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Repairing central nervous system (CNS) is difficult due to the inability of neurons to recover after damage. A
clinically acceptable treatment to promote CNS functional recovery and regeneration is currently unavailable.
According to recent studies, injectable hydrogels as biodegradable scaffolds for CNS tissue engineering and
regeneration have exceptionally desirable attributes. Hydrogel has a biomimetic structure similar to extracellular
matrix, hence has been considered a 3D scaffold for CNS regeneration. An interesting new type of hydrogel,
injectable hydrogels, can be injected into target areas with little invasiveness and imitate several aspects of CNS.
Injectable hydrogels are being researched as therapeutic agents because they may imitate numerous properties of
CNS tissues and hence reduce subsequent injury and regenerate neural tissue. Because of their less adverse effects
and cost, easier use and implantation with less pain, and faster regeneration capacity, injectable hydrogels, are
more desirable than non-injectable hydrogels. This article discusses the pathophysiology of CNS and the use of
several kinds of injectable hydrogels for brain and spinal cord tissue engineering, paying particular emphasis to
recent experimental studies.

accountable for transmission among the brain and peripheral nerves [2,
3].

Treatment of spinal cord injuries (SCI) and traumatic brain injuries
(TBI) is complicated since the mature nervous system does not have the

1. Introduction

The repair of the human central nervous system (CNS), which in-
cludes the brain and spinal cord, is challenging. Acute ischemic injury or
trauma to these structures results in complex pathophysiological changes
in the nerve tissue that often lead to severe neurological impairment [1,
2]. The key role of the brain is to process and merge the obtained in-
formation of neurons. As an essential component of the CNS, the spinal
cord can control sensory and motor function, and it is primarily

capacity to regenerate on its own and perform normal functions after
being injured. This results in significant socioeconomic problems
worldwide [2,4,5]. For example, only 577 TBI instances per 100,000
individuals are reported in the United States annually [6]. SCI is mostly
linked with persistent impairment of motor function throughout the
majority of cases [7,8]. Annually, 760,000 additional instances of
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Abbreviations

aFGF acidic fibroblast growth factor

AHA/DTP aldehyde-modified hyaluronic acid/3, 3’ -dithiobis
(propionyl hydrazide)

AOAA  O-(Carboxymethyl) hydroxylamine hemihydrochloride

4arm-PEG-diacerein four-armed polyethylene glycol functionalized
with an anti-inflammatory drug, diacerein

BBB blood-brain barrier

BDNF  brain-derived neurotrophic factor

BME mesenchymal stem cell-derived exosomes

CDAHs O-carboxymethyl chitosan (CMC)/dialdehyde
polyurethane (DAPU)/gold nanoparticles (Au-NPs)
hydrogels

CFL: capillary force lithography

CNFs carbon nanofibers

CNS central nervous system

CNTs carbon nanotubes

Col-I: collagen type I

CS/B-GP chitosan/p-glycerophosphate

CS-CNF chitosan-cellulose nanofiber

CS-HA  chitosan-hyaluronan

CSPGs  chondroitin sulfate proteoglycans

CST critical solution temperature

3D 3-dimensional

DA dopamine

ECM extracellular matrix

FPGEGa poly (citrate-gallic acid)-based hybrid hydrogel
GAGs glycosaminoglycans

GelMA-imid imidazole groups-modified gelatin methacrylate

GFAP glial fibrillary acidic protein
GO graphene oxide

H&E hematoxylin and eosin

HA hyaluronic acid

HA-PBA/Gel-Dopa phenylboronic acid-grafted hyaluronic acid/and
dopamine-grafted gelatin

hAMSCs human amniotic mesenchymal stromal cells

hESCs  human embryonic stem cells

HP heparin-poloxamer

HRP horseradish peroxidase

H,S hydrogen sulfide

HT/HGA hyaluronic acid-tyramine combined with gallic acid-
grafted hyaluronic acid

I-5 imidazole-poly (organophosphazenes)
ICH intracerebral hemorrhage

IF immunofluorescence staining

IKVAV Isoleucine-lysine-valine-alanine-valine
iPN injectable peripheral nerve

iPSCs induced pluripotent stem cells

LN-I: laminin I

M2 derived EVs microglia derived extracellular vesicles

MC methylcellulose

MR magnetically-responsive

MSCs mesenchymal stromal cells

MWM  Morris water maze

Ncad-mRADA amphiphilic peptide [(RADA)3-(RADG)] (mRADA)-
tagged N-cadherin extracellular domain

NGFs nerve growth factors
NPCs neural progenitor/stem cells
NSCs neural stem cells

6-OHDA 6-hydroxydopamine
OPF oligo(polyethylene glycol) fumarate

PA peptide amphiphile
PANI polyaniline

PCL: polycaprolactone
PD Parkinson's disease

PD/GO hydrogel GO sheets with 4arm-PEG-diacerein, donated as
PD hereafter

PDA polydopamine

PEDOT poly(ethylene dioxythiophene)

PEG poly(ethylene glycol)

PLEL: poly (d, I-lactide)-poly (ethylene glycol)-poly(d,l-lactide)
PLGA  poly (lactic-co-glycolic acid)

PNIPAAm poly(N-isopropylacrylamide)

PNS peripheral nervous system

Pol poloxamer

PPTases phosphopantetheinyl transferase
PPy polypyrrole

RADA  arginine (R, Arg), alanine (A, Ala) aspartic acid (D, Asp),
alanine (A, Ala)

RADA 161 [Ac-(AcN-ArgAlaAspAla),-CONH,]

RGD arginine-glycine-aspartate

ROS reactive oxygen species

SAP self-assembling peptide

SCI spinal cord injury

SDF-1o¢  stromal-cell-derived factor-1

SF/PDA silk fibroin/polydopamine

SHED-Exo stem cells from human exfoliated deciduous teeth-
derived exosomes

SHIELD shear-thinning hydrogel for injectable encapsulation and
long-term delivery

SMOs  sulfamethazineoligomers
SNpc substantia nigra pars compacta
T1AM  3-iodothyronamine;

TBI traumatic brain injury

TNFo tissue necrosis factor-alpha

T2WI T2-weighted imaging

VEGF vascular endothelial growth factor

YIGSR tyrosine-isoleucine-glycine-serine-arginine

catastrophic SCI are reported worldwide due to falls, traffic collisions,
and other events [3].

A significant difficulty is repairing injured brain tissue due to its
complex histological and anatomical structure and inadequate capacity
to repair itself. In this regard, there are internal elements interfering with
its rebuilding, making it complicated. For instance, scar tissue forms due
to CNS traumas, including tumor formation, limiting the mechanism of
regeneration. TBI typically results in lifelong impairment. TBI and SCI
frequently result in mortality, and those who escape face lifelong
impairment [9-12].

There is currently no appropriate treatment for TBI and SCI [2,13].
The operation merely slowed the progression of malignancies, whereas

pharmacological treatments have so far concentrated mainly on pain
relief. Thus, the objective of CNS tissue engineering is to develop a
biomaterial that enables neural stem cells) NSCs (to proliferate and
differentiate effectively [14,15].

The constantly expanding area of biomaterials has produced new
methods for developing therapies involving CNS regeneration over the
last decade [1]. Multifunctional scaffolds, which carry therapeutic mol-
ecules, and cells, are suitable for the aforementioned challenges in
developing neural tissue engineering [16]. Hydrogels, which are hy-
drophilic polymer systems effective in holding a significant quantity of
water inside their architectures, may be utilized to transport cells,
medicines, and proteins as well as to repair injured spinal cord and brain
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tissues [1,171].

The most significant challenge correlated with the implantation of
premade polymeric scaffolds is the need to split and remove certain tissue
from the damaged site to allow the insertion of the constructs. To
enhance the regeneration capability of TBI and SCI by reducing the dis-
advantages of premade scaffolds, newly injectable hydrogels were
assessed, including agarose [18], fibrin [19,20], the blend of methyl-
cellulose and hyaluronan [21], and self-assembling peptide (SAP)
nanofibers [22,23].

This review will discuss the pathophysiology of the CNS and the
production of hydrogels for CNS restoration, with a concentration on the
freshest and most sophisticated methods for CNS tissue engineering using
injectable hydrogels.

1.1. CNS injury mechanisms

CNS injury varies from ischemic stroke to the damage of the tissue to
the TBI or SCI, leading to diverse diseases and persistent symptomatic
problems. More complex methods to repair the brain and spinal cord
following damage are critically needed because treatments are not
currently available for full or almost complete restoration and rehabili-
tation. Moreover, the capability of the CNS for healing by endogenous
cells is extremely restricted, and there is no significant axonal restoration
or functional recovery in the CNS due to its cellular and extracellular
environment [2,24-26].

Additionally, the secondary injury phase intensifies dynamic alter-
ations throughout the environment that result in postponed, chronic
neurodegeneration in the setting of damage [27]. Despite different injury
cascades and therapeutic results, a number of important biochemical and
cellular markers of the secondary injury phase, including
neuro-inflammation, glial scar formation, and neurodegeneration, may
characterize CNS damages. As a rule, inflammatory processes, including
macrophage infiltration, manifest themselves more gradually in the CNS
than peripheral nervous system (PNS). This results in the accumulation of
cellular debris in the region of the injury, which may interfere with the
healing mechanism [28,29].

Furthermore, within indigenous CNS cells, especially glial cells, the
neurogenic inflammation may also be increased in time to produce
biochemical homeostasis disturbance in the manner of oxidative stress,
excitotoxicity, and cellular activation [30].

An increasing number of cytokines, like interleukins and tissue ne-
crosis factor-alpha (TNFa), and also reactive oxygen species (ROS),
characterize the pro-inflammatory situations that inhibit regular cell
function and sustain tissue reactivity. The ability to modulate the in-
flammatory environment following damage is critical for effective
regeneration; however, it is very difficult from a clinical perspective since
the subsequent reaction includes the synchronization of both resident
and invading cells through a complicated series of occurrences [30-32].
When it comes to CNS damage, astrocyte reactivity is a key characteristic
of the vast majority of the processes [33,34].

Astrocytosis or gliosis may be widely described as a multi-stage
mechanism wherein astrocytes respond to the damage by modifying
their phenotypic features. Enhanced proliferation, hypertrophy, and
upregulation of glial fibrillary acidic protein (GFAP) comprise astrocyte
responsiveness. An inherent protective process is the responsiveness of
astrocytes; however, their development may contribute to persistent
blood-brain barrier disturbances, chronic inflammation, neural toxicity,
and cell death throughout the adjacent region [33,35].

At some point, activated astrocytes have a scarring characteristic.
Although the glial scar has certain advantages, such as regulating im-
mune responses and blood circulation and avoiding additional injury, it
is a major therapy barrier during the repair of the CNS tissue [36,37].

Deposit-inhibitory components of ECM, such as chondroitin sulfate
proteoglycans (CSPGs), have been upregulated via astrocytes producing
scar [35,38]. This scar tissue has a finer texture than normal tissues; it is
also encompassed by a thick cell barrier. Such environmental alterations
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result in mechanical and biological hindrance to regular attachment
pathways, making it impossible for axonal penetration and regeneration
to occur in the damaged zone [37,39]. Demyelination, axonal degener-
ation, and neuronal death may occur as a consequence of the develop-
ment of damage, inflammation, and cellular responsiveness (Fig. 1) [31,
32].

Neural degradation is both an acute and chronic mechanism of
degeneration and is the main pathophysiological consequence to be
prevented in the treatment of CNS damage. Treatment methods for CNS
have faced difficulties due to restricted accessibility to injury locations,
spatial intricacy and tissue structure, absence of regenerating property in
indigenous cells, widely diverse damage pathways, and short remedial
opportunities [26,40,41].

In order to properly manage the range of negative consequences that
follow CNS damage, multifunctional, combinatorial approaches must be
developed. Hydrogels are excellent candidates for such frameworks
because of their delicate material characteristics and biochemical
adjustability. Natural viscoelastic characteristics of hydrogels allow them
to be engineered in such a way that they replicate the delicate mechan-
ical characteristics of CNS tissue, which has compressed moduli on the
scale of 2000 Pa [42].

Besides injected compositions, which are useful in situations where
the injury location is impossible to reach, other engineering criteria for
hydrogels utilized in the CNS are specialized functionalization methods
that are unique to neuronal growth impulses involving both micro-
architectural and biochemical indications. The subsequent methods show
improvement in the functionalization of hydrogel to increase incorpo-
ration into CNS tissue as well as enhanced renewal of indigenous and
transplanted cells throughout various contexts.

1.2. Neuroregenerative and neuroprotective therapeutic strategies

Apart from the challenges inherent in CNS self-renewal, the present
treatment strategy for patients with CNS disorders is mostly neuro-
protective. It is primarily designed to avoid subsequent cell death and
reduce the extent of the damage. But, it has no effect on tissue healing or
the re-establishment of axonal synapses that have been disrupted. On the
other side, some methods are aimed solely at conquering one of the
regenerating barriers, for example, targeting a blocker or stimulating the
axonal regenerative process. However, the CNS has complex patho-
physiology; hence combinatorial strategies addressing several aspects of
the damage are likely to be more successful [43-46].

During the treatment of CNS disorders, the fundamental objectives
are to prevent cell death and decrease the extent of the damages (neu-
roprotection), even though the second aim is to promote the mechanism
of neuroregeneration to regenerate the injured tissue. Because of the
intricacy of the central nervous system, there is a significant number of
active investigation efforts; however, there is no succinct and practical
treatment at this time. Neuroprotective methods are already more pro-
gressed, with a few clinical trials now underway [47].

Recently, a potential neuroregenerative treatment strategy for CNS
has emerged as cell transplantation. A number of scientific articles and a
few current clinical trials have shown enhancements in neurological
functioning after the administration of cells, including olfactory
ensheathing cells, macrophages, Schwann cells, and adult stem cells,
which include umbilical cord blood stem cells, NSCs, induced pluripotent
stem cells (iPSCs) and mesenchymal stromal cells (MSCs) [48-51].

Though cell transplantation studies have shown that no substantial
restoration occurs outside the locations of damage, this is thought to be
due to the need for bridge transplants, which serve to establish a physical
substrate for guided axonal development over the defect space and to
enable axons to penetrate the host region at the right place [45,52].

Researchers have successfully used fibrin matrices to fill the damage
gap and enable cell transplantation. The transplantation of NSCs and two
human stem cell lineages encapsulated in fibrin matrices carrying growth
factor mixtures into patients with severe SCI. The transplanted cells
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Fig. 1. Pathophysiological events of primary and secondary phases of central nervous system injuries.
BBB: blood-brain barrier; TNFa: tissue necrosis factor-alpha; CSPGs: chondroitin sulfate proteoglycans.

developed into neurons and stretched a significant quantity of axons over
a considerable space, thus restoring performance [53,54].

It was shown that when 8-week-old fetal cells were loaded in a fibrin
scaffold with a growth factor cocktail and grafted into the primate CNS,
they responded similarly to the findings seen in the human CNS [55]. To
be more specific, neurological tissue engineering has received significant
interest in recent years, with particular emphasis on the creation of
injectable hydrogels that may be utilized as composites for CNS regen-
eration [56].

The combination of scaffolds with cells and biomolecules that posi-
tively repair the space may also alter the microenvironment at the
damaged location, preventing the development of glial scar and accu-
mulating neurotrophic growth factors while simultaneously stimulating
axonal restoration resulting in improved outcomes. Based on these
findings, a variety of scaffolds composed of natural or synthetic polymers
were produced, and various structural functionality over the biomaterial,
taking into consideration its rostral and caudal location in the damaged
area [57,58].

Aside from that, scientists have also focused their interest on the
scaffolds' fabrication techniques to better imitate the intricate 3-dimen-
sional (3D) nanoenvironments that neural cells are subjected to. A vari-
ety of nanotopographical methods have been investigated to create
specified cellular environments, including self-assembly, etching, capil-
lary force lithography (CFL), hybrid composite nanomaterials, conduc-
tive hydrogels, 3D bioprinting, and electrospinning [2,54,59].

2. Biomaterials and their specifications to support CNS
regeneration

ECM, in addition to neural and glial cells, accounts almost for 20% of
the CNS volume. The inductive qualities of ECM make it possible to
restore soft tissue [60,61]. Scaffolds have several features that are sig-
nificant in the regeneration of neural tissue (Fig. 2). In soft tissues like
CNS after injury, the appropriate scaffold is required to simulate the

structure and the chemical and mechanical properties of natural ECM.
Also, scaffolds should not provide an immune response. Still, they must
aid in the prevention of glial scarring-induced CNS damage, facilitate
neurite regeneration, promote cell colonization, and repair injured blood
vessels [8,11,62,63].

The disturbance of the architecture is a common outcome of neuro-
logical diseases. Therefore, material for CNS regeneration should follow
soft tissue architecture and topography to bridge the damaged area [64,
65].

Pore size is one of the main features of scaffolds that could be
modified. It is accountable for allowing proper cell attachment and
migration, regulated diffusion of medium and cells' metabolites, and
finally, cell survival, organization, and differentiation [66]. According to
previous studies, the best-suited pore size and the scaffold porosity for
neural cell growth range from 10 to 100 pm and 90%, respectively [67,
68].

Natural biomaterials like ECM hydrogels and modified synthetic ma-
terials can efficiently regenerate CNS tissue after injury [60,69]. In general,
neural ECM is a highly hydrated structure that consists of glycosamino-
glycans (GAGs) such as hyaluronic acid, proteoglycans, and small amounts
of several proteins like fibronectin and laminin. This structure could be
mimicked by the appropriate biomaterials. In natural ECM, the specific and
short peptide sequences in laminin (Isoleucine-lysine-valine-alanine-va-
line (IKVAV) and tyrosine-isoleucine-glycine-serine-arginine (YIGSR)) and
fibronectin (i.e., arginine-glycine-aspartate (RGD), which can associate
with integrin, are responsible for cell-ECM interaction. So, in synthetic
scaffolds, we need some modifications to have such binding sites [70,71].

The chemical composition of ECM and the amount of its components
determines its mechanical properties like stiffness [72,73]. For neural
regeneration to succeed, the appropriate materials must have suitable
mechanical properties compatible with natural CNS stiffness. An
adequate stiffness can help cell attachment, migration, and differentia-
tion, but high stiffness may inhibit axon elongation and neural cell
regeneration [8]. According to the human brain and spinal cord stiffness,
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site of injury, regulate cell fate, and promote cell proliferation.

it has been shown that lower stiffness in biomaterials can promote neural
cell activity, while hydrogels with higher stiffness may be helpful in TBI
regeneration [74].

Another important property of scaffolds in neural tissue engineering
is their conductivity and bioelectrical stimulation ability. The action
potential is an electrical signal that is generated at the synapse and sent
along axons. The electrical conductivity of the human spinal cord and
brain are about 0.6-2.43 and 0.8-6.4 mS/cm, respectively [75-77].
Therefore, for CNS regeneration, many electrically conductive materials,
including conducting polymers (i.e., polyaniline (PANI), polypyrrole
(PPy), and polythiophene) and carbon materials (i.e., carbon nanofibers
(CNFs), carbon nanotubes (CNTs), and graphene) have been studied
[78-83]. Their primary function is to facilitate neural cell communica-
tion and electrical signal transmission to simulate natural neural tissue
[84,85]. Unlike the high electrical conductivity of mentioned materials,
they have some limitations. For example, PPy scaffolds are difficult to
work and process into soft 3D structures due to their stiff and brittle
nature [86], Poly(ethylene dioxythiophene) (PEDOT) has a low water
solubility [87], PANI may cause chronic inflammation because of its
non-biodegradability [86], and carbon materials like CNTs may cause
oxidative stress and have an adverse effect on axon elongation and
neurite growth [78]. So, the production of conductive polymer hydrogels
by combining the soft mechanical features of hydrogels (such as oligo(-
polyethylene glycol), fumarate (OPF), poly(ethylene glycol) (PEG), tan-
nic acid, agarose, etc.) and the electrical properties of conductive
biomaterials have been designed to overcome these limitations [81-83,
88-91].

Various natural and synthetic polymers, in addition to drugs, neuro-
trophic growth factors, nerve growth factors (NGFs), and neural and stem
cells, have been utilized to improve CNS regeneration. Hydrogels (non-
injectable and injectable), nanofibers, and sponges are the primary types
of biomaterials for CNS tissue engineering and regeneration that can
fabricate with several techniques [71,92].

Hydrogels are 3D structures that are physically or chemically cross-
linked by hydrophilic polymer chains to produce an interconnected

network with high water retention [17,93]. Natural or synthetic hydro-
gels are now well suited for use in soft tissue engineering because of their
high ability to mimic natural ECM, facile alteration of physicochemical
characteristics, and efficient polymerization in situ at the injury site [17,
94-96].

3. Injectable hydrogels

The concept behind injectable hydrogels is to inject a solution of a
relatively low viscosity polymer into the injured area and allow it to gel.
The injectable hydrogel's mechanical characteristics and degradation
rate must match the desired soft tissue's regeneration rate. The rate of
gelation is also critical since it must be both slow enough to allow for
injection and rapid enough to prevent leakage. The type of polymers,
their concentration, molecular weight, the type of crosslinking (chemical
or physical), and the degree can influence the rate of gelation [17,71,97].
While non-injectable hydrogels require more complicated and lengthy
operations, injectable materials can be introduced into the body much
faster and have a better affinity for the host tissue [78]. On the other
hand, they can be significantly affected by the complex inside environ-
ment of the body, which includes their mechanical characteristics and
gelation rate. So, it must be remembered that injectable hydrogels act
very differently in vivo and in vitro [98].

3.1. Optimal properties of injectable hydrogels for CNS repair

First of all, injectable hydrogels should be biocompatible, non-
immunogenic, and not have any harmful effects on human cells or tis-
sues to support CNS regeneration [99].

Additionally, injectable hydrogels should stimulate axonal growth
and elongation while degrading over time to prevent the need for another
surgery to remove the scaffold [53,58].

The mechanical features (stiffness) and surface topography of scaf-
folds are also crucial for designing biomaterials. Researchers have found
that small variations in the mechanical and topographical features of
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scaffolds have a big impact on cell fate, attachment, polarity, prolifera-
tion, migration, differentiation, and survival [43,100]. In neural tissue
engineering, scaffolds should be able to tolerate the stresses created by
surrounding tissues [58,101]. So, injected hydrogels before injection
must have a lower elastic modulus (G') than their storage modulus (G”),
while after injection, they must have a G” more than G’ to form a soft and
cohesive solid that avoids collapsing under the weight of the surrounding
tissues [102].

There are a number of factors that influence the swelling ratio and
degradation rate of biomaterials, including polymer type, biomaterial
chemical and mechanical properties, and the presence of enzymes at the
site of damage. In order for hydrogels to be effective during CNS
regeneration, they must degrade slowly and swell minimally. The bio-
material's degradation rate should be a balance between its early
degradation (which could affect glial scarring, additional inflammation,
and inhibit axons elongation) and late degradation (which could cause
new tissue generation and prevent long-distance axonal regeneration
[102]. Before neural regeneration, a high rate of hydrogel degradation
can produce swelling and a loss of mechanical integrity [103,104].

Another key metric to consider for proper nutrient and biological
molecule diffusion, waste elimination, cell attachment, and tissue growth
is the porosity of scaffolds and also the diameter and interconnectivity of
the pores [105].

Hydrogel deformation, occlusion of the defect, and inhibition of
neurite development may all be caused by a high swelling ratio [106,
107]. When hydrophilic or electrostatically charged moieties are added
to hydrogels, swelling increases, but greater network permeability and
significant effects on hydrogel biomechanics will happen. It has been
observed that maximal swelling may benefit the subdural injection of
hydrogels because they could help remove excess fluid from the paren-
chyma after SCI and TBI, preventing further injury [108]. Some studies
showed that before in vivo delivery, microparticle-based [109,110] and
shape-memory [111] hydrogels could be pre-swollen, which may cause
tissue damage similar to in situ swelling pressures. Furthermore, a higher
macromer content or crosslinking density can reduce water uptake of
hydrogels, but this comes at the expense of greater mechanical strength
and lower permeability, both of which could be problematic and have
negative consequences [112].

Another essential feature of injectable hydrogels is their solidification
conditions to avoid further tissue and cell damage, and they should so-
lidify in mild circumstances [95,102]. The initial viscosity of the
hydrogel and other environmental parameters (i.e., crosslinker, pH, light,
temperature, etc.) that influence solidification are very important. These
parameters must be biocompatible and allow injectable hydrogels' gela-
tion within seconds to minutes [112,113].

Injectable hydrogels' gelation time is a key consideration. This period
of time must be long enough to ensure that the injection needle does not
become clogged and that the spared spinal cord tissue has enough time to
contact the hydrogel solution before its gelation. Also, it indicated that
the hydrogel and any attached therapeutic agents (e.g., cells, medicines)
should gel quickly enough to remain at the injection site [114]. More
research is needed to determine optimal gelation times of various
injectable hydrogels. For example, regardless of total macromere con-
centration, faster gelation is associated with lower swelling ratios in vitro
[112].

3.2. Fabrication approaches for injectable hydrogels

When it comes to injectable materials, although some have developed
as self-healing hydrogels, fabrication strategies must choose based on the
aqueous CNS environment. In this field, gelation must occur after proper
injection and penetration of hydrogel solution in the defect site. So, a
close interface between the healthy tissue and injected materials will be
created, which aids in cell survival and migration, and tissue regenera-
tion [112]. So, injectable hydrogels can be made in a variety of ways,
depending on the technique utilized, and they can be classified as
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physical or chemical hydrogels. Physical hydrogels spontaneously arise
when temperature, pH, or ionic concentration changes cause weak sec-
ondary forces [115-117]. Furthermore, enzymatic, Schiff base,
photo-crosslinking, Michael additions, and click chemistry are some of
the chemical techniques used to create chemical hydrogels (Fig. 3)
[118-121]. Common mechanisms are employed in all of these ap-
proaches to controlling the maximal in-situ hydrogel swelling, degrada-
tion, gelation, etc. [112].

3.2.1. Physical methods for injectable hydrogels preparation

Network formation in hydrogels designed by non-covalent or physical
gelation approaches happens by macromers' physical connection (i.e.,
electrostatic or hydrophilic-hydrophobic interactions) in physiological
conditions. It has been observed that these kinds of hydrogels can swell
about half of their original size, and the injection of them after intraspinal
and intrathecal in vivo can be safe. The non-biological nature of chemical
reagents has made them not biocompatible. So, such phase transition-
based gelation technologies are extremely biocompatible since they do
not require the use of chemical reagents to achieve gelation [112].

Besides investigating innovative methods for developing physical
injectable hydrogels, the design of new hydrogels improves their me-
chanical characteristics, biodegradability, biocompatibility, and the
maintenance of structural integrity in vivo is essential in tissue engi-
neering [122].

3.2.1.1. Thermosensitive injectable hydrogels. The ability of thermosensi-
tive injectable hydrogels to gel at physiological temperatures recently
attracted significant attention for their applications in neural tissue en-
gineering. What makes these injectable hydrogels so beneficial is their
ability to phase transition without chemical stimulation. At ambient
temperature, these hydrogels are liquid and have low viscosity that can
be easily injected; but after injection into the target tissue, their viscosity
in physiological temperature increases, and they will gel quickly
[123-126].

Actually, in these kinds of hydrogels, the critical solution temperature
(CST) controls crosslinking; after temperature change, phase transition
happens and leads to a change in the hydration state and finally alters the
solubility of the hydrogel [9,127,128]. So, to make temperature-sensitive
injectable hydrogels, synthetic (i.e., poly(N-isopropylacrylamide) (PNI-
PAAm), poly(ethylene glycol-b-[DL-lactic acid-co-glycolic
acid]-b-ethylene glycol, etc.), poly(lactic-co-glycolic acid)-PEG, poly(N,
N-diethylacrylamide) and natural (i.e., agarose, cellulose, fibrin, and
other extracellular matrix (ECM) hydrogels) thermosensitive polymers
are required. These hydrophilic polymers with temperature change and
below or above CST miss a lot of their water and form a hydrogel network
[9,123,124,128-130]. Actually, the most frequent type of physical
hydrogel utilized in SCI repair is thermo gels [54].

3.2.1.2. pH-responsive injectable hydrogels. pH-sensitive hydrogels are
made up of polymer chain networks that are sensitive to pH changes, and
by altering the pH of the external environment, they can link to each
other [124]. These kinds of hydrogels are encased in a salt solution, and a
change in pH of the surrounding solution causes a physical swelling or
deswelling of the gel. These hydrogels have great potential in regenera-
tive medicine and neural tissue engineering and have attracted much
attention in recent years [122,131].

pH-sensitive injectable hydrogels can be created by including a pH-
sensitive moiety (i.e., polyacrylic acid, polyelectrolyte N-palmitoylchi-
tosan, sulfamethazineoligomers (SMOs), and oligomeric sulfamethazine,
into the hydrogel [132-135].

3.2.1.3. Electrically responsive injectable hydrogels. Hydrogels can
respond to external electric currents as an environmental cue and shrink,
swell, or bend [136,137]. Electrically sensitive hydrogels under suitable
physiological conditions of the body, like exposure to ion currents
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Fig. 3. Schematic illustration of different approaches for injectable hydrogel production.

created by streaming potentials, respond quickly and deform. These
hydrogel systems, which are typically composed of polyelectrolytes,
could mimic many biological functions such as motility [136-138].

Because they may promote neuronal adhesion, proliferation, and
differentiation, electrically responsive injectable hydrogels have great
potential for CNS applications [139]. So far, numerous conductive ma-
terials have been studied for CNS regeneration to make it easier for
neurons in the material to communicate with each other and send elec-
trical signals like healthy neural tissue. Conductive and synthetic poly-
mers such as polypyrrole, polyaniline, polythiophene, polyvinyl alcohol,
acrylic acid/vinyl sulfonic acid, and sulfonated polystyrene have been
utilized to generate electroactive injectable hydrogels [136,139,140].
Recently, these kinds of hydrogels are frequently made using the com-
bination of bioactive materials (i.e., hydrogels produced from natural
ECM) with conductive dopants (i.e., conductive polymers, gold nano-
particles, and carbon-based materials like graphene oxide and carbon
nanotubes) [139]. However, there is still a lot of work to be done in this
field, and further research is needed to improve the biocompatibility of
electrically conductive materials [139].

3.2.1.4. Magnetic responsive injectable hydrogels. Magnetic field-sensitive
hydrogels respond to tiny changes in external fields by changing their
characteristics. These systems have been studied as swollen, shrinking, or
bending hydrogel [136].

In some tissues, such as neural tissue, cell alignment is very important
to provide the proper tissue 3D structure and mechanical properties for
regeneration. To accomplish this, various ways of using external mag-
netic fields have been developed to align neural cells in situ, allowing
them to grow in the right direction and become adequately differentiated
[141].

By inserting exogenous paramagnetic or ferromagnetic compounds
like superparamagnetic particles (i.e., CoFe;O4, Fe3O4, and -FeyO3)
within the polymeric matrix [142], magnetic-sensitive hydrogels offer
several advantages, including fast reaction, attractive mechanical char-
acteristics and biocompatibility [139,140].

However, due to restrictions such as the toxicity of magnetic mate-
rials and the low reproducibility of in vivo outcomes, we should optimize
magnetic responsive injectable hydrogels for clinical usage [139].

3.2.1.5. Self-assembled injectable hydrogels. Self-assembled hydrogels
made with amphiphilic polymers are another physical hydrogel that can
frequently synthesize from designer polypeptides. Due to their user-
specified amino acids, these designer polypeptides give a great degree
of network assembly control [112].

Self-assembling peptides (SAPs) are synthetic peptides that can
spontaneously assemble to form nanostructures under physiological en-
vironments by achieving suitable stability between various counteracting
forces, including solvation, hydrogen bonding, hydrophobic, electro-
static repulsion, and electrostatic attraction [143,144].

SAPs are extremely distinctive for their simple and reproducible
synthesis approach with high yield, flexibility for modification or engi-
neering, characterization, and systematic enzymatic degradability capa-
bilities. SAPs can fill the heterogeneous injury cavities, which leads to
significant increases in cell migration, survival, differentiation, and
axonal development [145]. Studies have shown that biomaterials made
from the self-assembly of short peptides and peptide derivatives may
have the potential to be outstanding novel regenerative medicine ther-
apies. However, for the poor physical forces involved in self-assembly,
the mechanical properties of SAPs are usually weak. Thus, many chem-
ical cross-linking strategies have been developed to overcome this
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problem. But the cytocompatibility and post-linking purification of these
compounds are still under investigation [144].

According to that, SAPs are usually designed to only focus on one or
two desirable biomimetic features. Some studies proposed using complex
combinatorial systems such as electroactive or chromophore function-
alized self-assembling systems may be helpful for the improvement of
neural regeneration [145].

3.2.1.6. Other physical injectable hydrogels. Several other types of phys-
ical injectable hydrogels with non-covalent crosslinking, including stress-
sensitive, ion-sensitive, and ultrasound-sensitive have also been reported
for CNS tissue engineering [112,122,139]. Ionic or electrostatic in-
teractions generate hydrogel networks with strong and multivalent
non-covalent connections [146].

Hydrogels that demonstrate a sol-gel transition in response to phys-
ical or chemical stimuli, such as stress-sensitive or stimuli-responsive,
have drawn a lot of attention in recent years [147]. External environ-
mental parameters such as electromagnetic radiation stimulate reversible
transitory physical contact to produce these hydrogel networks [148,
149].

In ionic hydrogels, ionic crosslinking can overcome the limitations of
covalent crosslinking [150]. The inclusion of divalent or trivalent counter
ions crosslinks ionic polymers [124]. In general, when two aqueous so-
lutions containing oppositely charged polymers or polyelectrolytes are
mixed, ion bridges between counter ionic polymers are made, and the
crosslinking phenomenon occurs [151]. For example, sodium alginate
that can form with physical crosslinking between the carboxylate anions
of guluronate units in alginate and the calcium ions generates an ionic
hydrogel [124].

3.2.2. Chemical methods for injectable hydrogels preparation
Photocrosslinking and non-photocrosslinking covalent techniques are
two methods for making injectable chemical hydrogels. Photo-
crosslinking approaches provide greater control by the user because
hydrogels can only develop when exposed to light from an external
source. In this technique, the gelation time is usually relatively short and
can avoid any negative consequences caused by the photo-initiators. But
one of the best things about non-photocrosslinking methods is no
requirement for cytotoxic photocrosslinking initiators [19,112,152,153].

3.2.2.1. Enzymatically cross-linked injectable hydrogels. For tissue engi-
neering applications, several enzyme-mediated crosslinking systems
have been used to synthesize injectable hydrogels. All enzymes like lysyl
oxidase, transglutaminase, thermolysin, phosphopantetheinyl trans-
ferase (PPTases), tyrosinase, peroxidase, phosphatase, plasma amine
oxidase, and p-lactamase have been used to make this kind of injectable
hydrogels for tissue engineering [154]. Due to their capacity to work
under physiological conditions, minimal cytotoxicity, high
site-specificity, and quick gelation, the utilization of this approach for the
synthesis of injectable hydrogels for neural tissue engineering has
recently attracted interest [154-156].

One of the most common enzymatic techniques used in SCI regen-
eration is fibrin gel crosslinking with thrombin. Fibrin hydrogel has low
swelling ratios and comparable compressive modulus to normal spinal
cord tissue that utilizes the natural blood-clotting mechanism for gelation
[53,110,153,157]. When it comes to injectable hydrogels, horseradish
peroxidase (HRP) is another most widely utilized enzyme that can
crosslink phenolic groups or other aminophenol compounds in natural
and synthetic polymers [158,159].

3.2.2.2. Michael addition cross-linked injectable hydrogels. When creating
injectable hydrogels, another widely utilized technique is known as the
Michael addition reaction. This reaction may be time-controlled and
occurs under physiological conditions. It is the nucleophilic addition of a
carbanion or nucleophile to an a,B-unsaturated carbonyl molecule [160,
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161]. In tissue engineering, biomaterials, including hyaluronic acid,
chitosan, and PEG, are often utilized in the Michael addition reaction to
generate injectable hydrogels [122,162].

3.2.2.3. Schiff base cross-linked injectable hydrogels. The high reaction
rate and ability to create imine bonds among aldehyde and amino groups
under mild reaction and physiological conditions without external re-
agents make them an excellent choice for synthesizing injectable
hydrogel for tissue engineering applications [163,164].

Several biomaterial-based injectable hydrogels with Schiff base cross-
linking have also been studied that offer various advantages, including
the ability to keep cells viable, enzyme-ready biodegradation, rapid
room-temperature synthesis, and good self-healing [165]. For instance,
due to a large number of amino groups on chitosans' backbone, it is a
suitable biomaterial for generating injectable hydrogels by Schiff base
crosslinking [166].

3.2.2.4. Click chemistry cross-linked injectable hydrogels. Because of
limited reactivity with biological components and also step-growth and
fast polymerization rates of “click” reactions, these processes hold
considerable potential for the production of injectable hydrogels [112,
122]. A wide range of reactions are included in the click chemistry
concept, including Diels-Alder reactions, copper-catalyzed azide-alkyne
cyclo-addition processes, tetrazine-norbornene chemistry, thiol-epoxy,
thiol-ene reaction, and thiol-maleimide couplings [167-169]. For
example, clear and transparent hydrogels can be made using the
sequential thiol-ene “click” reaction [170].

3.2.2.5. Photo/light-responsive injectable hydrogels. The ability to adjust
the time and position of crosslinking under physiological settings has
made photo-crosslinking approaches popular in recent years to generate
injectable hydrogels for CNS and other tissues engineering [171-173].
Considering that some injectable hydrogels have low mechanical
strength, the use of photo-responsive hydrogels can overcome the con-
flict between hydrogel injectability and mechanical strength [174].

Photo-crosslinking approaches (such as chain-growth and step-
growth polymerization) are a multi-step and complex process involving
three stages: initiation, propagation, and termination. In these tech-
niques, crosslinking triggers (such as light or heat) activate an initiator
and create covalent bonds between polymer precursors [175,176]. In
summary, first, the light in the initiation stage produces free radicals by
excitation of photoinitiators. Then comes the propagation step, which
involves propagating radicals across unreacted double bonds, and the
termination step, which marks the end of crosslinking in the 3D structure
[175].

There has been considerable research into chain-growth polymeri-
zation techniques, but in recent years, step-growth approaches have
received attention because of their potential to establish better-
developed structures with expected properties, high degrees of cross-
linking, and less sensitivity to oxygen inhibition [177,178]. Because most
light-responsive systems explored involve UV-sensitive groups, their
biomedical applicability may be limited [136].

3.3. Injectable hydrogels for CNS repair and regeneration

The efficacy of hydrogels for CNS regeneration has been studied
extensively in vitro and in vivo [26]. To imitate ECM features, including
viscoelasticity, biodegradability, and biocompatibility, naturally gener-
ated hydrogels are particularly desirable for neural tissue engineering
[179].

Collagen, laminin, fibrin, alginate, and other injectable
polysaccharide-based hydrogels, such as chitosan and hyaluronic acid
(HA), are among the natural materials and derivatives employed in
neural applications. For instance, HA interacts effectively with cell re-
ceptors and can increase material and neural cell connections since it is a
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Table 1
Injectable hydrogels for brain tissue engineering.

Hydrogel Animal profile In vivo model Loaded With  Injection profile Results Year
composition, 1. Type 1. Type 1. Site [ref]
preparation 2. Age 2. Other details 2. Volume

3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH

DHC, 1.Rat/athymic 1. TBIinjury BME (2 mg/ 1. Into the lesion After 4 weeks: Liu-2023

Self-assembled; (CBHrnu) 2. Created a 5 mm diameter bone  mL) 2. 100 pL Glial scar inhibition [189]

Photo-responsive 2. None window (right parietal 3. None Axonal regrowth and

3. 200-220 g regions, 4 mm lateral to the 4.1 remyelination occurred
4. Pentobarbital sagittal suture, 2 mm posterior 5. Immediately injected Brain structural remodeling
sodium (50 mg/kg) to the coronal suture), by a 6. DHA (5 mg/mL), Col was promoted in the lesions
miniature hand held skull (5 mg/mL) Neurogenesis and
drill, with a 2 mm x 2 mm 7. 8 angiogenesis were achieved
brain tissue cylindrical cavity
HA-PBA/Gel-Dopa, 1. Mouse/C57BL/6J 1. TBI injury (severe model), None 1. Into the lesion After 3 weeks: Hu-2023
PH-responsive 2. None 2. Via a cylindrical rod (speed of 2. 100 pL Reduced glial scar and [190]
3. None 2.5 m/s for 0.2 s), left parietal 3. None closed the lesions
4. 2% Avertin (10 skull, 2 mm x 2 mm brain 4.1 Improved neural cell
mg/mL) tissue injury 5. Immediately injected infiltration
6. 1.5% (wt/vol) HA-
PBA/5% (wt/vol)
Gel-Dopa
7. 6.5 (for HA-PBA)/4.7
(for Gel-Dopa)

Alginate/PEDOT, 1. Mouse/C57BL/6 1. TBI injury None 1. Into the lesion (4 mm  After 3 days: Perkucin-

Ion-sensitive 2. 7-11 weeks 2. Via dental drill (#60, 0.4572 below the skull, speed Reduces neuroinflammation 2022
crosslinking; 3.22-35¢ mm, 8177), one hole was of 0.5 mm/s) in the brain upon injection [191]
Electrostatic 4. 5% isoflurane drilled (0.8 mm anterior, 2. 1.3 L relative to traditional Pt-
interaction; —2.1 mm lateral, relative to 3. 22G needle (3 mL based electrodes

Hydrophobic bregma) syringe) via 3D A suitable blend matches
interaction; bioprinter with the brain tissue

Self-assembled 4.1 An appropriate electrical

5. Immediately injected stimulation characteristic
6. 1%-2% Alginate, The hydrogel is not cytotoxic
1.1%-1.3% PEDOT to neural cells (7 days
Alginate/PEDOT ratio cytotoxicity test)
were: 1:1 (A1P1), 1:2
(A1P2), 2:1 (A2P1), 3:1
(A3P1)
7. None
FPGEGa, 1. Rat/Wistar 1. TBI injury, Feeney's weight- SHED-Exo 1. Into the lesion After 3 weeks: Li-2022
Schiff base reaction; 2. Adult drop method (100 pg Exo 2. None Enhanced neuro- [192]
Electrostatic 3. 220-240 g 2. 20 g, 20 cm height, target into100 pL 3. None regeneration by restoring
interaction; 4. 10% chloral functional area (1 mm adjacentto  hydrogel) 4.1 motor functions
Thermosensitive hydrate, the left side of anterior fontanelle, 5. None After 2 days:
intraperitoneally 2 mm diameter was drilled) 6. None Reduced the formation of
7. None intracellular ROS

Hydrogel Animal profile In vivo model Loaded Injection profile Results Year
composition, 1. Type 1. Type With 1. Site [ref]
preparation 2. Age 2. Other details 2. Volume

3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH

Chitosan- DF-PEG 1. Rats/Sprague Dawley 1. Ischemic brain injury, BMSCs (5 x 10° 1. Into the perilesional site  After 2 weeks: Pei-
hydrogel/ 2. 7-8 weeks MCADO, via the thread- cells/10 pL) 2. 10 ml Significant neurogenesis and 2023
GelMA-PCL 3. 300-320 g embolus method of 3. 26 s-gauge, Hamilton, angiogenesis [193]
nanofiber, 4.1% pentobarbital intraluminal vascular for 10 min The reduction of ischemic

Schiff base reaction sodium (40 mg/kg) occlusion 4.1 brain damage, infarct
2. Thread (18 mm-22 mm 5. 24 h after MCAO volume, microglial and

length), blocked the 6. 1% DF-PEG4000 with astrocyte overactivation, and

origin of the right MCA. 3% GC (1:3), and 5mg/  neurological deficits

Reperfusion (after 1 h of ml nanofibers loaded in

occlusion) the hydrogel

7. None
Ncad-mRADA, 1. NSE-DTA mice, Wild- 1. Ischemic stroke, MCAO None 1. Into the site Neuroblast migration to the Ohno-
Self-assembled type Institute of Can- was induced by the 2. 2.5 puL-3 pL injured site in the striatum 2023
cer Research mice, intraluminal filament 3. Glass capillary needle, Neuronal regeneration [194]

C57BL/6J mice, and
Dcx-EGFP mice

technique

slowly stereotaxically
injected

Functional recovery

(continued on next page)
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2. 8-16-weeks
. None

w

4. 1%-3% isoflurane in
oxygen

2. 10 mm silicone-coated 8
filament, 40 min later
filament was withdrawn

1

. 13 + 1 day-post MCAO

micce and 2 days-post-
cryoinjured mice

improvement in neonates
with cortical brain damage

6. 0.5% v/v
7. 7.4
Fmoc-DDIKVAV, 1. Mouse/C57BL/6 1. TBI Myoglobin (1 mg/ 1. Into the striatum After 4 weeks: Wang-
Self-assembled 2. Adult 2. Via stereotaxic frame, mL) and/or cortical 2. 2pl Assist engraftment by supply 2023
3. None craniotomy neural stem cells, 3. microinjection oxygen and stem cells to the [195]
4. 2% isoflurane (5 x 104/pl cells) 4.1 brain simultaneously
5. None Established vascular network
6. 15 mg/mL Significant improvement in
7. None neuronal differentiation
Greater functional
integration of stem cell-
derived grafts
RADAL16; 1. Zebrafish 1. Optic tectum wound None 1. Into the lesion After 4 weeks: Wang-
RADA16-SVVYGLR, 2. 6 months model 2. 500 nL Enhanced the migration and 2017
Self-assembled 3. None 2. 25G syringe, a needle 3. None neurogenesis of NPCs [196]
4. 200 ppm MS222, 5 length of 1.5 mm 4.1 Induction of angiogenesis via
min 5. Immediately injected endothelial and pericyte
6. 2% (W/v) stimulation
7.3 Improved functional recovery
by enhancing optomotor
response
Hydrogel Animal profile In vivo model Loaded Injection profile Results Year
composition, 1. Type 1. Type With 1. Site [ref]
preparation 2. Age 2. Other details 2. Volume
3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH
Fmoc-DDIKVAYV, 1.Rat/athymic 1. Focal ischemia hESCs-derived 1. Into the lesion (above After 9 months: Somaa-
Self-assembled (CBHrnu) 2. None cortical co-ordinates) Improved the functional 2017
2. None progenitors (1 x 2. 1L recovery and the electrical [197]
3. None 10* cells) 3. None characteristics of fully
4.General anesthetic, 4. 2 intracortical developed and integrated
2% isoflurane injections neurons
5. 6daysor 3weeks after ~ Neuronal differentiation at a
lesioning higher level
6. 10 mg/mL
7. 74
Self-healing 1. Zebrafish 1. Cerebellum injury model NSCs (1 x 10* 1. Into the lesion After 1 week: Cheng-
composite of CS- 2. adult 2. vertically piercing a 26G cells) 2. 1L Effected on NSC neuronal 2019
CNF, 3. None (260 pm inner diameter) 3. Winged infusion set differentiation [198]
Schiff base reaction 4. 200 ppm tricaine syringe needle 1.5 mm deep (27G) Restored neural-impaired
into the skull 4.1 zebrafish function
5. Immediately injected
6. Glycol CS (3%) and
DF-PEG (2%) with
0.09 wt% CNFs
7. None
CS-HA, 1. Zebrafish & rat 1. Zebrafish TBI injury None 1. Into the lesion After 1 week: Liu-
Self-assembled (Sprague-Dawley) 2. Rat ICH (zebrafish) & into the Promoted the healing of CNS 2020
2. Adult 1. 26G syringe, 1.5 mm deep striatum (rat) damage and the functional [199]
3. 250-300 g (for rat) into the skull, 2. 23G needle, 2. 2—4 pL (zebrafish) & recovery
4. 200 ppm tricaine & 1 mm anterior and 3.2 mm 10 pL (rat) Prepared an adaptable
isoflurane gaseous lateral to bregma and 4.5 mm 3. 23-gauge environment that allows NSC
(5% induction, 2% back to 4 mm ventral to dura 4. 1 migration, proliferation, and
maintenance) mater 5. Immediately injected differentiation
6. 3% glycol chitosan Created a microenvironment
and 2% DF-PEG con- that encourages axonal
taining 0.1% HA in development
1:1 vol ratio It had a healing impact on the
7. None brain-damaged cavity
SAP scaffold 1. Rat (Sprague- 1. Cerebral neocortex/ NSCs 1. Into the lesion After 6 weeks: Cheng-
conjugated with Dawley) neopallium loss 2. None Allowed NSCs to differentiate 2013
IKVAV 2. 12 weeks 2. Created by a biopsy punch, a 3. None into neurons [200]
sequence, 3. 380450 g distance of 2 mm to the right 4.1 Supported axon elongation
Self-assembled 4. Zoletil 50 (55 mg/ of the bregma, with a 2 mm 5. Immediately injected
kg) X 2 mm cavity 6. 1% (w/v)
7. None

10
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Hydrogel Animal profile In vivo model Loaded Injection profile Results Year [ref]
composition, 1. Type 1. Type With 1. Site
preparation 2. Age 2. Other details 2. Volume
3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH
Pluronic-CS/ 1. Rat (Wistar) 1. Hippocampus ischemic VEGF (1 mg/ 1. In the site of After 5 days: simulated the Nourbakhsh-
anilinepentamer, 2. Adult defect mL) ischemia hippocampus' electrical, 2020 [201]
Electrically 3. 250-300 g 2. None 2. 10 pL (flow rate: 1 electrochemical, and
responsive 4. None pL/min) mechanical properties
3. 29-gauge, 25-pL Reduced infarction volume
Hamilton syringe Improved the hippocampus-
4. 1. dependent learning and
5. 3 days after memory performance
hippocampal
ischemia
6. None
7. None
GelMA-imid, light 1. Rat (Sprague- 1. Cryogenic injury PDA/SDF1a 1. Into the center of After 2 weeks: Zheng-2021
-responsive, Click Dawley) 2. None nanoparticles the damaged area Enhanced hAMSCs homing [202]
chemistry cross- 2. 8-11 weeks and hAMSCs 2. 20 pL and neural differentiation
linked 3. None 3. 26 G syringe Encouraged the growth of
4 Intraperitoneal, 4.1 endogenous nerve cells
sodium 5. Immediately Significant potential for TBI
pentobarbital (30 injected physiological recovery
mg/kg) 6. 1%
7. None
Pol and refrigerated 1. Mouse/Institute of 1. TBI injury, modification of =~ T1AM (50 mg/ 1. Into the injured After 26 days: Han-2020
hydrogel Cancer Research Feeney's weight-drop kg) part of the brain Enhanced functional TBI [203]
incorporated (ICR) method 2. 50 pL recovery
T1AM, 2. 5 weeks 2. 40 g, height of 7.5 cm, a 4 3. None Maintained BBB integrity
Thermosensitive 3. None mm diameter footplate, a 4.1 Stopped cell death
4. None 5 mm craniotomy (3 mm 5. Immediately Decreased brain inflammation
posterior and 3 mm lateral injected and edema
from bregma,on the right 6. High poloxamer Useful for TBI local drug
parietal) 407 concentration administration and cooling
(25% w/v), low without major adverse effects
poloxamer
7, None
HT, 1. Mouse/C57 black 6 1. Moderate TBI, Feeney's BMSC and NGF 1. Into the lesion After 2 weeks: Wang-2022
Enzymatically cross- (C57BL/6) weight-drop method 2. 20 pL Survival and proliferation of [204]
linked 2. None 2. 20 g, height of 20 cm. Open 3. Micro-syringe neural cells through the
3.22-25¢ a 3 mm hole at midway 4.1 release of neurotrophic factors
4. None between Bregma/Lambda 5. 7 days after TBI and the regulation of
(medial edge 1.5 mm lateral to 6. 0.5 wt% neuroinflammation
midline). Use a craniocerebral 7. None
percussion device to hit
recisely at center of opening
HAMC 1. Rat/Sprague Dawley 1. Stroke (endothelin-1 Cyclosporine 1. Onto the brain's After 6 weeks: Tuladhar-
Physically cross- 2. None model of focal ischemia) and cortical surface Cyclosporine improved 2020 [205]
linked (Inverse 3. 300-350 g 2. 26G, Hamilton syringe erythropoietin 2. 6 L plasticity in the striatum
thermal gelation) 4. Isoflurane 3. None Erythropoietin stimulated
4.1 endogenous NSPCs
5. 4 days after the
stroke surgery
6. 1.4 wt/vol% HA
and 3.0 wt/vol%
MC
7. None
PNIPAAm-b-PLA- 1. Rat/Sprague-Dawley 1. Striatum (the coordinates Hydrophobic 1. Into the striatum After 1 week: Pertici-2018
bPEG-b-PLA-b- 2. adult were determined molecules; 2. 10 pL (flow rate: Hydrophobic molecules/drugs [206]
PNIPAAmM 3. 250-270 g according to Paxinos and riluzole 3.33 pL/min) can be efficiently loaded into
pentablock 4.Intraperitoneal, Watson, 2006) 3. 33G the micelle cores of this
copolymer, ketamine—xylazine 2. 6 mm for the dorsoventral 4.1 cytocompatible hydrogel
Thermosensitive (100 and 10 mg-kg—1) axis, 3 mm for the 5. Immediately without any drug burst release
mediolateral axis, and injected
—0.12 mm for the 6. 5wt % in PBS
rostrocaudal axis. 7. 7.4
A craniotomy (2 mm)2 at the
predefined coordinate points
using a power drill.
IKVAV- 1. Mouse/C57BL/6 1. The cryogenic focal brain None 1. None After 1 week: Pradhan-
functionalized PA, 2. 8-11 weeks injury model 2. None Enhanced neurite outgrowth 2018 [207]
Self-assembled 3. None 2. None 3. None Acted as a non-cytotoxic
4. 2.5% Avertin 4. None microtubule stabilizer
injected 5. None Increased crucial neural

(continued on next page)
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Table 1 (continued)

intraperitoneally at a 6. None marker expression in mice

dosage of 10 mg/mL 7. None cortical primary neurons led
to significant
neuroregeneration and rapid
recovery of the sham injured
mice brain
Significantly led to the neural
repair of the damaged brain
by increasing reactive
astrocytes in the hippocampal
dentate gyrus region of the
sham injured brain

Hydrogel Animal profile In vivo model Loaded Injection profile Results Year
composition, 1. Type 1. Type With 1. Site [ref]
preparation 2. Age 2. Other details 2. Volume

3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH

Gelatin, 1. Mouse/C57BL/6 1. Moderate TBI, Feeney's weight-drop = BMSC (5 x 1. Into the lesion After 5 weeks: Li-2021

Enzymatically 2. 6-8 weeks method 10* cells/ml) 2. 10 L Improved neurogenesis and [208]
cross-linked 3.21-23¢g 2. 20 g, height of 20 cm. Incision of 1 3. Micro-syringe functional reconstruction of

4.Intraperitoneal, 10% cm in the scalp, right skull exposure, 4.1 TBI mice

chloral hydrate (350 drill (3 mm diameter), the right of 5. Seven days after TBI Significantly increased

mg/kg) the midline of the posterior bregma 6. 8% wt neural differentiation, cell
(1.5 mm), brain tissue exposure, and 7. None viability, and neurotrophin
no damage. secretion

Gelatin 1. Rat/Sprague-Dawley 1. Intracerebral hemorrhage (via EGF (8 pg) 1. Brain cavity After 4 weeks: Lim-

Enzymatically 2. None collagenase injection into the 2. 25l Enhanced cell migration 2020
cross-linked 3.250-300 g striatum) 3. None supplied sustaining release of ~ [209]

4. None 2. None 4.1 EGF
5. After two weeks promoted tissue regeneration
6. 8 pg/uL
7. None
TM/PC 1. Mouse/ICR 1. TBI injury, Feeney's weight-drop Curcumin 1. Under the After 3 weeks: Qian-
Self-assembled 2. 5 weeks method endocranium Decreased reactive astrocytes 2021
3. None 2. 40 g, height of 7.5 cm, a 4 mm 2. 20 pL and activated microglia [210]
4. TIsoflurane (3.5% diameter footplate, 3. None had a strong anti-
induction and 1.5% 9 needles at the exact location, a 3 x 3 4. 1 inflammatory effect
maintenanc) grid with 3 mm deep, spaced 1 mm 5. None promoted nerve regeneration
in width and 1 mm in height 6. 20 mg/mL total
PPS120 and Cur with a
ratio of 8: 2 (w/w)
7. None
DCH 1.Immunodeficient 1. Intracranial xenograft model of Paclitaxel 1. Injected stereotactically ~ After 5 weeks: Garrett-
Self-assembled mice/C57Bl6 glioblastoma in immunodeficient and hGBM into the center of the Made local tumor controland 2020
2. 8-14 weeks mice (100,000 caudate-putamen nucleus enhanced survival. However, [211]
3. None 2. None cells) 2.2 L tumor cells could escape the
4. Isoflurane 3. Pulled glass area of treatment

micropipettes ground toa  Produced minimal tissue
beveled tip with 150-250  reactivity

pm inner diameter Induced less cellular

4,2 inflammation, reactive

5. None astrocytes, and tissue

6. 3 Wt% damage than cremaphor-
7. None taxol (typical taxol-carrier)

or hydrogel alone

DHC: hyaluronan-collagen hydrogel; BME: bone marrow mesenchymal stem cell-derived exosomes; TBI: traumatic brain injury; PEDOT: Poly(3,4-
ethylenedioxythiophene); HA-PBA/Gel-Dopa: penylboronic acid modified hyaluronic acid/dopamine modified gelatin, FPGEGa: poly (citrate-gallic acid)-based
hybrid hydrogel; SHED-Exo: stem cells from human exfoliated deciduous teeth-derived exosomes; DF-PEG: dibenzaldehydeterminated polyethylene glycol; GelMA:
gelatin methacryloyl); PCL: polycaprolactone; MCAO: middle cerebral artery occlusion; Ncad-mRADA: N-cadherin tagged with mRADA; DDIKVAV: aspartate-
aspartate-isoleucine-lysine-valine-alanine-valine; Fmoc: Nfluorenylmethyloxycarbonyl; IKVAV: isoleucine-lysine-valine-alanine-valine; RADA: arginine (R, Arg),
alanine (A, Ala) aspartic acid (D, Asp), alanine (A, Ala); SVVYGLR: Serin-Valanin-Valanin-Tyrosine-Glycine-Leusin-Arginine; CNS: the central nervous system; NPCs:
neural progenitor cells; SAP: self-assembling injectable peptide; hESCs: human embryonic stem cells; CS-CNF: chitosan—cellulose nanofiber; NSCs: neural stem cells;
VEGF: vascular endothelial growth factor; CS-HA: chitosan-hyaluronan; GelMA-imid: imidazole groups-modified gelatin methacrylate; PDA: polydopamine; SDF-1a::
stromal-cell derived factor-1; hAMSCs: human amniotic mesenchymal stromal cells; ICH: intracerebral hemorrhage; Pol: poloxamer; T1AM: 3-iodothyronamine; BBB:
blood-brain barrier; HA: hyaluronic acid; CNS: central nervous system; HT: tyramine-modified hyaluronic acid hydrogels; GalOx: galactose oxidase; HRP: horseradish
peroxidase, BMSC: bone mesenchymal stem cells; NGF: nerve growth factors; HAMC: hyaluronan and methylcellulose; PEG: poly (ethylene glycol); CFGO: choline-
functionalized injectable graphene oxide; SA: sodium alginate; ChOx: choline oxidase; EGF: epidermal growth factor; DCH: diblock copolypeptide hydrogel,
hGBM: human glioblastoma.
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natural component of the ECM [71,107,180]. Because of batch-to-batch
variation, low mechanical stiffness, and purification of natural hydrogels,
synthetic and semi-synthetic materials such as PEG, SAP, and other
polymers were developed for the synthesis of injectable hydrogels [181].

The brain and spinal cord are highly spatially complicated anatomical
structures with various design needs for regeneration outcomes. The
spatial architecture of axonal bundles differs significantly between the
brain and spinal cord, even though their bulk mechanical characteristics
are identical [182]. So, to promote proper cellular regeneration and
axonal tract reconstruction in the brain and spinal cord, structural
recapitulation of soft tissue organization is necessary [26].

Recent works using hydrogels in neural tissue engineering include
developing brain tissue phantoms, bioprinting a 3D neurovascular unit,
and examining cellular cascades linked with brain injury [183-185]. For
example, it has been reported that methylcellulose (MC)/agarose com-
posite thermosensitive hydrogel maintains the viability of neuronal cells
so that it can be a promising hydrogel for neural tissue engineering [186].
Another thermosensitive hydrogel that can be an excellent example for
CNS tissue engineering is PNIPAAm. It has been shown that the incor-
poration of this hydrogel with PEG could help excellent cell adhesion and
sustain the release of growth factors in long-term CNS treatment [187].

So, biocompatible and biodegradable hydrogels that may stimulate
axonal regeneration and reduce inflammation are ideal for CNS repair
[188].

3.3.1. Injectable hydrogels for brain injury repair and regeneration
A variety of causes, such as stroke, aneurysms, and trauma can induce

In situ micro injection o
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brain injury. Healthy cells in the injured brain need structural support
(such as their natural ECM) to grow and regenerate brain tissue. The
mentioned properties of hydrogels make them interesting for use in brain
damage repair as a scaffold or structural support [26].

Table 1 highlights the application of synthetic (e.g., SAP and PEG)
and natural (e.g., hyaluronan, alginate, and ECM hydrogels) hydrogels
that have been used in preclinical models to repair and regenerate brain
tissue injury.

Various injectable SAP hydrogels have recently been employed for
brain tissue engineering [1]. These kinds of hydrogels that are sponta-
neously organized with non-covalent (physical) interactions are made up
of self-assembling proteins that are incorporated into natural, synthetic,
or hybrid hydrogels [212]. A variety of in vitro models for researching
various brain disorders (e.g., TBI) have been built using hydrogels
coupled with neural progenitor/stem cells (NPCs). In recent years,
adjustable hydrogels have been improved to promote cell survival and
tissue function in brain damage situations [26].

A TBI leaves brain tissues with extensive damage that cannot be
repaired without glial scar formation. The poor differentiation capacity
and survival of stem cells limit their effectiveness in treating TBI-induced
brain tissue injury. So, several injectable hydrogels were developed to
solve this issue and improve stem cell therapy efficacy [202]. In a recent
study, an injectable hyaluronic acid hydrogel with reactive oxygen spe-
cies scavenging activity was developed for TBI repair (Fig. 4) [213].

Also, using injectable hydrogels is one of the new ideas for developing
stroke treatment over the last decade. They can promote the stem cells
integration and delivery of biological factors or drugs to the post-stroke
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Fig. 4. An in situ forming hyaluronic acid hydrogel with reactive oxygen species-scavenging activity by inhibiting oxidative stress and neuroinflammation in trau-

matic brain injury (TBI) repair. a) Schematic showing neural functional repair in

TBI model by hyaluronic acid-tyramine combined with gallic acid-grafted hyaluronic

acid (HT/HGA) hydrogel injection by removing free radicals and changing microglial polarization from M1 (pro-inflammatory phenotype) to M2 (anti-inflammatory

phenotype). Neurogenesis and brain tissue remodeling were observed after 21 d

ays of treatment by b) western blot, c) relative gene expression of NFL, NSE, NeuN,

B-III tubulin, and d) imaging of TBI mice brain and hematoxylin and eosin stain (H&E) staining. e) Lesion volume of the TBI mice brain. f) Immunofluorescence
staining (IF) of Ki67 and NeuN. The learning and memory abilities were assessed via the Morris water maze (MWM) behavior test, including g) swimming trails, h)
escape latency, i) time in the target zone (I quadrant), j) the number of site crossings [213]. Copyright 2022 Elsevier.
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Fig. 5. Silk fibroin (SF)-based hydrogel with sustained delivery of hydrogen sulfide decreases neuronal pyroptosis and improves functional retrieval for severe
intracerebral hemorrhage. a) Schematic demonstrates the development of SF injectable hydrogel for intracerebral hemorrhage (ICH) treatment and shows the effective
role of hydrogen sulfide sustained release in improving neuronal functionality. b) A hypothetical illustration proposes two possible ways (direct or indirect effect) for
H2S@SF. In this study, significant improvement in neurological functional outcome was achieved with the H2S@SF hydrogel by the endogenous H2S synthesis
pathway as an indirect effect (because adding H2S synthase inhibitor O-(Carboxymethyl) hydroxylamine hemihydrochloride (AOAA) significantly increased the
expression of pyroptosis-related proteins in the striatum). c¢) The timeline of all experiments is shown at a glance. d) The retrieval of ICH-induced motor function,
mental function, and cognitive function was improved by injecting H2S@SF hydrogel into the ICH. e) The ratio of ICH volume was evaluated after 21 days by T2-
weighted imaging (T2WI), indicating a decrease in mice brains injected with H2S@SF hydrogel. The zone with irregular T2WI signals and its related zone is spec-
ified (yellow) on the ipsilateral side. Stars (), injected hydrogel (**P < 0.01 vs. ICH group) [214]. Copyright 2022 Elsevier.

brain in a regulated manner [1]. A study showed the beneficial effect of
sustained slow release of hydrogen sulfide (H,S) with silk-based inject-
able hydrogels for hemorrhagic stroke (Fig. 5) [214].

ECM hydrogels are a form of thermosensitive natural hydrogels that
can be liquid at ambient temperature but solidify at 37 °C [60,215].
According to the findings of studies, such materials, with their ECM
composition, can mimic natural tissue and promote brain tissue regen-
eration following a stroke in rats by helping to induce effective and rapid
host cells (e.g., NPCs, microglia, and macrophages) infiltration [71]. The
effective role of an anti-inflammatory electroconductive injectable
hydrogel with self-healing properties for Parkinson's disease (PD) has
also been reported in a recent study (Fig. 6) [216].

A study recently proposed a novel method of adding bone marrow
mesenchymal stem cell-derived exosomes (BME) into hyaluronan-
collagen hydrogel (DHC-BME) to produce both brain matrix mimicry
and steady release of exosomes, therefore achieving TBI healing. The
findings demonstrated that DHC-BME triggered neurogenesis and
angiogenesis by recruiting endogenous NSCs. Moreover, remyelination,
axonal regeneration, synapse formation, the inhibition of glial scar, brain
structural remodeling, and remarkable functional recovery (e.g., motor,
sensory, reflex, balance, and spatial learning and memory) were achieved
in the TBI rat model (Fig. 7) [189].

It has been mentioned that some of the challenges raised in injectable
hydrogels occur due to the imbalance of stiffness, composition, and
viscoelasticity of hydrogels compared to the brain parenchyma. In this
regard, a study reported phenylboronic acid-grafted hyaluronic acid/and
dopamine-grafted gelatin (HA-PBA/Gel-Dopa) as a multi-functional
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injectable hydrogel mimics these features and can boost neural cell
infiltration, reduce glial scarring, and close the lesions in a TBI mouse
model [190].

Chitosan (CS)/p-glycerophosphate ($-GP) hydrogels have undergone
significant research and demonstrated regeneration potential in various
tissues, including cartilage and bone tissue engineering. However, not
many studies have investigated the potential of CS/p-GP as injectable
hydrogels for nerve tissue engineering. Within this context, a step was
taken in a recent in vitro study to optimize the best percentage of CS/
B-GP as an injectable hydrogel for nerve tissue engineering applications.
Based on their biocompatibility, gelation time, and physiochemical
properties, the 0.5%:3% and 0.75%:3% CS/f-GP hydrogels were pro-
posed as suitable concentrations [217].

Some studies believe that local inflammation and excessive oxidative
stress at the site of injury are two important determinants in treating TBI.
In line with this, antioxidant poly (citrate-gallic acid)-based hybrid
hydrogel (FPGEGa) that stem cells from human exfoliated deciduous
teeth-derived exosomes (SHED-Exo) was used for a TBI rat model. Sig-
nificant anti-inflammatory properties of FPGEGa@SHED-Exo were re-
ported due to M1 (pro-inflammatory) inhibition and M2 (anti-
inflammatory) promotion. This thermosensitive injectable hydrogel
dramatically reduced the formation of intracellular ROS (caused by
microglia) and enhanced neuro-regeneration by restoring motor func-
tions [192].

A study indicated a novel composite scaffold containing a self-healing
Schiff base injectable hydrogel and GelMA/Polycaprolactone (PCL)
nanofibers loaded with BMSCs (hydrogel/nanofiber/BMSCs)
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Fig. 6. Anti-inflammatory electroconductive hydrogel for Parkinson's disease with self-healing property. a) The self-healing O-carboxymethyl chitosan (CMC)/DAPU/
gold nanoparticles (Au-NPs) hydrogels (CDAHs) hydrogels have the capability to be injected with a 30G syringe needle to write letters (internal diameter = 152.4 pm).
b) These hydrogels can be used to fill star-shaped molds. c) The atlas of the rat brain indicates the locations of the striatum, substantia nigra pars compacta (SNpc), and
immunostaining types. The behavior tests of the PD rats after hydrogel injection for 7 and 14 days; d) the spontaneous circling speed (red arrow: circling direction) and
e) the cylinder asymmetry (red arrow: forelimb contact). f) The schematic illustration presents the treatment of the Parkinson's disease rat model by injecting CDAH
hydrogels into the damaged regions for 7 and 14 days. The PD was inducted via injecting 6-hydroxydopamine (6-OHDA) into the brain of rats. The efficacy of the
hydrogels was assessed with immunofluorescent analyses and behavior tests. g, h) Functional recovery was quantitatively evaluated for the circling speeds and the
impaired forelimb contact [216]. Copyright 2022 Elsevier.
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Table 2
Injectable hydrogels for spinal cord tissue engineering.
Hydrogel composition, Animal profile In vivo model Loaded Injection profile Results Year [ref]
Preparation 1. Type 1. Type With 1. Site
2. Age 2. Other details 2. Volume
3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH
IKVAV-functionalized PA, 1. Rat/Wistar 1. Clip compression =~ BDNF 1. Into the lesion After 6 weeks: Hassanejad-
Self-assembled 2. Adult 2. 134 g aneurysm 2. None Minimal inflammation 2019 [23]
3. 160-200 g clip/T7-T8 3. 29-gauge needle, Appropriate for presenting axons
4. Ketamine (90 Hamilton syringe
mg/kg) and 4.1
xylazine (10 mg/ 5. 24 h after TSCI
kg) 6. 1%
7. 76
SF/PDA, 1. Rat/Sprague 1. 3 mm lateral None 1. Into the injury site After 2 weeks: Chen-2020
Schiff base reaction; Dawley hemisection 2. None Enhanced the development of [218]
Self-polymerization 2. Adult 2. T9-10 3. 21-gauge needle neurons
3.220¢g 4.1 Possessed a healing impact on spinal
4. 10% chloral 5. Immediately injected  cord injury
hydrate solution 6. 2 mg/mL
(0.3 mL/100 g) 7. 85
SHIELD 1. Rat/Fischer 344 1. Contusion Schwann cell 1. Into the lesion After 4 weeks: Marquardt-
Michael addition reaction; (F344) 2. 75 kDy/C5 (4.5 x 10° 2. 4L Decreased neuronal damage, 2020 [219]
Thermosensitive; Self- 2. 8-10 weeks cells) 3. 33-gauge Hamilton secondary injury, and cystic
assembled 3. None syringe, automated cavitation
4. 1-3% isoflurane device Contributed to cell transplantation
in oxygen 4.1 outcomes
5. After 2 weeks of Improve functional efficiency as a
recovery result of increased forelimb strength
6. 10 % wt & 6.5 mM and coordination
cell-adhesive
peptides
7. None
Acellular peripheral nerve 1. Rat/Sprague 1. Contusion None 1. Into the lesion After 8 weeks: Cornelison-
graft, Thermosensitive Dawley 2. 200 kDy/C3-4 2. 6 pL (flow rate: 1 pL/  Less invasive and more efficacious 2018 [220]
2. None min) substrate for combined SCI therapy
3. 250-300g 3. 34-gauge needle Enhanced neuronal regeneration and
4. Isoflurane 4.1 the fraction of distal spinal cord
5. 1 week after injury axons covered
6. 16.5 mg/mL After 1 week,
7. None Reduced M1:M2 macrophage ratio in
subacute SCI microenvironment
PD/GO, 1. Rat 1. Moderate Diacerein 1. In situ After 4 weeks: Zhang-2020
Non-covalent crosslinking 2. None crushing 2. 500 pL Regulated the hyperactivity and [221]
3. None 2. Vascular clip for 3. Microsyringe inflammation of the brain's
4. Isoflurane 1 min/30 g forces/ 4.1 astrocytes in vitro and induced the
T9 5. Immediately injected ~ SCI repairing in vivo
6. 10 mM
7. 74
Hydrogel Animal profile In vivo model Loaded Injection profile Results Year [ref]
composition, 1. Type 1. Type With 1. Site
preparation 2. Age 2. Other details 2. Volume
3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH
HA/PEG, 1. Rat/Sprague-Dawley 1. Moderatel compression BDNF 1. Into the intrathecal After 4 weeks: Furhrman-
Click chemistry cross- 2. None 2. 21 g modified aneurysm clip PLGA space Biocompatible, safe 2015 [152]
linked 3. 260-350 g for 1 min/T2 nanoparticles 2. 10 pL and low-swell
4. None 3. Customized 30G, The spinal cord was
22 mm long blunt not harmed as a result
needle, Hamilton of the intrathecal
syringe injection
4.1
5. Immediately
injected
6. 10 mg of HA-furan
with 7 mg of (MI)
2PEG
7. None
1. Rat/Sprague-Dawley 1. Moderate crushing aFGF 1. Into the lesion
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HP hydrogel, 2. Adult 2. Vascular clip for 1 min/30 g 2. 10l After 1 week: Wang-2017
Thermosensitive 3. 220-250 g forces/T9 3. Microsyringe, Decrease apoptosis of [222]
4. 8% (w/v) chloral orthotopically neurons and
hydrate (3.5 mL/kg injected astrogliosis
4.1 After 4 weeks:
5. Immediately Improved neurite
injected growth, axonal
6. 2 pg/pl rehabilitation, and the
7. None healing of SCI
I-5, 1. Rat/Sprague-Dawley 1. Contusion Taxol (1 pg/pl) 1. Into the center of After 8 weeks of injury ~ Hong-2017
Thermosensitive 2. Adult 2. 200 kDy was performed with or siRNA the contused area (7 weeks after [223]
3. 250-300 g the Infinite Horizon impactor/  nanoparticles 2. 10l injection):
4. 4% chloral hydrate (10 T10-T11 3. 26 G Hamilton Improved coordinated
ml/kg, injected syringe, injected locomotion
intraperitoneally) manually Induced beneficial
4.1 extracellular matrix
5. 1 week after the remodeling that can
contusion injury stimulate tissue repair
6. 10%
7. None
Alginate, Ion- 1. Rat/Wistar 1. Lateral hemisection-2. Left of MH (50 pg) and 1. Into the lesion After 4 weeks: Nazemi-
sensitive 2. Adult the spinal cord (made with a paclitaxel (7.168 2. 40 pL (flow rate: 4 Dual-drug treatment 2020 [224]
crosslinking 3. 220-280 g surgical blade). A gap at the Hg) pL/min) reduced inflammation
4. Intraperitoneal length of 2-4 mm alongside the 3. 30G, Hamiltonian and scar tissue.
injection, ketamine rostral-caudal axis that was syringe Increased neuronal
(100 mg/kg) and extended to the midline/T8-T10 4.1 regeneration
xylazine (10 mg/kg) 5. After 5 min from
the injury
6. 2 mg/mL
7. None
Modified gelatin 1. Mice/C57 1. Artificially induced SCI Motor neurons 1. Into the lesion After 4 weeks: Wang-2018
matrix integrated 2. 10 weeks 2. A small chunk of tissue (2.0 x derived from 2. 2L Increased tissue [225]
with shape- 3.20¢g 1.0 x 1.0 mm) from the spinal ~ ESCs (1 x 10° 3. None regeneration and
memory polymer 4. Pentasorbital sodium cord was partially removed cells) 4.1 motor function
fibers, 0.1% (using a stereotactic 5. Immediately recovery in mice
UV-sensitive instrument mounted with a injected
crosslinking 22G syringe needle/T11-T12 6. 12% gelatin
7. 74
Hydrogel Animal profile In vivo model Loaded Injection profile Results Year [ref]
composition, 1. Type 1. Type With 1. Site
preparation 2. Age 2. Other details 2. Volume
3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH
CHA gel, 1. Rat/Sprague-Dawley 1. Weight-drop impact None 1. Into the epicenter After 1 week: Han-2020
Schiff base reaction 2. 10 weeks 2. Using a 40-g rod, 2.5 of the injured Leads to neuroinflammatory [226]
3. 210-240 g mm in diameter, from a spinal cord inhibition
4. Intraperitoneal height of 30.5 mm/T9 2. 10 pL
injection,10 mg/kg 3. 26-gauge microliter
Rompun & 50 mg/kg of syringe, Hamilton
Zoletil 50 4.1
5. Immediately
injected
6. 2% glycol chitosan
and 3% oxidized
hyaluronate (ratio:
9:1)
7. 74
HA-PH-RGD/F, 1. Rat/Wistar 1. Hemisection hWJ-MSCs 1. Into the lesion After 8 weeks: Zaviskova-
Enzymatically 2. None 2. Cavity-right half of 2. 5L Bridged the lesion cavity, helped 2018 [227]
cross-linked 3. 250-300g spinal cord segment (2 3. Omnican Insulin vascularization, and enhanced axonal
4. Pentobarbital mm long)/T8 syringe sprouting into the lesion
anaesthesia (60 mg/kg) 4.1 No locomotor recovery or blood
5. Immediately vessel ingrowth and density of glial
injected scar around the lesion
6. 20 mg/ml
7. None
BC/FB, 1. Rat/Sprague-Dawley 1. The dorsal column was Decorin 1. Into the lesion Functional recovery was assessed at Matthews-
Thermosensitive 2. 6-8-week crushed bilaterally 2. 5pL (3.5 pL gel + baseline, 2 days, and weekly for 6 2021 [228]
3. 170-220 g 2. Using watchmaker's 1.5 Decorin) weeks.
4. Buprenorphine, 5% forceps/T8 3. None After 6 weeks:
Isofluorane, 4.1 Cavitation was fully inhibited, and
maintenance 2% 5. Immediately lesion sites became filled with
isofluorane injected extracellular matrix materials and
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. 3 mg/ml BC/4 mg/

ml FB (BC/FB, 1:3
ratio)

injury-responsive cells
Up-regulated regeneration-
associated genes (RAGs) of dorsal

7. None root ganglion neurons (DRGN),
increased local axon regeneration/
sprouting
Improved electrophysiological,
locomotor, and sensory function
recovery
GelMA, 1. Rat/Sprague-Dawley 1. Weight-drop Bone MSCs- 1. Into the lesion After 6 weeks: Cheng-2021
UV-sensitive 2. Adult 2. 10 g impact rod was derived 2. None Led to neurological functional [229]
crosslinking 3. None dropped at the center exosomes 3. None recovery
4. None above T10 from a 4.1 After 7 days of cell culture:
height of 25 mm/T10 5. None Induced Tuj-1-positive neurons
6. None differentiation, decreased astrocyte
7. None scars, and increased axonal
elongation
RADA-16]I, Self- 1. Rat/Sprague-Dawley 1. Contusion human 1. Into the lesion After 2 weeks: Tran-2022
assembled 2. Adult 2. 150 kDy/C5 MSCs 2. 10 pL Led to axon elongation at the location ~ [230]
3. 225-250 g 3. None of a spinal cord lesion
4. Isoflurane 5% 4.1 Providing topological cues as
5. 2 weeks after the guidance for axon alignment
contusion injury
6. 0.1 wt% MP/1 mg
mL—1 RADA-161
7. 74
Hydrogel composition,  Animal profile In vivo model Loaded Injection profile Results Year [ref]
preparation 1. Type 1. Type With 1. Site
2. Age 2. Other details 2. Volume
3. Weight 3. Needle grade
4. Anesthetic 4. Repetition
5. Time
6. Concentration
7. pH
AHA/DTP, 1. Rat 1. None NSCs 1. Into the lesion After 1 week: Yu-2023,
Schiff base cross-linked 2. None 2. None 2. None Can help neural stem cells Li-2022
3. None 3. Needle with outer differentiate into neurons [231,232]
4. None diameter: 600 pm Bridged the lesion cavity, and
4. 1 promoted angiogenesis,
5. Immediately injected remyelination, and neural
6. 10% (w/v) AHA/1.6, regeneration
6.5, and 26 mg/mL DTP Leads to promote motor
(ratio: 1:1) functional recovery
7. 74
BOCPG, Schiff base 1. Rat/Sprague- 1. Contusion, NSCs 1. Into the lesion Enhanced neuronal Luo-2022
cross-linked and non- Dawley 2. 200 kDy (Infinite 2. 5L differentiation, promoted axon [233]
covalent crosslinking 2. Adult Horizon IH-0400 3. 26-gauge needle outgrowth, and inhibited
3. 280-300 g impactor)/T9-T10 4.1 astrocyte differentiation
4. Xylazine (5 mg/ 5. After 1 week After 6 weeks:
kg)/ketamine (70 6. 1%, 3%, and 5% (w/v) Activated endogenous NSCs
mg/kg) BOCP/30% (w/v) Gel neurogenesis and induced
7. None myelinated axon regeneration
into the injury site in vivo
Leads to promote locomotor
functional recovery
Ibuprofen-KYIGSRK, 1. Rat/Sprague- 1 Semi-transection None 1. Into the lesion Enhanced DRG neurons adhesion ~ Zhang-
Michael addition Dawley 2. At left T10 region of 2. None and neurite extension 2022
reaction 2. Adult the spinal cord/T9- 3. None After 4 weeks: [234]
3.200g T11 4.1 Decreased glial scars and
4. None 5. Immediately injected increased neurites
6. None Leads to promote motor
7. None functional recovery.
Remarkably suppress
inflammatory responses and
enhance nerve regeneration
PLEL, 1. Rat 1. Clip compression EVs 1. Into the lesion After 4 weeks: Zhang-
Thermosensitive 2. Adult 2. With arterial clamp 2. 10 pL Can reduce the local 2022
3.200¢g for 1 min/T9-T10 3. None inflammation and the apoptosisof ~ [235]
4. Pentobarbital 4.1 neural cells
solution (30 mg/ 5. Immediately injected Leads to promote motor
kg) 6. 25 wt% functional recovery.
7. None Providing topological cues as
guidance for axon alignment
cfGel, 1. Rat/Sprague- 1. Transection NSCs 1. Into the lesion Enhanced neuronal Qi-2022
Thermosensitive Dawley Cetuximab 2. None differentiation, and inhibited [236]
2. Adult FTY720 3. None astrocyte differentiation
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Cut 2 mm with
microsurgical
scissors/T9-T10

3. 200-250 g 2.
4. Pentobarbital

solution (50 mg/

kg)

4.1 After 10 weeks:
5. Immediately injected Promoted integration and
6. 4-arm-PEG-NHNH2 (12 neuronal differentiation of NSCs
mg/mL) and o-Dex (8 Enhanced axonal regeneration
mg/mL) (ratio: 1:1) and inhibited glial scar formation
7. 7.4 Exhibited functional
improvement

PA: peptide amphiphile; SCI: spinal cord injury; BDNF: brain-derived neurotrophic factor; SF/PDA: silk fibroin/polydopamine; SHIELD: shear-thinning hydrogel for
injectable encapsulation and long-term delivery; Col-I: collagen type I; LN-I: laminin I; HA: hyaluronic acid; GO: graphene oxide; PD/GO hydrogel: GO sheets with
4arm-PEG-diacerein, donated as PD hereafter; 4arm-PEG-diacerein: four-armed polyethylene glycol functionalized with an anti-inflammatory drug, diacerein; PLGA:
poly (lactic-co-glycolic acid); HP: heparin-poloxamer; aFGF: acidic fibroblast growth factor; I-5: imidazole-poly(organophosphazenes); MH: minocycline hydrochloride;
ESCs: embryonic stem cells; CHA gel: glycol chitosan cross-linked with an oxidized hyaluronate hydrogel; HA-PH-RGD/F: a hydroxyphenyl derivative of hyaluronic
acid modified with the integrin-binding peptide RGD and combined with fibrinogen; hWJ-MSCs: human Wharton's jelly-derived mesenchymal stem cells; BC/FB:
bovine collagen and fibrinogen; GeIMA: gelatin methacrylate; MSCs: mesenchymal stem cells; RADA: arginine (R, Arg), alanine (A, Ala) aspartic acid (D, Asp), alanine
(A, Ala); RADA-161: [Ac-(AcN-ArgAlaAspAla),-CONH,]; AHA/DTP: aldehyde-modified hyaluronic acid/3, 3’ -dithiobis (propionyl hydrazide); NSCs: neural stem cells;
BOCPG: BOC-doped polypyrrole with gelatin; BOC: borax-functionalized oxidized chondroitin sulfate; Gel: gelatin; KYIGSRK: lysine-tyrosine-isoleucine-glycine-serine-
arginine-lysine;; DRG: dorsal root ganglion; PLEL: poly (d, 1-lactide)-poly (ethylene glycol)-poly(d,l-lactide); EVs: M2 microglia derived extracellular vesicles; cfGel:
dual-drug (Cetuximab-FTY720) enhanced hydrogel; Cetuximab: an epidermal growth factor receptor signaling antagonist, FTY720: fingolimod, a first-in-class

sphingosine 1-phosphate receptor modulator.

significantly increased neurogenesis and angiogenesis and reduced
ischemic brain damage, infarct volume, microglial and astrocyte over-
activation, and neurological deficits. PCL was the shell polymer, and
GelMA was the core polymer of the nanofibers [193].

Using biomaterials to boost the migration of neuroblasts derived from
endogenous NSCs is a novel and promising strategy to improve brain
repair after injury. However, there are so few scaffolds that lead to
neuroblast migration. Thus, sending enough neuroblasts to far-distant
damaged locations is challenging. Recently, an amphiphilic peptide
[(RADA)3-(RADG)] (mRADA)-tagged N-cadherin extracellular domain
(Ncad-mRADA) was designed to address this problem. Ncad-mRADA
peptide was injected into the striatum (a deep brain region), promoting
neuroblast migration, neuronal regeneration, and functional recovery in
neonates with cortical brain damage. These self-assembling peptides
were proposed as a new approach to CNS regenerative medicine [194].

Brain NPCs respond to the electric field by cathodal migration, dif-
ferentiation, and proliferation. Recruiting the potential of NPC is a
promising approach to speed up neural repair after TBI or brain disor-
ders. Current electrode designs, which are typically made of stiff
conductive metals that can cause neuroinflammation after implantation
in part due to the mechanical mismatch between implanted materials and
physiological conditions, limit the use of electric fields to activate NPCs.
In a study, alginate/PEDOT, a novel injectable biobased soft electrode
with appropriate electrical stimulation characteristics, indicated a suit-
able blend matches with the brain tissue and negligible activation of
inflammatory cells compared to traditionally used platinum-based elec-
trodes [191].

Along with the positive results of many studies, some hydrogels have
disadvantages, such as hypoxia, which can lead to poor cell differentia-
tion, survival, and functional integration due to the absence of a vascular
network. Hybrid myoglobin: peptide was recently presented as a
hydrogel that could supply oxygen and stem cells to the brain simulta-
neously to assist engraftment until spontaneous vascularization occurs,
resulting in a considerable improvement in neuronal differentiation.
Moreover, including myoglobin in the hydrogel resulted in greater
innervation of the host tissue by the grafted cells, which is required for
neuronal replacement procedures to ensure adequate synaptic formation.
It was mentioned that this strategy could improve the functional inte-
gration of stem cell-derived grafts for treating central and peripheral
nervous system injuries and disorders [195].

3.3.2. Injectable hydrogels for spinal cord applications

Ischemia and inflammation after SCI cause changes in biochemical
pathways and subsequently create secondary responses such as demye-
lination, axon degradation, the pro-apoptotic activity of neural cells, glial
scar, and loss of spinal cord function [181]. In this case, the technology of
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injectable hydrogels is particularly important because of their properties,
such as the ability to provide the specific anisotropic microenvironments
of the spinal cord and the ability to control cell behavior and therapeutic
release of biomolecules with chemical modification (Table 2) [26].

SAPs, as previously stated, are effective injectable hydrogels for CNS
regeneration due to their chemical properties and stimulus-sensitive
formation [23]. The use of dopamine (DA)-based injectable hydrogels
have recently shown promise in an increasing number of soft tissue en-
gineering applications such as spinal cord regeneration. In a study, an
injectable silk fibroin/polydopamine (SF/PDA) composite hydrogel was
created via a Schiff base reaction followed by self-polymerization and
was employed in a rat model of SCL. The data showed that using this
hydrogel as an SCI implant could promote the spinal cord's functional
recovery (Fig. 8). DA plays the role of cross-linker in these kinds of
hydrogels. As well as DA-hyaluronic acid composite hydrogels that have
antioxidant activity and pH responsibility, researchers produced the
self-healing polyallylamine polymer hydrogels based on DA for SCI tissue
engineering [218]. To significantly improve a cervical contusion model
of SCI, A shear-thinning has been developed, injectable hydrogel that
quickly self-heals to dramatically increase the survival and therapeutic
effectiveness of transplanted SCs as a combined therapy for the treatment
of SCI (Fig. 9) [219].

Moreover, Scientists used magnetically-responsive (MR) self-
assembling peptide hydrogels to make injectable and patternable scaf-
folds. They introduced a mixture of RADA-16I [Ac-(AcN-ArgAlaAspAla)-
CONHzy] self-assembling hydrogels and human MSCs into a rat model of
spinal cord damage to see whether or not the cells aligned magnetically.
The findings confirm that MR hydrogels can facilitate the axon elonga-
tion and alignment at the site of SCI, thereby offering a practical method
for regulating the topology of injectable scaffolds [230].

Furthermore, researchers developed an injectable self-healing hyal-
uronic acid-based hydrogel with higher hydrolytic stability for nerve
restoration. AHA/DTP (aldehyde-modified hyaluronic acid/3, 3
-dithiobis (propionyl hydrazide)) hydrogels were produced by the Schiff
reaction between AHA and DTP using a dual syringe injector system. By
bridging the spinal cord lesion cavity and creating an optimal microen-
vironment for cellular activity, such hydrogels can assist in SCI repair by
encouraging angiogenesis, remyelination, and neuronal regeneration. In
conclusion, their data showed that the hydrogels had the potential to aid
in the recovery of locomotor function in rats with SCI (Fig. 10) [231,
232]. In a work, scientists combine electroconductive and biocompatible
ECM-based hydrogels to design spinal cord tissue engineering materials
for traumatic SCI. To create injectable, electroconductive, and
self-healing, ECM-based hydrogels, they mixed borax-functionalized
oxidized chondroitin sulfate (BOC), BOC-doped polypyrrole (BOCP),
and gelatin (Gel) at physiological conditions. Noncovalent electrostatic
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[218]. Copyright 2022 Elsevier.

interactions and dynamic covalent chemistry (borate-diol ester bonds
and Schiff-base) combine to generate the hydrogel. The data indicated
that this electroconductive extracellular matrix hydrogel could increase
axon elongation, and enhance neuronal differentiation, but suppress
astrocyte differentiation in vitro. In rats with spinal cord damage, this
kind of hydrogel stimulated endogenous NSCs neurogenesis, myelinated
axon regeneration at the damaged site, and finally restored locomotor
function [233].

A recent study provides a practical in situ synthesis approach of
injectable peptide functionalized hydrogels for spinal cord injury treat-
ment. They reported ibuprofen-KYIGSRK conjugated soft hydrogels
prepared by in situ Michael addition reaction. This soft injectable
hydrogel promoted DRG neurons adhesion and neurite extension in vitro,
and also could drastically reduce inflammatory reactions, fill up unusual
cavities to prevent glial scar creation, enhance nerve regeneration, and
improve motor functional recovery in vivo [234].

The therapeutic application of acellular nerve grafts for peripheral
nerve healing has just emerged [221]. These kinds of nerve grafts have
recently been used experimentally with some success in the spinal cord
and suggested that they may also have the translational potential [224].

Actually, decellularization eliminates the risk of immunological
rejection [237] but integrating an intact graft into the spinal cord may
necessitate the unwanted removal of healthy tissue. So, tissue engi-
neering is increasingly using injectable acellular hydrogel formulations
to provide an efficient and practically applicable scaffold for spinal cord
regeneration and healing. Therefore, since ECM-mimicking injectable
hydrogels can promote the efficacy of cellular therapy [238], finding an

injectable hydrogel scaffold to help different cell therapies in SCI clinical
trials better might have significant clinical implications [220]. It has been
showed that the imidazole-poly (organophosphazenes) (I-5) hydrogel
with thermosensitive sol-gel transition behavior in a clinically relevant
rat SCI model could almost completely eliminate cystic cavities (Fig. 11)
[223].

Also, a thermosensitive injectable decellularized tissue scaffold from
rat peripheral nerve tissue called injectable peripheral nerve (iPN) was
produced in a study as a potential minimally invasive treatment to fill
spinal cord lesion gaps after injury. The findings indicate that iPN
hydrogels can promote neural cell survival. So, this kind of hydrogel can
use in combination therapy for neural tissue healing after SCI [239].
Some researchers encapsulated M2 derived EVs (microglia derived
extracellular vesicles) into poly (d, l-lactide)-poly (ethylene
glycol)-poly(d,l-lactide) PLEL hydrogel to fabricate an injectable, ther-
mosensitive, anti-apoptotic, and anti-inflammatory hydrogel system. The
results indicate that this EVs-loaded thermosensitive hydrogel can ach-
ieve local and sustainable release, and therefore can suppress local
inflammation and neuronal apoptosis in the SCI site because of its
anti-inflammatory and neural protective feature [235].

Normally in a healthy body, neurons use electrical signals to
communicate with one another and other cell types, but in SCI, blood
cells migrate to the damage site, inhibiting neuronal cells' migration and
proliferation and disrupting signal transduction [221]. Also, one of the
new and promising ways to treat spinal cord injuries is the development
of optimum biomaterials with an aligned topology that allows increased
neuronal regeneration. As a result, given the widespread use of hydrogels
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problems that SCs have during the transplantation procedure. b) SCI model schematic. Fischer rats are subjected to a right 75-kdyne contusion injury following a C5
laminectomy. SCs are injected directly at the damage site two weeks later (subacute phase) utilizing an automated syringe needle equipment. c) Fluorescent pictures
and assessment of the number of P75+ cells in spinal cord explants transplanted with SCs in SHIELD or saline (at 2 days and 4 weeks following transplantation). d)
Fluorescent pictures and measurement of P75+ SCs morphology 2 days after transplantation show remarkable morphological changes between cells given in SHIELD
and saline. e) Diagram of secondary injury characterization in spinal cord slices showing cystic cavitation, adjacent lesion and peri-lesion zones, and uninjured and
injured hemispheres. f) Representative whole-scan fluorescence pictures and assessment of cavitation volume of spinal cord slices show cavity areas in all groups. g)
GFAP staining to demonstrate the development of glial scars and to quantify the GFAP-positive region around the cystic cavity. h) Fluorescent images of p III-

tubulin-stained spinal cord explants [219]. Copyright 2020 Science.

in central nervous system tissue engineering, the generation and use of
injectable hydrogels with conductivity, anti-inflammatory characteris-
tics, and aligned topography inside 3D amorphous hydrogels to improve
treatment outcomes in SCI is urgently needed [221,240].

4. Conclusions, and future directions

In soft tissue engineering, injectable hydrogels offer potential scaf-
folds with their capacity to match uneven flaws and low invasive quali-
ties. The criteria of the best biomaterials for supporting CNS
regeneration, types of injectable hydrogels made from different fabrica-
tion methods, and biomaterials for brain and spinal cord tissue engi-
neering applications were discussed in this review.

Injectable hydrogels can be prepared in a variety of ways, including
physically and chemically processed. Physical hydrogels are easy to make
because they can respond to pH, temperature, stress, and ion concen-
tration as environmental cues. These kinds of hydrogels have low cyto-
toxicity but are often unstable in physiological environments and slow to
respond. On the other hand, injectable chemical hydrogels have
outstanding mechanical properties and good stability but have negative
impacts in vivo as a result of chemical interactions.

Many types of injectable hydrogels have been developed from natural
and synthetic biomaterials for CNS repair using tissue engineering
strategy. In general, hydrogels based on synthetic biomaterials are stable
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and have good mechanical properties but low biological activity and
biocompatibility. So natural biomaterials, on the other hand, are exten-
sively employed in the creation of injectable hydrogels due to their
excellent biocompatibility, low cytotoxicity, and biodegradable nature.
But, typically, the lack of mechanical strength limits their potential in
medical application. Therefore, composite hydrogels synthesized from
natural and synthetic materials and associated with both components'
advantages can be used in many studies. Finally, developing a mecha-
nism to combine the benefits of diverse biomaterials and production
methods for injectable hydrogels will be critical for clinical applications
in CNS regeneration and engineering. So, the future direction may be a
combination of synthetic and biological material.

Injectable hydrogels can overcome some of the restrictions of CNS
treatment. They can fill irregular spaces in the injured CNS cavity. This
provides an axonal growth-permissive environment and appropriate
structural support to the surrounding tissue, which is mandatory in case
of large trauma or surgical removal of tumors. Many studies have
recently concentrated on developing innovative injectable hydrogels for
the healing of the central nervous system.

Furthermore, there are still a number of issues that need to be
resolved before injectable hydrogels may be used to achieve optimal CNS
regeneration. Designing injectable hydrogels for brain and spinal cord
tissue engineering with optimal biodegradability, stability, biocompati-
bility, and mechanical qualities for supporting neurite outgrowth and 3D
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cell culture is difficult. While several injectable biomaterials have shown
experimental efficacy in CNS regeneration in vivo in addition to other
therapies, further research is needed to treat CNS injuries.
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