stabilization and sustained release of active
Chondroitinase ABC in vitro and in spinal cord injuries. J. Control. Release 330,
1208–1219. doi:10.1016/j.jconrel.2020.11.027

Reddy, M. S. B., Ponnamma, D., Choudhary, R., and Sadasivuni, K. K. (2021). A
comparative review of natural and synthetic biopolymer composite scaffolds. Polymers
13, 1105–1151. doi:10.3390/polym13071105

Revete, A., Aparicio, A., Cisterna, B. A., Revete, J., Luis, L., Ibarra, E., et al. (2022).
Advancements in the use of hydrogels for regenerative medicine: properties and
biomedical applications. Int. J. Biomaterials 2022, 3606765. doi:10.1155/2022/3606765

Rybachuk, O., Nesterenko, Y., Pinet, É., Medvediev, V., Yaminsky, Y., and
Tsymbaliuk, V. (2023a). Neuronal differentiation and inhibition of glial
differentiation of murine neural stem cells by pHPMA hydrogel for the repair of
injured spinal cord. Exp. Neurol. 368, 114497. doi:10.1016/j.expneurol.2023.114497

Rybachuk, O., Savytska, N., Pinet, É., Yaminsky, Y., and Medvediev, V. (2023b).
Heterogeneous pHPMA hydrogel promotes neuronal differentiation of bone marrow
derived stromal cells in vitro and in vivo. Biomed. Mater. (Bristol) 18, 015027. doi:10.
1088/1748-605X/acadc3

Safdarian, M., Trinka, E., Rahimi-Movaghar, V., Thomschewski, A., Aali, A., Abady,
G. G., et al. (2023). Global, regional, and national burden of spinal cord injury,
1990–2019: a systematic analysis for the Global Burden of Disease Study 2019.
Lancet Neurology 22, 1026–1047. doi:10.1016/S1474-4422(23)00287-9

Sánchez-Cid, P., Jiménez-Rosado, M., Romero, A., and Pérez-Puyana, V. (2022).
Novel trends in hydrogel development for biomedical applications: a review. Polymers
14, 3023. doi:10.3390/polym14153023

Shang, Z.,Wang, M., Zhang, B., Wang, X., andWanyan, P. (2022). Clinical translation
of stem cell therapy for spinal cord injury still premature: results from a single-arm
meta-analysis based on 62 clinical trials. BMC Med. 20, 284–319. doi:10.1186/s12916-
022-02482-2

Shrestha, B., Coykendall, K., Li, Y., Moon, A., Priyadarshani, P., and Yao, L. (2014).
Repair of injured spinal cord using biomaterial scaffolds and stem cells. Stem Cell Res.
Ther. 5, 91–11. doi:10.1186/scrt480

Silva, D., Sousa, R. A., and Salgado, A. J. (2021). Hydrogels as delivery systems for
spinal cord injury regeneration. Mater. Today Bio 9, 100093. doi:10.1016/j.mtbio.2021.
100093

Skalnikova, H., Motlik, J., Gadher, S. J., and Kovarova, H. (2011). Mapping of the
secretome of primary isolates of mammalian cells, stem cells and derived cell lines.
Proteomics 11, 691–708. doi:10.1002/pmic.201000402

Skop, N. B., Calderon, F., Cho, C. H., Gandhi, C. D., and Levison, S. W. (2014).
Improvements in biomaterial matrices for neural precursor cell transplantation. Mol.
Cell. Ther. 2, 19. doi:10.1186/2052-8426-2-19

Slaughter, B. V., Khurshid, S. S., Fisher, O. Z., Khademhosseini, A., and Peppas, N. A.
(2009). Hydrogels in regenerative medicine. Adv. Mater. 21, 3307–3329. doi:10.1002/
adma.200802106

Snigdha, S., and Sabu Thomas, R. E. (2017). Polymer based tissue engineering
strategies for neural regeneration. Adv. Tissue Eng. Regen. Med. Open Access 2, 1–6.
doi:10.15406/atroa.2017.02.00016

Socci, M. C., Rodríguez, G., Oliva, E., Fushimi, S., Takabatake, K., Nagatsuka, H., et al.
(2023). Polymeric materials, advances and applications in tissue engineering: a review.
Bioengineering 10, 218. doi:10.3390/bioengineering10020218

Son, D., Zheng, J., Kim, I. Y., Kang, P. J., Park, K., Priscilla, L., et al. (2023). Human
induced neural stem cells support functional recovery in spinal cord injury models.
Exp. Mol. Med. 55, 1182–1192. doi:10.1038/s12276-023-01003-2

Steeves, J. D. (2015). Bench to bedside: challenges of clinical translation. Prog. Brain
Res. 218, 227–239. doi:10.1016/bs.pbr.2014.12.008

Stoltz, J. F., De Isla, N., Li, Y. P., Bensoussan, D., Zhang, L., Huselstein, C., et al. (2015).
Stem cells and regenerative medicine: myth or reality of the 21th century. Stem Cells Int.
2015, 734731. doi:10.1155/2015/734731

Straley, K. S., Foo, C. W. P., and Heilshorn, S. C. (2010). Biomaterial design strategies
for the treatment of spinal cord injuries. J. Neurotrauma 27, 1–19. doi:10.1089/neu.
2009.0948

Stratton, S., Shelke, N. B., Hoshino, K., Rudraiah, S., and Kumbar, S. G. (2016).
Bioactive polymeric scaffolds for tissue engineering. Bioact. Mater. 1, 93–108. doi:10.
1016/j.bioactmat.2016.11.001

Subramanian, A., Krishnan, U. M., and Sethuraman, S. (2009). Development of
biomaterial scaffold for nerve tissue engineering: biomaterial mediated neural
regeneration. J. Biomed. Sci. 16, 108–111. doi:10.1186/1423-0127-16-108

Sun, Z., Zhu, D., Zhao, H., Liu, J., He, P., Luan, X., et al. (2023). Recent advance in
bioactive hydrogels for repairing spinal cord injury: material design, biofunctional
regulation, and applications. J. Nanobiotechnology 21, 238–242. doi:10.1186/s12951-
023-01996-y

Suzuki, H., Imajo, Y., Funaba, M., Nishida, N., Sakamoto, T., and Sakai, T. (2022).
Current concepts of neural stem/progenitor cell therapy for chronic spinal cord injury.
Front. Cell. Neurosci. 15, 794692. doi:10.3389/fncel.2021.794692

Takazawa, A., Kamei, N., Adachi, N., and Ochi, M. (2018). Endoplasmic
reticulum stress transducer old astrocyte specifically induced substance
contributes to astrogliosis after spinal cord injury. Neural Regen. Res. 13,
536–540. doi:10.4103/1673-5374.228759

Teng, Y. D., Lavik, E. B., Qu, X., Park, K. I., Ourednik, J., Zurakowski, D., et al. (2002).
Functional recovery following traumatic spinal cord injury mediated by a unique
polymer scaffold seeded with neural stem cells. Proc. Natl. Acad. Sci. U. S. A. 99,
3024–3029. doi:10.1073/pnas.052678899

Tian, L., Prabhakaran, M. P., and Ramakrishna, S. (2015). Strategies for regeneration
of components of nervous system: scaffolds, cells and biomolecules. Regen. Biomater. 2,
31–45. doi:10.1093/rb/rbu017

Tomczykowa, M., and Plonska-Brzezinska, M. E. (2019). Conducting polymers,
hydrogels and their composites: preparation, properties and bioapplications.
Polymers 11, 350–436. doi:10.3390/polym11020350

Frontiers in Pharmacology frontiersin.org13

Rybachuk et al. 10.3389/fphar.2024.1419797

https://doi.org/10.3390/biomedicines12010224
https://doi.org/10.3390/biomedicines12010224
https://doi.org/10.1016/j.neures.2017.10.004
https://doi.org/10.3390/molecules28176213
https://doi.org/10.1021/acs.accounts.6b00536
https://doi.org/10.1016/j.nbd.2013.10.014
https://doi.org/10.3389/fnins.2016.00362
https://doi.org/10.3390/cells10113214
https://doi.org/10.3390/cells10113214
https://doi.org/10.1016/j.biomaterials.2022.121526
https://doi.org/10.1227/NEU.0b013e31824387f9
https://doi.org/10.1227/NEU.0b013e31824387f9
https://doi.org/10.3389/fbioe.2023.1111882
https://doi.org/10.1021/cn200030w
https://doi.org/10.3390/ph12020065
https://doi.org/10.3390/gels4030061
https://doi.org/10.1042/AN20120082
https://doi.org/10.1016/j.aiepr.2023.04.004
https://doi.org/10.3390/gels10030190
https://doi.org/10.3390/gels10030190
https://doi.org/10.1016/j.pmr.2014.09.002
https://doi.org/10.2147/IJN.S436111
https://doi.org/10.3390/polym14040799
https://doi.org/10.1016/j.jconrel.2020.11.027
https://doi.org/10.3390/polym13071105
https://doi.org/10.1155/2022/3606765
https://doi.org/10.1016/j.expneurol.2023.114497
https://doi.org/10.1088/1748-605X/acadc3
https://doi.org/10.1088/1748-605X/acadc3
https://doi.org/10.1016/S1474-4422(23)00287-9
https://doi.org/10.3390/polym14153023
https://doi.org/10.1186/s12916-022-02482-2
https://doi.org/10.1186/s12916-022-02482-2
https://doi.org/10.1186/scrt480
https://doi.org/10.1016/j.mtbio.2021.100093
https://doi.org/10.1016/j.mtbio.2021.100093
https://doi.org/10.1002/pmic.201000402
https://doi.org/10.1186/2052-8426-2-19
https://doi.org/10.1002/adma.200802106
https://doi.org/10.1002/adma.200802106
https://doi.org/10.15406/atroa.2017.02.00016
https://doi.org/10.3390/bioengineering10020218
https://doi.org/10.1038/s12276-023-01003-2
https://doi.org/10.1016/bs.pbr.2014.12.008
https://doi.org/10.1155/2015/734731
https://doi.org/10.1089/neu.2009.0948
https://doi.org/10.1089/neu.2009.0948
https://doi.org/10.1016/j.bioactmat.2016.11.001
https://doi.org/10.1016/j.bioactmat.2016.11.001
https://doi.org/10.1186/1423-0127-16-108
https://doi.org/10.1186/s12951-023-01996-y
https://doi.org/10.1186/s12951-023-01996-y
https://doi.org/10.3389/fncel.2021.794692
https://doi.org/10.4103/1673-5374.228759
https://doi.org/10.1073/pnas.052678899
https://doi.org/10.1093/rb/rbu017
https://doi.org/10.3390/polym11020350
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1419797


Tran, A. P., Warren, P. M., and Silver, J. (2022). New insights into glial scar formation
after spinal cord injury. Cell Tissue Res. 387, 319–336. doi:10.1007/s00441-021-03477-w

Trimaille, T., Pertici, V., and Gigmes, D. (2015). Recent advances in synthetic polymer
based hydrogels for spinal cord repair. Comptes Rendus. Chim. 19, 157–166. doi:10.
1016/j.crci.2015.03.016

Trimaille, T., Pertici, V., and Gigmes, D. (2016). Recent advances in synthetic polymer
based hydrogels for spinal cord repair. Comptes Rendus Chim. 19, 157–166. doi:10.1016/
j.crci.2015.03.016

van Gorp, S., Leerink, M., Kakinohana, O., Platoshyn, O., Santucci, C., Galik, J., et al.
(2013). Amelioration of motor/sensory dysfunction and spasticity in a rat model of
acute lumbar spinal cord injury by human neural stem cell transplantation. Stem Cell
Res. Ther. 4, 57. doi:10.1186/scrt209

Vieira, M. S., Santos, A. K., Vasconcellos, R., Goulart, V. A. M., Parreira, R. C., Kihara,
A. H., et al. (2018). Neural stem cell differentiation into mature neurons: mechanisms of
regulation and biotechnological applications. Biotechnol. Adv. 36, 1946–1970. doi:10.
1016/j.biotechadv.2018.08.002

Wang, H., Zhang, H., Xie, Z., Chen, K., Ma, M., Huang, Y., et al. (2022a). Injectable
hydrogels for spinal cord injury repair. Eng. Regen. 3, 407–419. doi:10.1016/j.engreg.
2022.09.001

Wang, Y., Lv, H.-Q., Chao, X., Xu, W.-X., Liu, Y., Ling, G.-X., et al. (2019).
Neural stem cells constitutively secrete neurotrophic factors and promote
extensive host axonal growth after spinal cord injury. Spinal Cord. 10, 1–14.
doi:10.2340/20030711-1000039

Wang, Y., Lv, H. Q., Chao, X., Xu, W. X., Liu, Y., Ling, G. X., et al. (2022b).
Multimodal therapy strategies based on hydrogels for the repair of spinal cord injury.
Mil. Med. Res. 9, 16–15. doi:10.1186/s40779-022-00376-1

Wang, Z., Jia, S., Xu, H., Lu, B., Wu, W., Ai, Y., et al. (2023). IGF1c mimetic peptide-
based supramolecular hydrogel microspheres synergize with neural stem cells to
promote functional recovery from spinal cord injury. Nano Today 51, 101894.
doi:10.1016/j.nantod.2023.101894

Woerly, S., Doan, V. D., Sosa, N., De Vellis, J., and Espinosa-Jeffrey, A. (2004).
Prevention of gliotic scar formation by NeuroGelTM allows partial endogenous repair of
transected cat spinal cord. J. Neurosci. Res. 75, 262–272. doi:10.1002/jnr.10774

Woerly, S., Petrov, P., Syková, E., Roitbak, T., Simonová, Z., and Harvey, A. R. (1999).
Neural tissue formation within porous hydrogels implanted in brain and spinal cord
lesions: ultrastructural, immunohistochemical, and diffusion studies. Tissue Eng. 5,
467–488. doi:10.1089/ten.1999.5.467

Woerly, S., Pinet, E., De Robertis, L., Van Diep, D., and Bousmina, M. (2001). Spinal
cord repair with PHPMA hydrogel containing RGD peptides (NeuroGelTM).
Biomaterials 22, 1095–1111. doi:10.1016/S0142-9612(00)00354-9

Xu, B., Yin, M., Yang, Y., Zou, Y., Liu, W., Qiao, L., et al. (2023). Transplantation of
neural stem progenitor cells from different sources for severe spinal cord injury repair in
rat. Bioact. Mater. 23, 300–313. doi:10.1016/j.bioactmat.2022.11.008

Xuan, H., Wu, S., Jin, Y., Wei, S., Xiong, F., Xue, Y., et al. (2023). A bioinspired self-
healing conductive hydrogel promoting peripheral nerve regeneration. Adv. Sci. 10,
e2302519–19. doi:10.1002/advs.202302519

Xue, W., Fan, C., Chen, B., Zhao, Y., Xiao, Z., and Dai, J. (2021). Direct neuronal
differentiation of neural stem cells for spinal cord injury repair. Stem Cells 39,
1025–1032. doi:10.1002/stem.3366

Yale, A. R., Kim, E., Gutierrez, B., Hanamoto, J. N., Lav, N. S., Nourse, J. L., et al.
(2023). Regulation of neural stem cell differentiation and brain development by
MGAT5-mediated N-glycosylation. Stem Cell Rep. 18, 1340–1354. doi:10.1016/j.
stemcr.2023.04.007

Yang, B., Liang, C., Chen, D., Cheng, F., Zhang, Y., Wang, S., et al. (2022a). A
conductive supramolecular hydrogel creates ideal endogenous niches to promote spinal
cord injury repair. Bioact. Mater. 15, 103–119. doi:10.1016/j.bioactmat.2021.11.032

Yang, B., Zhang, F., Cheng, F., Ying, L., Wang, C., Shi, K., et al. (2020). Strategies and
prospects of effective neural circuits reconstruction after spinal cord injury. Cell Death
Dis. 11, 439. doi:10.1038/s41419-020-2620-z

Yang, K., Yang, J., Man, W., Meng, Z., Yang, C. Y., Cao, Z., et al. (2023). N-Cadherin-
Functionalized nanofiber hydrogel facilitates spinal cord injury repair by building a
favorable niche for neural stem cells. Adv. Fiber Mater. 5, 1349–1366. doi:10.1007/
s42765-023-00272-w

Yang, Y., Ren, Y., Song, W., Yu, B., and Liu, H. (2022b). Rational design in functional
hydrogels towards biotherapeutics.Mater. Des. 223, 111086. doi:10.1016/j.matdes.2022.
111086

Yao, M., Li, J., Zhang, J., Ma, S., Wang, L., Gao, F., et al. (2021). 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 9, 440–452. doi:10.1039/d0tb02033h

Yeh, D. C. (2018). Holistic approach to axonal regeneration in cases of spinal cord
injury. J. Biomol. Res. Ther. 07, 1–5. doi:10.4172/2167-7956.1000158

Yu, G. L., Zhang, Y., and Ning, B. (2021). Reactive astrocytes in central nervous
system injury: subgroup and potential therapy. Front. Cell. Neurosci. 15,
792764–792823. doi:10.3389/fncel.2021.792764

Yuan, J. (2009). Neuroprotective strategies targeting apoptotic and necrotic cell death
for stroke. Apoptosis 14, 469–477. doi:10.1007/s10495-008-0304-8

Yuan, X., Yuan, W., Ding, L., Shi, M., Luo, L., Wan, Y., et al. (2021). Cell-adaptable
dynamic hydrogel reinforced with stem cells improves the functional repair of spinal
cord injury by alleviating neuroinflammation. Biomaterials 279, 121190. doi:10.1016/j.
biomaterials.2021.121190

Yuan, Y. M., and He, C. (2013). The glial scar in spinal cord injury and repair.
Neurosci. Bull. 29, 421–435. doi:10.1007/s12264-013-1358-3

Zarrintaj, P., Seidi, F., Youssefi Azarfam, M., Khodadadi Yazdi, M., Erfani, A., Barani, M.,
et al. (2023). Biopolymer-based composites for tissue engineering applications: a basis for
future opportunities. Compos. Part B Eng. 258, 110701. doi:10.1016/j.compositesb.2023.
110701

Zawadzka, M., Kwaśniewska, A., Miazga, K., and Sławińska, U. (2021). Perspectives in
the cell-based therapies of various aspects of the spinal cord injury-associated
pathologies: lessons from the animal models. Cells 10, 2995. doi:10.3390/cells10112995

Zeng, C. W. (2023a). Advancing spinal cord injury treatment through stem cell
therapy: a comprehensive review of cell types, challenges, and emerging technologies in
regenerative medicine. Int. J. Mol. Sci. 24, 14349. doi:10.3390/ijms241814349

Zeng, C. W. (2023b). Multipotent mesenchymal stem cell-based therapies for spinal
cord injury: current progress and future prospects. Biology 12, 653–720. doi:10.3390/
biology12050653

Zhang, D., and He, X. (2014). A Meta-analysis of the motion function through the
therapy of spinal cord injury with intravenous transplantation of bone marrow
mesenchymal stem cells in rats. PLoS ONE 9, e93487. doi:10.1371/journal.pone.0093487

Zhang, Q., Li, J., An, W., Fan, Y., and Cao, Q. (2020). Neural stem cell secretome and
its role in the treatment of neurodegenerative disorders. J. Integr. Neurosci. 19, 179–185.
doi:10.31083/J.JIN.2020.01.1142

Zhang, Y., Wang, F., Yu, Y., Wu, J., Cai, Y., Shi, J., et al. (2023). Multi-bioinspired
hierarchical integrated hydrogel for passive fog harvesting and solar-driven seawater
desalination. Chem. Eng. J. 466, 143330. doi:10.1016/j.cej.2023.143330

Zhao, Y., Xiao, Z., Chen, B., and Dai, J. (2017). The neuronal differentiation
microenvironment is essential for spinal cord injury repair. Organogenesis 13,
63–70. doi:10.1080/15476278.2017.1329789

Zhou, J., Wu, Y., Tang, Z., Zou, K., Chen, J., Lei, Z., et al. (2022). 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. 9, rbac057. doi:10.1093/
rb/rbac057

Zhu, Y., Huang, R., Wu, Z., Song, S., Cheng, L., and Zhu, R. (2021). Deep learning-
based predictive identification of neural stem cell differentiation. Nat. Commun. 12,
2614–2713. doi:10.1038/s41467-021-22758-0

Zou, Y., Ma, D., Shen, H., Zhao, Y., Xu, B., Fan, Y., et al. (2020). Aligned collagen
scaffold combination with human spinal cord-derived neural stem cells to improve
spinal cord injury repair. Biomaterials Sci. 8, 5145–5156. doi:10.1039/d0bm00431f

Frontiers in Pharmacology frontiersin.org14

Rybachuk et al. 10.3389/fphar.2024.1419797

https://doi.org/10.1007/s00441-021-03477-w
https://doi.org/10.1016/j.crci.2015.03.016
https://doi.org/10.1016/j.crci.2015.03.016
https://doi.org/10.1016/j.crci.2015.03.016
https://doi.org/10.1016/j.crci.2015.03.016
https://doi.org/10.1186/scrt209
https://doi.org/10.1016/j.biotechadv.2018.08.002
https://doi.org/10.1016/j.biotechadv.2018.08.002
https://doi.org/10.1016/j.engreg.2022.09.001
https://doi.org/10.1016/j.engreg.2022.09.001
https://doi.org/10.2340/20030711-1000039
https://doi.org/10.1186/s40779-022-00376-1
https://doi.org/10.1016/j.nantod.2023.101894
https://doi.org/10.1002/jnr.10774
https://doi.org/10.1089/ten.1999.5.467
https://doi.org/10.1016/S0142-9612(00)00354-9
https://doi.org/10.1016/j.bioactmat.2022.11.008
https://doi.org/10.1002/advs.202302519
https://doi.org/10.1002/stem.3366
https://doi.org/10.1016/j.stemcr.2023.04.007
https://doi.org/10.1016/j.stemcr.2023.04.007
https://doi.org/10.1016/j.bioactmat.2021.11.032
https://doi.org/10.1038/s41419-020-2620-z
https://doi.org/10.1007/s42765-023-00272-w
https://doi.org/10.1007/s42765-023-00272-w
https://doi.org/10.1016/j.matdes.2022.111086
https://doi.org/10.1016/j.matdes.2022.111086
https://doi.org/10.1039/d0tb02033h
https://doi.org/10.4172/2167-7956.1000158
https://doi.org/10.3389/fncel.2021.792764
https://doi.org/10.1007/s10495-008-0304-8
https://doi.org/10.1016/j.biomaterials.2021.121190
https://doi.org/10.1016/j.biomaterials.2021.121190
https://doi.org/10.1007/s12264-013-1358-3
https://doi.org/10.1016/j.compositesb.2023.110701
https://doi.org/10.1016/j.compositesb.2023.110701
https://doi.org/10.3390/cells10112995
https://doi.org/10.3390/ijms241814349
https://doi.org/10.3390/biology12050653
https://doi.org/10.3390/biology12050653
https://doi.org/10.1371/journal.pone.0093487
https://doi.org/10.31083/J.JIN.2020.01.1142
https://doi.org/10.1016/j.cej.2023.143330
https://doi.org/10.1080/15476278.2017.1329789
https://doi.org/10.1093/rb/rbac057
https://doi.org/10.1093/rb/rbac057
https://doi.org/10.1038/s41467-021-22758-0
https://doi.org/10.1039/d0bm00431f
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1419797

	Modern advances in spinal cord regeneration: hydrogel combined with neural stem cells
	1 Introduction
	2 NSC transplantation in SCI
	3 Hydrogels and spinal cord repair
	3.1 Necessary characteristics of hydrogels for their use in neuroengineering

	4 Advances of hydrogel combined with neural stem cells in SCI
	4.1 Problems and possible limitations in the use of hydrogel with NSCs in SCI

	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


