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Abstract: Ischemic stroke, a condition that often leads to severe nerve damage, induces complex pathological and physiological changes
in nerve tissue. The mature central nervous system (CNS) lacks intrinsic regenerative capacity, resulting in a poor prognosis and long-
term neurological impairments. There is no available therapy that can fully restore CNS functionality. However, the utilization of
injectable hydrogels has emerged as a promising strategy for nerve repair and regeneration. Injectable hydrogels possess exceptional
properties, such as biocompatibility, tunable mechanical properties, and the ability to provide a supportive environment for cell growth
and tissue regeneration. Recently, various hydrogel-based tissue engineering approaches, including cell encapsulation, controlled release
of therapeutic factors, and incorporation of bioactive molecules, have demonstrated great potential in the treatment of CNS injuries
caused by ischemic stroke. This article aims to provide a comprehensive review of the application and development of injectable
hydrogels for the treatment of ischemic stroke-induced CNS injuries, shedding light on their therapeutic prospects, challenges, recent
advancements, and future directions. Additionally, it will discuss the underlying mechanisms involved in hydrogel-mediated nerve repair
and regeneration, as well as the need for further preclinical and clinical studies to validate their efficacy and safety.
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Introduction

In the global context, ischemic stroke is one of the most prevalent and primary causes of disability and cognitive
impairment.! This condition is characterized by obstructions of blood vessels, leading to inadequate oxygenation and
nutrition to the brain. This hypoxia/ischemia state triggers a series of neuropathological processes in tissues, causing
substantial loss of brain parenchyma, diminished brain function, and profound neurological impairment.” Ischemic stroke
causes neuronal injury and death through three primary mechanisms. Firstly, it induces neurotoxic effects in glutamate,
the primary neurotransmitter of the central nervous system (CNS), leading to severe neuronal death or damage.’
Secondly, neuronal damage is exacerbated by reactive oxygen species (ROS) generated due to mitochondrial
dysfunction.* Lastly, the inflammatory response triggered by ischemic stroke can also worsen nerve damage.’

As a result of ischemic stroke, neuron damage or death is particularly devastating, contributing to limited capacity for
the CNS regeneration. It was historically believed that after a stroke, brain and CNS cells could not regenerate. However,
evidence of neurogenesis in the adult human brain has emerged, demonstrating its occurrence in the hippocampal dentate
nucleus and the subventricular region.® Cells expressing markers associated with newborn neurons are found in the
ischemic penumbra surrounding cerebral cortex infarction and tend to be predominantly situated near blood vessels.’

The addition of exogenous stem cells or therapeutic drugs to the affected region enhances their delivery and creates
a favorable environment for the regeneration of damaged tissue.® However, transplantation of stem cells and drugs can face
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challenges such as low survival rates and inadequate migration to the affected site. The mechanism through which stem
cells contribute to nerve repair is more likely related to their ability to secrete various growth factors through paracrine
action. These growth factors help to promote the endogenous brain nerve repair process, rather than solely relying on direct
cell replacement. This paracrine signaling enables the stimulation of nearby cells to aid in the regeneration and recovery of
damaged neural tissue. Delivering growth factors can indeed promote endogenous brain recovery,” but one major obstacle is
the limited diffusion of these molecules across the blood-brain barrier (BBB). To overcome this limitation, researchers have
been exploring various strategies, such as using nanotechnology-based drug delivery systems, focused ultrasound to
temporarily open the BBB, or even direct injection of growth factors into the brain. Hydrogels have garnered significant
attention as an optimal framework for promoting cell proliferation and survival.

Hydrogels are described as a network of cross-linked polymeric units that form a 3D structure like the extracellular
matrix (ECM) of native tissues. The ECM is a dynamic three-dimensional network of macromolecules that offer
structural support for cells and tissues. Due to its inducible properties, the ECM is used as a source of injectable
hydrogels for preparation in regenerative therapies.'® Hydrogels have the remarkable ability to hold a substantial amount
of water within their structure, facilitating the transport of cells, drugs, and proteins, thus aiding in the repair of injured
nerves. The injectable nature of hydrogels allows for precise targeting of therapeutic stem cells or small molecules to
specific brain regions while minimizing invasiveness during the treatment process.'’ The continuous expansion of tissue
engineering, based on hydrogel, offers more possibilities for CNS regenerative therapy after ischemic stroke.

In the emerging field of hydrogel therapy for ischemic stroke, while some reviews have explored the advancements in
the application of hydrogel biomaterials for the treatment of ischemic stroke, to the best of our knowledge, there is
currently no comprehensive and systematic review that encompasses the various types of injectable hydrogels, design
considerations for neural repair following stroke, and their underlying mechanisms of action. Therefore, there is
a pressing need for a comprehensive summary and synthesis of the research progress concerning injectable hydrogels
in the context of neural repair and regeneration for ischemic stroke, along with an examination of their potential
applications, as well as the challenges they present. Such an effort will greatly facilitate our understanding of advanced
therapies involving the design, engineering, and application of injectable hydrogels. This review introduces the classi-
fication and potential applications of hydrogels in nerve repair and regeneration after ischemic stroke, offering insights

into the future possibilities for the clinical use and transformation of biomaterials (as shown in Figure 1).
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Figure | Classification of hydrogels and application in nerve repair and regeneration in ischemic stroke. Various types of stem cells, growth factors, and drugs can be loaded
into hydrogels by various methods to produce carriers with specific properties that promote nerve repair and regeneration through different mechanisms. Created by
BioRender.com.
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Pathophysiological Mechanism of Nerve Injury in Ischemic Stroke

During cerebral artery embolization, blood flow to the corresponding brain region is impeded, leading to a significant
reduction or blockage of blood supply. As a result, there is a lack of timely delivery of energy metabolites and oxygen to
the affected area.'? After ischemic stroke, neurons experience disruptions in ATP synthesis, leading to energy deficiency.
This deficiency causes an imbalance in ion gradients and results in the excessive release of excitatory amino acids, such
as glutamic acid. Consequently, there is an influx of intracellular calcium (Ca*"), which triggers the activation of
apoptosis and necrosis pathways, contributing to neuronal cell death."* Ca®" influx can stimulate the production of nitric
oxide (NO), which, in turn, reacts with superoxide to form peroxynitrite. This peroxynitrite can lead to neurotoxicity,
causing damage to neurons.'* Additionally, Ca®" influx also contributes to an increase in the production of reactive
oxygen species (ROS), primarily through oxidative phosphorylation in the mitochondria. The excessive ROS generation
further exacerbates oxidative stress and cellular damage in the affected brain region.'” On one hand, ROS can have
various effects on blood vessels and the blood-brain barrier, leading to nerve injury.'® ROS-induced oxidative stress can
increase the permeability of the blood-brain barrier, making it more vulnerable to damage and potentially allowing
harmful substances to enter the brain tissue.'” On the other hand, ROS can promote platelet aggregation, leading to the
formation of blood clots, which can further impede blood flow and exacerbate ischemic damage. In addition, multiple
signaling pathways participate in neuroinflammation in ischemic stroke.'> After ischemic stroke, the release of Damage-
Associated Molecular Patterns (DAMPs) by injured or dead cells triggers neuroinflammatory responses. The neuroin-
flammatory response and the prolonged ischemia contribute to increased neuronal death and worsen the overall outcome
after ischemic stroke.

After ischemia-reperfusion (I/R), blood flow recovery and reoxygenation may further aggravate brain tissue injury.'®
After reperfusion, neutrophils, and other inflammatory cells in the blood infiltrate the ischemic area and release numerous
inflammatory mediators, such as interleukin and nuclear factor-kB. These mediators facilitate the adhesion of inflam-
matory cells to endothelial cells, leading to the rupture and necrosis of endothelial cells. As a result, the blood-brain
barrier is compromised, exacerbating the injury in the ischemia-reperfusion area.'® Moderate cerebral I/R injury can
trigger autophagy and activate the cellular recovery system, allowing cells to survive and cope with the damage. In
contrast, severe cerebral I/R injury primarily activates apoptosis and necrosis pathways, which can lead to significant cell
death and exacerbate the overall injury.?’

In regions surrounding an ischemic core area, cerebral blood flow (CBF) levels may be below functional thresholds
required for normal cellular function. Despite this, they may still be temporarily above the threshold for cell death. This
region is referred to as the penumbra area. The penumbra area is considered a critical zone where brain tissue has the
potential to recover if blood flow is restored promptly and effectively. It is a target for therapeutic interventions aimed at
salvaging brain tissue and reducing the extent of damage after ischemic stroke.”! Neuroprotective therapy is therefore
primarily targeted at the penumbra, which represents potentially salvageable tissue.”? After I/R, the penumbra can be
saved by regaining oxygen and nutrients, but it is undeniable that the nerve damage caused by I/R may also be difficult to
recover.Traditional neuroprotection in stroke patients has focused primarily on mitigating the ischemic cascade reaction
inside the affected brain area.”> In a new perspective, protection must focus on the entire neurovascular unit. The
neurovascular unit comprises various cell types, including neurons, astrocytes, microglia, pericytes, and endothelial cells,
all of which play crucial roles in maintaining the integrity and functionality of the brain’s blood vessels and neuronal
network. By protecting the entire neurovascular unit, therapeutic strategies can address the complex interactions and
interdependencies among these cell types, which collectively contribute to brain function and tissue repair. In the hours or
days following a stroke, there is intercellular signaling between various components of the neurovascular unit, which can
either amplify damage or promote protection of neurons. The interactions within the neurovascular unit are dynamic and
can switch between these states (as shown in Figure 2).>* In the ischemic cascade, astrocytes and microglia respond to
the “help me” signal from damaged neurons by releasing trophic factors, extracellular vesicles, and transferring
mitochondria to support the neurons. Instead of solely targeting one specific component of the ischemic cascade,
a promising approach is to employ cellular protection methods that can impact multiple aspects of the cascade. By
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Figure 2 Ischemic cascade elements and mechanisms of neurovascular units in acute ischemic stroke.
Notes: Printed with permission from Nature Publishing Group: Nature Reviews Neurology, Pharmacological brain cytoprotection in acute ischemic stroke — renewed
hope in the reperfusion era, Marc Fisher, Sean . Savitz. Copyright © Springer Nature Limited 2022.2*

considering the intricate interactions within the neurovascular unit, therapies can be designed to enhance the overall
resilience of brain tissue to ischemic injury, leading to more comprehensive and effective neuroprotection.

Hydrogels as carriers can effectively protect and maintain the bioactivity of stem cells and vesicles, creating a stable
microenvironment at the injury site. This approach facilitates directed migration of stem cells and reconstruction of
neurovascular units, thereby promoting effective nerve repair and regeneration. The integration of hydrogels with stem
cells and vesicles offers a promising therapeutic strategy for targeted treatments of neurovascular units, leading to
improved outcomes and rehabilitation for ischemic stroke patients.

Material Source-Based Classification of Injectable Hydrogels

Natural Biomaterials

Natural biological materials are substances produced under natural conditions, known for their excellent biocompatibility. In
the physiological environment, these materials can gradually degrade into small molecules that already exist in the body.
Eventually, they are completely absorbed or excreted through metabolism without causing toxic side effects on the body
itself. Due to these characteristics, natural biological materials have been extensively utilized as hydrogels for nerve repair
after ischemic stroke. By providing a favorable environment for cellular growth and facilitating therapeutic delivery, natural
biological hydrogels show great potential in advancing regenerative therapies for neurological disorders, including ischemic
stroke.”” The classification of hydrogels commonly used for nerve repair is shown in Figure 3 and Table 1.

Hyaluronic acid (HA) is a natural polysaccharide known for its exceptional gelling properties and the ability to bind
water rapidly. One of the remarkable features of HA is its versatility in cross-linking or binding with various
biomacromolecules. This characteristic makes it suitable for creating hydrogels with tailored properties for specific
applications. HA-based hydrogels can be engineered to have desired mechanical strength, degradation rates, and drug
release profiles. Moreover, HA hydrogels possess the capability to effectively encapsulate a wide range of drugs,
including those in nanoscale formulations.** In vitro experiments proved that HA hydrogel effectively promoted neurite
growth,?” proliferation and differentiation of neural precursor cells and NSCs.”®%° These findings suggest that HA
hydrogel has significant potential in supporting neural tissue regeneration and repair. In vivo, HA hydrogels undergo
rapid degradation, forming a hydrated open web at the site of injury. This open web structure helps inhibit the formation
of glial scars, which are known to secrete various axon regeneration inhibitors. By preventing the formation of glial scars,
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Figure 3 Source-based classification of the hydrogel carriers for nerve repair. Adapted with permission from Ma XY, Wang MJ, Ran YY, et al. Polymers, Design and
Fabrication of Polymeric Hydrogel Carrier for Nerve Repair. Polymers (Basel). 2022 Apr; I4(8):I54-9.26

HA hydrogels create a more favorable environment for axon regeneration and functional recovery of damaged nerves
after ischemic stroke. The inhibition of glial scars facilitates better neural tissue remodeling and improves the chances of
successful nerve repair.® Low molecular weight HA promoted the production of proinflammatory mediators, while high
molecular weight HA inhibited the production of proinflammatory mediators.**** This differential effect is likely due to
the varying interactions of HA with different cell receptors. Low molecular weight HA can bind to specific receptors on
immune cells and activate proinflammatory pathways, leading to the production of inflammatory mediators. In contrast,
high molecular weight HA interacts with different receptors, which can have anti-inflammatory effects and inhibit the
release of proinflammatory mediators. The accumulation and production of high molecular weight HA by CD44-positive
astrocytes inhibited myelin re-formation in the spinal cord sections of tested mice.** HA deposits around medullated
fibers and produces a lattice-like ECM substructure called the neural tract net, which surrounds neuronal cells and helps
develop neuroplasticity and brain maturation.*> The modulation of HA levels and interactions may present potential
therapeutic targets for promoting nerve repair and recovery in neurological disorders, including those resulting from
ischemic stroke.

Collagen is the skeletal component of extracellular matrix and the most abundant protein in the human body. Collagen
provides a supportive environment for cell attachment, proliferation, and differentiation.>’ Gelatin is derived from the
thermal denaturation of collagen, and it shares some properties with collagen but in a more processed and easily usable
form. Gelatin has been utilized in various biomedical applications inducing nerve axons to regenerate due to its
biocompatibility and ability to promote cell adhesion and proliferation.’® However, gelatin has poor mechanical strength
and degrades rapidly. As a result, it is commonly mixed with other biological materials to enhance the performance of
hydrogels.

Chitosan is derived from the deacetylation of chitin, a compound widely found in nature. Chitosan preserves the
biological activity of host cells and facilitates the differentiation of neural progenitor cells.®® As a multi-purpose
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Table | Material Source-Based Classification of Injectable Hydrogels in Nerve Repair and Regeneration

Hydrogel Base Hydrogel Composition Results Reference
Source Material
Natural HA Thiolated HA and poly (ethylene After 48 hours: Axon growth [27]
biomaterials glycol)-diacrylate
RGD-modified HA After | week: Differentiation of NPCs within the stroke [28]
cavity
HA and poly-L-lysine or Nogo After 3 days: Survival and differentiation of NPCs [29]
receptor antibody
High molecular weight HA After 10 days: Reduction of astrocyte activation and [30]
scarring
Collagen Collagen and human umbilical cord After 8 weeks: Axon regeneration [31]
MSCs
Gelatin Gelatin with glutaraldehyde After 7 weeks: Regeneration of nerve axons [32]
Chitosan Chitosan After 14 days: Promotion of differentiation of dental pulp [33]
stem cells in vitro
Chitosan Reduction of oxidative damage [34]
Sodium Sodium alginate After 4 days: Neurite growth Reduction of oxidative [35]
alginate stress
Sodium alginate After 3 weeks: Axon growth [36]
Synthetic PEG PEG After 8 months: Axon regeneration Improvement of [37]
biomaterials function
PVA PVA and HA After 2 and 4 weeks: Promotion of nerve cell [38]
differentiation
PHEMA PHEMA After 2 and 4 weeks: Differentiation of neural stem cells [39]
pHEMA-Lysine After 2 days: Sustained delivery of neurotrophic factors [40]
PHPMA PHPMA After 3 months: Axon growth [41]

Abbreviations: HA, hyaluronic acid; RGD, (Arg-Gly-Asp) peptides; NPCs, neural progenitor cells; MSCs, mesenchymal stem cells; PEG, polyethylene glycol; PVA, polyvinyl
alcohol; PHEMA, poly (2-hydroxyethyl methacrylate); PHPMA, poly [N-(2-hydroxypropyl)-methacrylamide].

biocompatible polysaccharide, Chitosan have demonstrated neuroprotective effects. They provide a 3D feeder layer free
culture system that promotes cell proliferation,*® which makes them promising candidates for neuroprotective therapies
and nerve regeneration after ischemic stroke.>*

Sodium alginate is a by-product of the extraction of iodine and mannitol from brown algae. It has antioxidant
properties that protect neurons from oxidative stress.’> In addition, sodium alginate has been shown to trigger the
regeneration of axon fibers and promote the formation of synapses, further supporting its potential in nerve repair and
regeneration after ischemic stroke.>**” However, one of the drawbacks of alginate-based hydrogels is that they can take
months to fully degrade in the body. Additionally, these gels are considered bioinert, which means they lack the ability to
actively interact with cells, limiting their ability to support cell survival and tissue integration.*®

Synthetic Biomaterials

Compared with natural biomaterials, synthetic biomaterials can be produced in large quantities, have low cost and stable
performance, and are also widely used in nerve repair. Due to these advantages, synthetic biomaterials have found
widespread use in nerve repair and regenerative therapies.
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Polyethylene glycol (PEG) is an oligomer or polymer of ethylene oxide. It is stable, non-toxic, and biocompatible.
PEG exhibits various polymerization mechanisms and can be utilized to synthesize hydrogels or modify existing ones.*’
By incorporating biological components, such as nutrient factors, into synthetic hydrogels, the functionality of PEG
hydrogels in sustaining nerve cell activity can be significantly enhanced.’® PEG was implanted into the cavity after scar
removal, and the results demonstrated that PEG facilitated long-distance axonal regeneration and led to improved nerve
function in rats.®’

Polyvinyl alcohol (PVA) is a crystalline polymer derived from polyvinyl acetate. PVA/HA hydrogels exhibit a broad
range of stiffness and serve as valuable carriers for stem cell differentiation, cell migration, and tissue regeneration.*®
However, a significant drawback of PVA is its inability to be completely degraded within the body. This limitation
hinders its application in the biomedical field, as long-term persistence of PVA may impede natural tissue regeneration
and clearance of the material from the body. As a result, researchers are actively exploring ways to improve the
biodegradability of PVA-based hydrogels to enhance their compatibility with tissue regeneration applications.

Hydrogels based on poly (2-hydroxyethyl methacrylate) (PHEMA) is one of the most important hydrogels in the field
of biomaterials. PHEMA hydrogels have garnered attention due to their biocompatibility, tunable properties, and ability
to absorb and retain water, making them ideal for tissue engineering and regenerative medicine.”’ The mechanical
compatibility of PHEMA hydrogel allows it to restore anatomical continuity to damaged neural structures. However,
PHEMA lacks inherent adhesion or attraction to neurons, which necessitates modification by incorporating substances
capable of recognizing specific biological sites. Moreover, PHEMA is not readily degradable, making it susceptible to
hydrogel calcification and eliciting prolonged inflammatory responses. These limitations may pose challenges in
supporting long-term axonal regeneration. To address these issues, researchers are actively exploring strategies to
improve PHEMA hydrogels’ degradation profiles, reduce inflammatory reactions, and enhance their overall biocompat-
ibility for more effective nerve tissue regeneration and functional recovery.>® Lysine-coupled PHEMA hydrogel releases
neurotrophic factors that significantly enhance neuronal survival and nerve growth.*® In comparison to PHEMA, poly
[N-(2-hydroxypropyl)-methacrylamide] (PHPMA) demonstrates superior biocompatibility but is also less susceptible to
degradation. By incorporating peptide or amino sugar sequences, PHPMA hydrogel can enhance the adhesion of nerve
tissue and promote axon growth.*'~>

Responsiveness-Based Classification of Injectable Hydrogels

Hydrogels are designed to mimic ECM-related properties of the brain, thereby promoting stem cell adhesion, prolifera-
tion, and differentiation to repair nerves. The application design of injectable hydrogels requires consideration of certain
properties to facilitate repair.

Injectable hydrogels for nerve repair in the brain need to be thixotropic and have some stiffness and elasticity in the
body.>® The elasticity of the matrix can regulate the proliferation and differentiation of neural stem cells and play an
important role in the construction of scaffolding of central nervous system tissues.>* The design of injectable hydrogels
must enable rapid gelation upon contact with tissue to fill the diseased defect and maintain their position. Additionally,
hydrogels are expected to exhibit good biocompatibility and low toxicity. Biocompatibility of hydrogels is demonstrated in
two aspects: cytocompatibility with encapsulated cells and histocompatibility with host tissues. Injectable hydrogels should
integrate with host cells, degrade gradually, and avoid inducing tissue scarring and glial cell formation.”> Furthermore,
hydrogels possess an optimal pore size and interconnection, which can effectively enhance the vitality, proliferation, and
migration of NSCs.>® Previous studies have suggested that the optimal pore size and scaffold porosity for nerve cell growth
are 10-100pum and more than 85%, respectively.’” Finally, for hydrogels to mimic stem cell ecosystems, they need to be
able to sense and respond to external stimuli.”® These external stimulus responses include light, thermal, PH, magnetic, and
electrical responses, which will be introduced in more detail below (as shown in Table 2).

Light-Responsive Injectable Hydrogels

Light-responsive hydrogels are created by incorporating photosensitive components into their polymer structure. The
polymer network of these hydrogels includes a light-receiving part that enables reversible crosslinking reactions and
photothermal excitation. Upon receiving light, the photosensitive groups within the hydrogels undergo partial or complete
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Table 2 Responsiveness-Based Classification of Injectable Hydrogels in Nerve Repair and Regeneration

Hydrogel Hydrogel Composition Description Reference
Properties
Light-responsive HA and RGDS peptides Enhanced ability of fibroblast to attach and [59]
proliferate
Polyethylene glycol-based hydrogel Control of encapsulated drug release rate [60]
Thermal- Poly(N-isopropylacrylamide)-co-poly (ethylene glycol) Cell survival time of 31 days and release of [6l]
responsive BDNF and NT-3
Xyloglucan and Poly-D-lysine Improve axons infiltration and connection [62]
PH-responsive Urethane amino sulfamethazine Neurogenesis and angiogenesis [63]
PEG-poly (B-amino ester) with piperidine and imidazole rings | Targeted delivery of proteins to ischemic [64]
brain areas
Magnetic- Collagen hydrogel with magnetic nanoparticle-decorated Neuroblastoma encapsulation and aligned cell [65]
responsive reduced graphene oxide growth
Anisogel-superparamagnetic iron oxide nanoparticles and PEG | Alignment and adhesion of fibroblasts and [66]
neurons
Electrical- Polyaniline and poly (epsilon-caprolactone)/gelatin NSCs proliferation and neurite growth [67]
responsive
PEDOT and Ethylene glycol Promote NSCs differentiation [68]

Abbreviations: RGDS, (Arg-Gly-Asp-Ser) peptides; BDNF, brain-derived neurotrophic factor; NT-3, neurotrophin-3; NSCs, neural stem cells; PEDOT, Poly
(3,4-ethylenedioxythiophene).

cross-linking, degradation, expansion, or contraction.’”*” Light-responsive hydrogels hold significant potential for develop-
ing precise and controllable drug delivery systems. Photocleavage is a reaction that involves incorporating photocleavable
linkers into the hydrogel’s structure to generate photocleavable nanoparticles.”® Drugs in this design can essentially maintain
their efficacy in controlled release. A study®® showed that PEG-based hydrogels more accurately control the release rate of
embedded model drugs via Azobenzene/Cyclodextrin Complex Tethers. In another study,”' the authors established an
innovative synthetic procedure that uses a photosensitive protein as a reversible binding site for photoactivation in PEG
hydrogels to control recombinant protein release. However, the clinical transformation of light-responsive hydrogels still
faces some problems. One major concern is the potential for non-specific light response in normal tissues, which may lead to
unintended effects or side effects. Another issue is maintaining the stability of loaded drugs within the hydrogel matrix.

Thermal-Responsive Injectable Hydrogels

Certain polymers may undergo precipitation or micellization when thermo-responsive hydrogels sense an ambient
temperature above a specific threshold. Thermo-responsive hydrogels have demonstrated the capability to deliver various
types of drugs, including proteins, DNA, and antibiotics.””’? The temperature sensitivity of thermo-responsive hydrogels
allows for controlled drug release in response to temperature changes, offering a promising platform for precise and on-
demand drug delivery. This feature makes them particularly suitable for localized drug delivery to injured nerve tissues,
where the therapeutic agents can be released in a targeted manner to facilitate nerve repair and promote functional
recovery.®' Thermo-responsive hydrogel scaffolds based on xyloglucan have been reported to enhance neuronal adhesion
and support neurite growth.®> Johnson et al’®> combined nerve growth factor (NGF) and brain-derived neurotrophic factor
(BDNF), allowing it to self-assemble into nanoparticles at their respective transition temperatures. These nanoparticles
retain the bioactivity of neurotrophic proteins and serve as robust drug carriers that can be utilized for nerve regeneration.
Thermal-responsive hydrogels are among the most used in situ hydrogels, offering the ability to release drugs accurately
and effectively at physiological temperatures.
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PH-Responsive Injectable Hydrogels

PH-responsive hydrogels undergo swelling or contraction of the polymer network in response to a specific pH environ-
ment. In the context of cerebral ischemia, CO, accumulates in the intercellular space, leading to a decrease in the pH of
the injured area.”* In addition, insufficient oxygen and glucose supply increase the consumption of glycogen and
phosphocreatine, leading to the production of H+ ions and rendering the intracellular environment acidic.” This acidic
environment can further influence the behavior of pH-responsive hydrogels, making them responsive to the specific
conditions in the ischemic brain tissue. In a particular study, pH-sensitive copolymers were employed to target the
delivery of SDF-1a, a chemokine, with the aim of promoting neurogenesis and angiogenesis at the site of ischemia.®> By
responding to the acidic conditions in the ischemic tissue, the hydrogel can release therapeutic agents or growth factors at
the precise location and time, stimulating the natural regenerative processes of nerve tissue and supporting functional
recovery.®* This targeted approach holds great potential for enhancing nerve repair and promoting the restoration of
neural function after ischemic events.

Magnetic-Responsive Injectable Hydrogels

Hydrogels typically exhibit an inherently isotropic and disordered internal structure. However, magnetic-responsive
hydrogels can be created by incorporating exogenous paramagnetic or ferromagnetic additives into the polymer matrix.”®
An intriguing study’’ reported a magnetic-responsive hydrogel with the ability to induce unidirectional growth of
functional nerve cells. Before the matrix fully gels, the hydrogel is strategically positioned in situ, aligned with a low
external magnetic field. Once the magnetic field is withdrawn, the aligned fibers become fixed, preserving the anisotropic
structure of the gel. This magnetically sensitive hydrogel effectively promotes the unidirectional growth and extension of
fibroblasts and nerve cells, presenting a promising approach for guiding and supporting tissue regeneration with enhanced
cellular alignment and functionality.®>°® The anisotropic properties of magnetic-responsive hydrogels are more analo-
gous to biological tissues in morphology and mechanical property, showing better biocompatibility.”® However, the
potential toxicity and limited reproducibility of magnetic-responsive injectable hydrogels in in vivo studies raise
concerns, and further optimization is necessary for their translation to successful clinical outcomes.”

Electrical-Responsive Injectable Hydrogels

Electrical-responsive hydrogels can facilitate endogenous brain repair after ischemic stroke injury due to the active
regenerative response of nerve cells to electrical stimulation. Electrical stimulation has been shown to enhance stroke
recovery by upregulating the expression of vascular endothelial growth factor (VEGF) and promoting the secretion of
factors that induce cortical remodeling and endogenous angiogenesis.*® To create a conductive polymer hybrid system,
heparin methacrylate (HepMA) has been incorporated into a polyvinyl alcohol (PVA) hydrogel and further electro-
deposited with poly(3,4-ethylenedioxythiophene)-doped p-toluene sulfonate (PEDOT/pTS).®! The conductive polymer
mixed with hydrogels can be utilized for in vitro culture and electrical stimulation of neural stem cells. Research findings
indicate that this combination leads to enhanced cell proliferation and neurite growth, suggesting that the conductive
properties of the polymer contribute to the promotion of neural cell development and maturation.®”*® While conductive
polymers show great potential in various biomedical applications, their cytotoxicity remains a significant concern.®
Addressing cytotoxicity issues will be essential for ensuring the successful translation of conductive polymers into
practical and safe biomedical applications in the future.

Different Functions of Injectable Hydrogels in Nerve Repair After Ischemic
Stroke

Natural hydrogels have a similar composition to brain tissue, which makes them less likely to cause immune rejection
when used in regenerative therapies. They have the potential to suppress inflammatory responses and provide a favorable
environment for cell growth and tissue repair. However, the controllability and stability of natural hydrogels in vivo may
not meet the requirements. The physical and chemical properties of synthetic hydrogels can be adjusted by changing the
parameters in the synthesis process. Hydrogels that combine natural and synthetic properties perform better and can be
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gelatinized in situ, allowing local drug delivery, thereby increasing the bioavailability of therapeutic agents. At the same
time, the excellent biocompatibility of the hydrogel allows the stem cells, their vesicles, and the drug to be continuously
released at the site of injury without removal. The use of hydrogels has gained significant attention in the field of
regenerative medicine, especially for promoting tissue repair and recovery after ischemic stroke (Figure 4).

Physical Support and Biocompatibility

Hydrogels offer customizable properties such as elasticity and degradation behavior, making them highly versatile in
various tissue engineering applications, including nerve regeneration in the brain after ischemic stroke.®* Cells cultured
in a hydrogel environment exhibited lower levels of cytokine production compared to control cells cultured in a tissue
culture dish. Importantly, despite the reduction in cytokine secretion, no inflammatory activity was observed in the
hydrogel-cultured cells. This suggests that hydrogels have anti-inflammatory properties.®> The development of a bionic
hydrogel crosslinked with the biogenic amine spermidine demonstrated biomimicry properties that closely resemble
those of rabbit brain tissue. This biomimetic characteristic is advantageous for supporting the growth and development of
neurons in a way that closely resembles their natural environment.®® In addition, in hydrogels were prepared by
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ultrasound induced gelation of regenerated fibroin protein solution and injected into mouse striatum to evaluate its
biosafety. The findings from this study demonstrate that in situ fibroin hydrogels exhibit excellent biocompatibility and
can seamlessly coexist with the intricate neuronal circuits responsible for controlling sensorimotor functions, learning,
and memory mechanisms.®” The biocompatibility and customizable properties of hydrogels determine their ability to
serve as scaffolds for nerve growth cues in the body. By customizing the pore size of the hydrogel, it is possible to
influence the directed growth of nerve cells on its surface. Solid scaffolds after cutting or forming can better adapt to the
irregular injury geometry, but do not fit well with the surrounding tissue. The hydrogel binding scaffolds have the
advantage of being able to completely fill the irregular geometry of CNS injuries. A popular approach involves
combining electrospun fibers with hydrogels to create composite scaffolds. The electrospun fibers provide the solid
scaffold structure, while the hydrogel component allows for excellent cell infiltration into the injury site. This combina-
tion promotes the migration of cells to the site of injury and creates a conducive environment for nerve regeneration and
tissue repair.*® Overall, hydrogels can help guide nerve repair and provide clues for nerve directed growth.

Providing a Favorable Microenvironment for Stem Cells Transplantation

In recent years, researchers have increasingly focused on the combination of biomaterial scaffolds and cell therapies for
central nervous system (CNS) regeneration. Stem cells, known for their clonogenic nature and ability to self-renew,
possess the potential to differentiate into various cell types.®” Many experimental studies in ischemic stroke have shown
that mesenchymal stem cells (MSCs) can regulate the immune response and play a neuroprotective role by stimulating
neurogenesis, astrogenesis, and angiogenesis.”® Additionally, the transplanted stem cells can exert immunomodulatory
effects, helping to regulate the immune response and reduce inflammation at the site of injury.”’ The integration of
hydrogels with stem cell therapies presents a promising approach to enhance nerve tissue repair and regeneration,
particularly in conditions like ischemic stroke or CNS injuries. These stem cells can be guided and supported by the
hydrogels, which provide a conducive microenvironment for their survival, proliferation, and differentiation.
Biomaterials based on hydrogels can support The stem cells to maintain normal vitality and function in the body and
are critical in the transformation of cell-based therapies (as shown in Table 3).°> Wei et al’ successfully developed
injectable hydrogels with an elastic modulus like brain tissue, utilizing N-carboxyethyl chitosan (CEC) and oxidized
sodium alginate (OSA) as the primary structural components for the delivery of neural stem cells. Similarly, a fiber-
hydrogel complex with adjustable stiffness has shown to be highly beneficial for cell attachment and proliferation.
Hydrogels with a modulus of approximately 20 kPa demonstrated the most optimal performance in providing
a conducive loading environment for cellular activities, further supporting nerve tissue regeneration.”* Moreover, protein-
based hydrogels have been successfully employed in nerve repair and regeneration efforts following ischemic stroke. For
instance, fibrin glue subdural transplantation of induced pluripotent stem cells has shown promising results in improving
focal ischemic injury, leading to the restoration of neurological and behavioral functions, and providing neuroprotective

Table 3 Drug Type-Based Classification of Injectable Hydrogels in Nerve Repair and Regeneration

Transport | Hydrogel Composition Loaded with Outcome Reference

Type

Stem Cell HA, gelatin, and heparin sulfate | NSPCs Support the survival of transplanted NSPCs [92]
N-carboxyethyl chitosan and NSCs Promote proliferation and differentiation of NSCs [93]

sodium alginate

Gelatin and poly (e-caprolactone) | NPCs Promote neuronal differentiation and axon-oriented growth [94]
Fibrin glue Pluripotent stem | Reduces inflammatory cytokines and mediates [95]
cells neuroprotection
PolyL-lysine and PEG NPCs Support the survival and differentiation of NPCs [97]
(Continued)
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Table 3 (Continued).

Transport | Hydrogel Composition Loaded with Outcome Reference
Type
Proteins HA and methylcellulose Epidermal Promote the proliferation of endogenous NSPCs [9]

growth factor

HA BDNF Promote the recovery of nerve function after stroke and [98]
axis burst buds

HA and methylcellulose Erythropoietin Increases the number of neuroblast cells [99]

Gelatin IGF-1, HGF Promote migration of neurons to the damaged striatum and [100]

support neurogenesis

Drug HA and methylcellulose Cyclosporin A Adjustable release of drug and maintenance of drug [101]

concentration

HA and methylcellulose Cyclosporin A Reduce infarct volume and promote NSCs proliferation [102]

Abbreviations: MMP, matrix metalloproteinases; IPS cell, induced pluripotent stem cell; NSPCs, neural stem/progenitor cells; IGF-1, insulin-like growth factor |; HGF,
hepatocyte growth factor.

effects.”® Wang et al®® prepared a genipin-cross-linked sericin hydrogel (GSH) with a porous structure and mild swelling
ratio to support effective adhesion and growth of neurons in vitro (Figure 5). The combination of hydrogels with stem
cells is a highly promising direction in the field of nerve repair and regeneration.”’ As research continues to advance in
this field, the combination of hydrogels with stem cells holds great promise for addressing the challenges posed by CNS
injuries resulting from ischemic stroke.

Mediating the Release of Biologically Active Substances
Studies surface the stem cells do not integrate into resident neural networks but act indirectly through paracrine
mechanisms to induce neuroprotection and promote nerve regeneration.'” Extracellular vesicles (EVs) are membrane
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structures containing proteins, lipids, and nucleic acids that can express properties like those of their source cells.
Compared to MSCs, MSCS-derived EVs have lower immunogenicity and the ability to cross the blood-brain barrier.'®*
In recent studies, the effects of injecting MSCs and MSC-derived EVs on cerebral angiogenesis and neurogenesis after
cerebral ischemia in mice were systematically compared. The results revealed that MSC-derived EVs showed compar-
able therapeutic effects to MSCs. This indicates that EVs are not inferior to MSCs in promoting the regeneration of blood
vessels and nerve cells in the brain after ischemic stroke.'®® Nanoscale EVs can not only evade phagocyte clearance, but
also penetrate tissues more effectively. Hydrogels can serve as reservoirs, encapsulating and protecting the EVs,
preventing their rapid clearance, and prolonging their retention time in the body.'°® By combining nanoscale EVs with
hydrogels, researchers aim to create an optimized therapeutic strategy for nerve repair after conditions like ischemic
stroke. Fan and colleagues'®” used EVS-loaded conductive hydrogels for spinal cord nerve repair, enhancing local neural
stem cell recruitment, and promoting neuron and axon regeneration.

The hydrogels can also serve as an effective delivery system for growth factors and drugs in the context of nerve
repair and regeneration after a stroke (as shown in Table 3). The therapeutic application of targeted growth factors may
provide an extended therapeutic window to endogenously restore tissue damaged by stroke.”® HAMC hydrogel delivers
erythropoietin (EPO), which also stimulates the migration of neural stem cells and mature neuroblasts and reduces
apoptosis at the site of injury.”® Similarly, the use of gelatin hydrogel microspheres to deliver insulin-like growth factor-1
and hepatocyte growth factor, respectively, increased the number of new neurons in the subventricular region of the adult
mammalian brain and the number of new neurons migrating to the damaged striatum (as shown in Figure 6)."% For
injectable hydrogel slow-release growth factors and drugs, different bioactive substances require different time and
speed, and the stimulation response of binding hydrogel can better achieve the slow-release effect.'®"'%? Hydrogels can
be engineered to respond to specific internal body stimuli, allowing for precise and on-demand release of bioactive
materials.'®® For example, due to the ability of bioelectrical signals to regulate cell behavior, conductive polymers are

incorporated into the hydrogel network to adapt to the electrophysiological properties of nerve tissue and promote the

regeneration of neurons and myelin-associated axons.'®’
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In summary, nerve repair and regeneration after ischemic stroke is a complex process involving multiple pathways
and multiple signals. By providing a controlled and sustained release of growth factors and drugs, hydrogel stents serve
as a significant advancement in this field. The ability of hydrogels to continuously release therapeutic substances within
the body represents a crucial step towards the clinical application of ischemic stroke treatment.

Imaging of Hydrogels

Hydrogels have broad prospects in nerve repair and regeneration after ischemic stroke. However, currently, assessing
their properties in vivo is challenging, and critical information such as adhesion and degradation of hydrogels at the
administration site cannot be observed in real time. To date, several methods have been developed that allow the
detection of hydrogels through various imaging techniques without compromising their rheological properties and
biocompatibility.'” " For example, diamagnetic chemical Exchange Saturated transfer (CEST) magnetic resonance
imaging is a non-invasive analytical method that detects concentration dependent CEST signals from ECM precursors
and hydrogels in vitro. In vivo, specific CEST signals detected around the periinfarction lumen correspond to endogenous
ECM molecules. By subtracting the pre-implantation image from the post-implantation image, the researchers were able
to observe the distribution of the hydrogel in the stroke cavity and visualize its evolution over a 7-day period.''? The
imaging effect can also be achieved by synthesizing hydrogels that can image themselves, or by dynamic interactions
such as ionic interactions and hydrogen bonds, or by forming covalent bonds or coordination bonds with contrast agents
and encapsulating contrast agents.''®> The manganese-Labeled hydrogel was able to form stable fibers when injected into
the cerebrospinal fluid, and the deposition was monitored by T1-weighted magnetic resonance imaging (MRI) after
injection.''* Similarly, alginate gels loaded with manganese ions enable non-invasive MR Imaging, allowing for hydrogel
visualization in vivo. Manganese diffuses through the ventricular system into the brain parenchyma, and depending on
the concentration of manganese, strong signals can be seen from the olfactory bulb to the brain stem.''®> The controll-
ability of hydrogel provides a possibility for its application in nerve regeneration and repair in ischemic stroke. By
controlling the slow-release rate and sensitivity of hydrogels, the state of hydrogels and the release of their host cells and
drugs can be monitored in vivo for a long time.

Conclusion and Outlook

Ischemic stroke is still threatened with a high recurrence rate and high disability rate after treatment. There is an
increasing demand for effective central nervous system (CNS) treatment strategies to address these issues. The unique
properties of hydrogels, such as their biocompatibility, tunable characteristics, and ability to mimic the extracellular
matrix, make them an ideal platform to create a stable and supportive environment for nerve regeneration. By acting as
scaffolds, hydrogels can guide the direction of nerve growth and provide a conducive microenvironment for cellular
activities, promoting tissue repair and regeneration. There are several obstacles to overcome, such as the complexity of
CNS injuries, the precise control of hydrogel properties, and the need for long-term safety and efficacy assessments.
Further research and rigorous testing are required to address these challenges and ensure the safety and effectiveness of
hydrogel-based therapies for ischemic stroke in human patients.

As we all know, the human brain is extremely complex, and when designing hydrogels for neural applications, we
need to consider the mechanical strength of different parts of the human brain, multiple cell types, and other complexities
to make them well adapted to the internal environment. Natural hydrogels have soft, viscoelastic, and tissue-like
properties that reduce the likelihood of an immune response when implanted in the body. The physical and chemical
properties of synthetic hydrogels are easier to adjust, but their poor mechanical properties often limit their use in soft
tissues and non-load-bearing tissues, and they are easy to remove.''® Therefore, it is possible to combine natural and
synthetic materials to form a composite hydrogel, combining the advantages of these two components for nerve
regeneration after stroke. As an alternative drug delivery system, hydrogels can provide greater therapeutic efficiency,
but safety and feasibility need to be considered. High porosity and lack of proper spatial and temporal control of the
material often lead to rapid explosive release of the hydrogels, which can lead to a toxic risk of rapid release of the drug.
When developing hydrogels for nerve repair, a good balance needs to be maintained before delivery efficiency and safety.
The potential of using stem cells to promote neural repair is also a new way to construct cytocompatibility and effective
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coagulation vectors. While stem cell transplant treatments have been shown to be effective in nerve regeneration from
ischemic stroke, they still have the problem of heterogeneity in the body, and stem cells grow slowly in the body,
inevitably replicating aging.!'” EVs has low immunogenicity and the ability to cross the blood-brain barrier. It can bind
to corresponding targets through various pathways, and the therapeutic effect is no less than that of stem cell
transplantation. Therefore, hydrogels coated EVs is also an effective means to target nerve repair after ischemic stroke.

Due to the complexity of the brain and the presence of BBB, the delivery method of hydrogels is generally in situ
injection. More attention is being paid to nanoscale hydrogels, or hydrogel microspheres, which can be injected through
blood vessels in some way to penetrate the BBB and target the treatment site. Detecting and monitoring the hydrogel
using non-invasive imaging techniques provides important information on the functional status of the implant.''®

In conclusion, the hydrogels discussed in this review show great potential for nerve repair and regeneration after
stroke and provide a unique platform for developing new approaches to improve the efficacy of ischemic stroke
treatment. Despite the existing challenges, the future of hydrogels as a biomaterial for nerve repair in ischemic stroke
looks promising. As we overcome these obstacles, hydrogels have the potential to revolutionize the treatment of ischemic
stroke and significantly improve patients’ quality of life.
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