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Abstract

Chronic brain injury following cerebral ischemia is a severe debilitating neurological condition, where clinical intervention is well
known to decrease morbidity and mortality. Despite the development of several therapeutic strategies, clinical outcome in the majority
of patients could be better improved, since many still face life-long neurological deficits. Among the several strategic options that are
currently being pursued, tissue engineering provides much promise for neural tissue salvage and regeneration in brain ischemia.
Specifically, hydrogel biomaterials have been utilized to docket biomolecules, adhesion motifs, growth factors, and other proneural
cues for stable stem cell encapsulation. Here, we provide an overview of therapeutic applications of hydrogels in stroke treatment.
Special focus is given to design considerations for generation of efficient hydrogel systems for neurological applications. Therapeutic
applications of hydrogels in stroke as conducive microenvironments for stem cell transplantation and drug delivery have been
discussed. Finally, we present our perspectives on clinical translation of hydrogels for neural tissue regeneration.
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Introduction

Ischemic stroke is a major cause of death and morbidity
worldwide [1], with cerebral ischemic events accounting for
85% of all stroke conditions [2]. It is characterized by vascular
occlusion that causes inadequate perfusion of oxygenated
blood and depleted supply of nutrients to the brain [3]. The
hypoxic/ischemic condition initiates a cascade of neuropath-
ological pathways in hypoperfused tissue that results in an
extensive loss of cerebral parenchyma, which in turn causes
impairment of brain functions and severe neurological disabil-
ities [4]. Considering the multitude of pathways involved in
tissue damage, the clinical management of stroke addresses
strategies that primarily involve early restoration of focal
blood flow (recanalization), neuroprotection, and stimulation
of neuronal regeneration [5, 6]. Even though there has been a
strong push in research, focusing on signaling pathways of
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angiogenesis, neuronal regeneration, and repair following ce-
rebral ischemia, the complexity of brain physiology and the
hostile environment of the ischemic penumbra pose potential
impediment in successful clinical translation [7].

Ongoing research on combinatorial neuroregenerative
strategies based on stem cell therapy and delivery of biomol-
ecules have shown improvement in neural regeneration fol-
lowing stroke [8, 9]. Exogenous stem cell transplantation re-
stores or repairs damaged brain tissue by providing a condu-
cive environment for regeneration [10], while the delivery of
growth factors was found to further enhance neurogenesis and
angiogenesis by facilitating endogenous brain restorative
mechanisms [11, 12]. However, conventional oral and intra-
venous delivery routes for the administration of these mole-
cules are hampered by their limited diffusion across the blood-
brain barrier (BBB) [7]. Furthermore, the efficacy of stem cell
therapy in neural tissue regeneration is limited by low survival
rates of transplanted stem cells in the infarct cavity, inadequate
migration of stem cells into the lesion site, differentiation of
stem cells into glial lineage [13], and poor integration of
transplanted cells with the injured brain tissue [14, 15].
Combining controlled delivery of drug or biomolecules, and
stem cell transplantation within an engineered matrix that sup-
ports cellular interactions, while mimicking the native neural
tissue environment would be a significant development in the
management of stroke.
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Recent advance in tissue engineering addresses challenges
in clinical translation of stem cell- and biomolecule-based
stroke therapy. Tissue engineering combines stem cells and
biomolecules with biomaterials to facilitate restoration of tis-
sue integrity, by attempting to produce fully functional three-
dimensional (3D) tissues. It is now becoming clear that for
restoration of functional tissue, three principal components
need to be involved, viz., (a) implantation of cell/stem cell-
laden biomaterial construct into the site of injury/repair within
the host organism, (b) sustained delivery of tissue-specific
growth factors to the site of implantation, and (c) provision
of physiochemical cues of the integration of tissue construct
[16]. Along these lines, various protein-, peptide-, polysaccha-
ride-, polymer-, and ceramic-based microporous, nanofibrous,
and hydrogel biomaterial scaffolds have been investigated as
substrates for developing functional tissues [17-25].
Engineered tissues such as autologous bladders, skin grafts,
fat grafts, bone and cartilage grafts, heart valves as well as a
whole trachea have been implanted in patients [26-30]. So far,
nanoparticle-based drug/stem cell delivery or hydrogel micro-
encapsulation of neurotrophic factors and small molecules has
shown much promise as potential therapeutic option for ische-
mic stroke [31-34]. Development of recent technologies of
decellularized extracellular matrix (ECM) scaffolds [35, 36]
and 3D bioprinting of hydrogels [37-39] with a focus on
mimicking the physicochemical properties of the in vivo ar-
chitecture also holds promise of generating functional scaf-
folds for central nervous system (CNS) applications.

Tissue-engineered biopolymer-based scaffolds recreate the
native tissue microenvironment to support stem cell transplan-
tation, integration, and survival in vivo [40]. The high bio-
compatibility, ease of functionalization, and precise control
over physical properties make biopolymer hydrogels excellent
candidates for tissue engineering [41]. They provide tunable
substrates for cell encapsulation and site-specific spatiotem-
poral sustained release of therapeutic molecules, thus facilitat-
ing tissue regeneration [42]. This review will focus fundamen-
tally on tissue engineering strategies using hydrogels in stroke
therapy with special emphasis on the criteria for designing
hydrogels for neurological applications and hydrogels as scaf-
folds for stem cell transplantation and biomolecule delivery.

Hydrogels: Extracellular Matrix (ECM)
Mimicking Cross-Linked Networks

Hydrogels are scaffolds formed by a network of cross-linked
polymeric units with high water content (> 90%) and exhibiting
a 3D structure that is analogous to native tissue ECM. These gel
systems support cell survival and growth by facilitating efficient
transfer of oxygen, nutrients, and other soluble factors by diffu-
sion, while providing a microenvironment with characteristic
architecture and mechanics of ECM [43]. Hydrogels can be
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broadly classified as natural and synthetic hydrogels. Natural
hydrogels, as the name suggests, are derived from natural poly-
mers such as hyaluronic acid (HA), collagen, fibrin, gelatin, and
alginate, while synthetic hydrogels are those derived from syn-
thetic polymers or chemically modified natural biopolymers [44].
When compared to naturally derived hydrogels, synthetic poly-
mers facilitate precise control over synthesis, i.e., polymerization
and gelation parameters, bulk properties, microarchitecture, and
degradation rates of the hydrogel [45]. To this end, synthetic
hydrogels have been efficiently tailored with incorporation of
biological signals to support cell growth and proliferation [46].
These characteristics are highly advantageous while designing
scaffold systems to assist cell transplantation in biomaterial-
based stem cell therapy.

Owing to their ability to recapitulate the native tissue micro-
environment and thus instruct stem cell fate, over the past sev-
eral decades, hydrogels have been extensively applied in stroke
treatment for neural tissue regeneration [47]. Peptide molecules,
growth factors, and glycosaminoglycans (GAGs) can be used
to functionalize hydrogels to support growth and survival of
transplanted stem cells or stimulate neural repair by augmenta-
tion of endogenous stem cells [48]. Hydrogels having mechan-
ical properties tailored to encompass the range of compressive
moduli of brain tissues can be efficiently implanted into the
injury site without much damage to the surrounding soft tissues
[49]. Although preformed implantable hydrogels have been
used as permissive scaffolds for neural regeneration [50, 51],
the lack of flexibility to integrate into the injury site upon de-
livery might further aggravate tissue damage [52]. Minimally
invasive in situ forming injectable hydrogels present a promis-
ing platform for localized therapeutic application in stroke in-
jury [53]. They find application in stem cell delivery and drug
delivery to stimulate neurogenesis and angiogenesis and en-
hance endogenous repair. Injectable hydrogels usually have
low elastic moduli comparable to that of native brain tissue
[54], that enhances neural differentiation of stem cells.

Designing Hydrogels for Neurological
Applications

The complex extracellular matrix of the brain is a milieu of
interacting molecules and cells including neurons, astrocytes,
microglia, and oligodendrocytes that pose a formidable chal-
lenge for the in vitro reconstruction of the native tissue micro-
environment [55]. Scaffold must be engineered to compre-
hend this complexity while maintaining the physicochemical
properties of the native tissue. Hydrogels can be tailored to
emulate characteristics of the brain ECM and thus promote
stem cell adhesion, proliferation, and differentiation. Hence,
it is important to understand how certain attributes of hydrogel
facilitate stem cell survival and regulate its fate in vitro
[56-59]. In the following section we highlight the impact of
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material and scaffold properties of hydrogels such as biocom-
patibility, biodegradability, functionalization, elasticity, con-
ductivity, porosity, and pore size as well as response to stimuli,
in designing effective substrates for neural tissue regeneration
(Table 1).

Biocompatibility and Biodegradability

For successful delivery of stem cells or biomolecules to the
injured brain, hydrogel should be biocompatible at two levels:
cytocompatible with the encapsulated cells and histocompatible
with the host tissue [85]. Long-term biocompatibility correlates
with the efficiency of implantation. Brain tissue damage trig-
gers inflammatory response that adversely affects the survival
of transplanted cells. Hydrogels being biologically inert evade
the immune system and enhance graft survival during postim-
plantation neuroimmune response [86, 87]. Implantation of
chemically biocompatible and mechanically stable hydrogels
with nontoxic degradation products reduces infiltration of acti-
vated macrophages and microglia into the site of injury [88].

Polymerization and gelation methods employed in the syn-
thesis of hydrogels also affect its biocompatibility. Temperature-
dependent and pH-dependent polymerization under physiologi-
cal conditions are ideal for in situ forming injectable hydrogels
that can be delivered by minimally invasive methods [89].
Injectable hydrogels with elastic moduli comparable to that of
the brain tissue evade the BBB and efficiently fill the infarct
cavity. In addition, for the injected hydrogel to fill the lesion
defect and stay loculated within the site, the gel must be de-
signed such that it undergoes moderate to rapid gelation as soon
as it comes in contact with the surrounding tissue. Moreover,
gelation has also been shown to be affected by the presence of
extracellular fluid (ECF) within the lesion site. ECF is known to
interfere with physicochemical properties of the hydrogel, and
hence, it is considered ideal to drain the ECF prior to injection of
the hydrogel to prevent change in its bulk properties [90].

Biodegradable hydrogels degrade slowly over time within
the host tissue without causing tissue scarring and glia forma-
tion [85]. For neural applications, hydrogels are often function-
alized with peptides for cell-mediated enzymatic degradation
for site-specific delivery of encapsulated cells and growth fac-
tors [91]. Degradation kinetics of a hydrogel is crucial in deter-
mining its functionality and host tissue response. A slow
degrading hydrogel supports transplanted cell survival, ECM
development, and host tissue integration, while a fast degrading
hydrogel reduces the risks associated with immune response.
Hence, it is essential to balance the cell supportive nature of the
hydrogel while evading the immune response [90].

Functionalization

The brain has a specialized ECM rich in proteoglycans, gly-
cosaminoglycans, and proteins such as laminin, collagen, and

fibronectin, that regulate cell adhesion, migration, and neurite
process extension and, thus, contributes to brain tissue homeo-
stasis [92]. Many of the biopolymer hydrogels used in neural
tissue engineering (e.g., alginate, agarose, poly(ethylene gly-
col) (PEQG)) require functionalization to make them conducive
for cell growth, proliferation, and differentiation [93, 94].
Hence, neural ECM components are potential candidates for
scaffold functionalization as they are biocompatible, contain
adhesion moieties, and also support cell growth and differen-
tiation [95] (Table 1). Laminin and its derivatives, peptide
molecules containing sequences such as YIGSR and IKVAV,
and neural cell adhesion molecule (N-CAM) are few exam-
ples of neural ECM components that are known to stimulate
neurite outgrowth [96], enhance neuronal survival [97], and
promote cell adhesion [98].

Such peptide moieties have been previously incorporated
into hydrogels in ischemic stroke models. Multifunctionalized
HA hydrogel was designed for transplantation of human neural
progenitor cells (WNPCs) into peri-infarct and infarct stroke
regions of mice brain [60]. The hydrogel was modified with
IKVAYV, YIGSR, and RGD adhesion moieties; cross-linked
with matrix metalloproteinase (MMP)-sensitive motifs; and in-
corporated with heparin-bound brain-derived neurotrophic fac-
tor (BDNF) and bone morphogenic protein-4 (BMP-4). The
complexly designed hydrogel supported hNPC survival, trans-
plantation, and differentiation in vivo, which could be tracked
using magnetic resonance imaging (MRI). Similarly, simple
RGD-modified injectable HA hydrogels have been used to de-
liver induced pluripotent stem cell (iPSC)-derived NPCs (iPS-
NPCs) into stroke cavity [61]. Though the hydrogel did not
support cell survival 1 week postimplantation, it facilitated dif-
ferentiation of functionally viable cells. Another variant, HA
hydrogel, with optimized concentrations of RGD, YIGSR,
and IKVAV ECM peptide facilitated survival and differentia-
tion of iPS-NPCs [62]. HA hydrogel surface functionalized
with a peptide containing the IKVAV sequence, upon implan-
tation in rat brain, repaired the tissue defect and integrated with
the host tissue [63] by stimulating cell infiltration and vascular-
ization. In another study, alginate-poly(y-glutamic acid) com-
posite hydrogel was functionalized with TATVHL peptide for
iPSC adhesion, and the composite hydrogel promoted differen-
tiation of iPSC into neuronal lineage [64]. Similarly, arginine-
glycine-aspartic acid (RGD)-modified elastin-like peptides
(ELPs) containing lysine enhanced neurite growth and provid-
ed tunable 3D microenvironment for neurite extension [65].

Biosynthetic designer peptide sequences are capable of
self-assembling to form scaffolds to facilitate neural stem cell
(NSC) attachment and differentiation. A self-assembling
IKVAV peptide-based gel has been shown to support long-
term survival and functional maturation of human pluripotent
stem cell (hPSC)-derived cortical neurons that were implanted
into the site of ischemia injury [21]. The peptide-based scaf-
fold reduced host tissue atrophy and improved motor
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Table 1 Effect of physicochemical properties of hydrogels on cell fate

Hydrogel parameter Polymer substrate Description Reference
Chemical Functionalization HA hydrogel functionalized with Functionalized hydrogel [60]
IKVAYV, YIGSR, and RGD and Heparin-bound BDNF and BMP-4 supported hNPC
cross-linked with MMP-sensitive survival, transplantation, and differentiation within
motifs infarct region
RGD-modified HA hydrogel Differentiation of functionally viable iPS-NPCs within [61]
the stroke cavity
RGD, YIGSR, IKVAV-modified HA Survival and differentiation of iPS-NPCs within stroke [62]
hydrogel cavity
HA hydrogel with IKVAV Host tissue integration by stimulation of cell infiltration [63]
and vascularization
Alginate-poly(y-glutamic acid) hiPSC differentiation to neuronal lineage [64]
hydrogel with TATVHL
RGD-modified elastin-like protein hy-  Increase in RGD density enhanced neurite outgrowth  [65]
drogel length (1800 pm) and density
RADA - IKVAV self-assembling pep-  Enhanced NSC survival and reduced glial astrocyte [66]
tide hydrogel formation
PRG and KLT functionalized RADA s Enhance tubulogenesis in hUVECs and [67, 68]
self-assembling peptide hydrogel neovascularization in CAM
Physical Elasticity HA hydrogel Neuronal attachment and growth on soft 0.5-1.5-kPa  [49]
gel and astrocyte survival on stiffer 7.2-kPa gel
Various moduli IPN Elastic moduli range — 0.01 to 10 kPa. Differentiation [69]
of NSCs to neurons on softer surfaces and glial cells
on harder substrates
Polyacrylamide and fibrin hydrogel Neuronal growth on 250-Pa soft gels. Astrocyte growth [70]
and spreading on 9100-Pa stiffer gel
Methacrylamide chitosan (MAC) hy- Differentiation of NSPCs to neurons on softer < 1 kPa [71]
drogel surfaces and oligodendrocytes on stiffer 7-kPa gels.
Maximum proliferation at intermediate stiffness of
3.5 kPa
Porosity and Poly(glyceryl methacrylate) (p(GMA))  Increase in crosslinker concentration increase porosity [72]
pore size hydrogels to greater than 50% of gel volume. Pore size greater
than 10 pm enabled tissue ingrowth
Poly(lactide-co-glycolide) hydrogel Solid porogen NaCl enhanced interconnectivity of the [73]
pores that would be beneficial for cell migration and
cell-cell interaction
Poly(N-2-hydroxypropyl Extensive network of interconnected open pores of the [74]
methacrylamide) (PHPMA) size 10-30 pum in diameter that allowed spatial
hydrogels orientation and expansion of ingrown tissue
Stimuli responsive  Thermosensitivity pNIPAAm-grafted PEG hydrogel Porous hydrogel at room temperature that provided [75]
gels mechanical support, allowed cell attachment, and
facilitated sustained release of neurotrophins
Laminin (LN)-functionalized LN functionalized hydrogel supported neuronal cell [76]
methylcellulose hydrogel attachment and survival. Lower critical solution
temperature (LCST) decreased from 36.15 to 30 °C
as the polymer concentration increased from 5 to 7%
facilitating minimally invasive delivery of gel.
pH sensitivity IgG-conjugated HA hydrogel pH-sensitive hydrazone linkage enabled the release of [77]
60-80% of IgG from the hydrogel at pH 5 and 6
within 8 to 70 h. Binding of IgG to Nogo-66 and
NgR triggers axonal regeneration in damaged neu-
rons.
Poly(urethane amino sulfamethazine) Ionic conjugation of PUASM with stromal cell-derived [78]
(PUASM) hydrogel factor 1 (SDF-1) at alkaline pH, followed by
micellar formation at pH 7.4. Micelle dissolution and
release of SDF-1oc at pH 5.5 or above 8, inducing
innate neural tissue regeneration
Electrical Polypyrrole (PPy) hydrogel Electrical preconditioning at + 1 to —1 V square wave [79]
conductivity at 1 kHz for 1 h enhanced implantation of hNPCs
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Nanofiber scaffold of polyaniline
(PANI) with poly(e

into infarct cavity, expression of VEGF

Electrical stimulation of 1.5 V for 15-60 min induced [80]

NSC proliferation and neurite outgrowth
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Table 1 (continued)
Hydrogel parameter Polymer substrate Description Reference

caprolactone)/gelatin with conduc-

tance of 0.02x10°° S
PANI films of conductivity
1000 Q' m™!

Poly-l-ornithine and laminin coated
PEDOT:PSS films of conductivity

580" m™

Light sensitivity ~ Agarose hydrogel photolabile

S-(2-nitrobenzyl)cysteine (S-NBC)

HA hydrogel

Intermittent stimulation of 100 mV/cm for 10 min/day [81]
enabled neuron-like extension of mesenchymal stem

cells (MSCs)

Pulsed DC electric field of 100 Hz induced elongation [82]
of ReNcell VM hNPCs.

Photoirradiation of the hydrogel leads to [83]

immobilization of GRGDS peptide that supports
neuronal adhesion and neurite outgrowth.

Fibroblast cells micropatterned onto photocaged [84]
RGDS peptide incorporated hydrogel surface using
UV light radiation of patterned photomask. Selective
growth and differentiation of fibroblast only on
patterned surface

functions. Similarly, RADA4-IKVAV self-assembling pep-
tide hydrogels increased the survival of encapsulated NSCs
and improved brain tissue regeneration while reducing the
formation of glial astrocytes [66]. Moreover, modified
RADA ¢ hydrogels have also been shown to be angiogenic
in nature. RADA 4 functionalized with self-assembling pep-
tides, PRG and KLT, enhanced tubulogenesis in human um-
bilical vein endothelial cells (WUVECs) [67] and stimulated
endothelial cell migration, sprouting, and vessel formation in
chicken embryo chorioallantoic membrane (CAM) [68].
Thus, these angiogenic hydrogels might have the potential to
induce endogenous repair of ischemic penumbra.

These studies establish the fact that there is a constant
crosstalk between the cells and the ECM molecules which
governs cell fate. The presence of ECM molecules that facil-
itate cell adhesion, growth, and differentiation is an important
factor that needs to be considered while designing hydrogels
for cell transplantation into the brain.

Elasticity

Elasticity is an essential parameter to be considered while
designing hydrogels for neurological applications. It contrib-
utes significantly not only in regulating the fate of encapsulat-
ed cells and the host integration but also in the distribution of
hydrogel at the injury site [85] (Table 1).

Elastic modulus (E) of brain tissue ranges from 0.5 to
10 kPa observed within mechanical microenvironments from
NSCs to blood vessels, glial scar, and gray and white matter
[69]. The elasticity of cell-culture substrate is well known to
regulate stem cell differentiation into neural lineage [99].
In vitro studies have shown that softer substrates best support
NSCs, neurons, and glia. Pliable and compliant hydrogel ma-
trices (£'=0.5-1.5 kPa) favored neuronal attachment and
growth, while stiffer hydrogels (£ =7.2 kPa) supported

astrocyte survival [49]. Similarly, adult neural stem and pro-
genitor cells (NSPCs) responded to hydrogels with elastic
moduli ranging from E = 0.01 to 10 kPa by differentiating into
neurons on softer surfaces and into glial cells on harder sub-
strates [69]. Polyacrylamide and fibrin hydrogels of stiffness
250 Pa supported neuronal growth, while stiffer hydrogels of
9100 Pa supported astrocyte growth and distribution [70].
Similarly, the stiffness of methacrylamide chitosan (MAC)
hydrogel has been shown to have varying effects on differen-
tiation and proliferation of NSPCs [71]. Neuronal differentia-
tion of NSPCs was better on softer surface (£ < 1 kPa), while
oligodendrocytes were favored on stiffer hydrogels (£ =
7 kPa). Additionally, NSPCs displayed maximum prolifera-
tion when cultured on gels with an intermediate stiffness (£ =
3.5 kPa). Thus, subtle variations in the mechanical properties
of the substrate might translate significantly with respect to
stem cell fate, which needs to be taken into account when
designing hydrogels for specific neurological applications.

Since ischemic stroke can lead to the formation of lesion
sites with large volume and irregular shape, it is essential to
design in situ forming injectable hydrogels that efficiently fill
lesion cavity [100]. Recently, rheological properties and in
situ gelation of urinary bladder matrix (UBM)-ECM hydrogel
were analyzed for application in stroke treatment [100].
Gelation and retention of the ECM hydrogel within the stroke
cavity was dependent on its concentration. At higher ECM
concentrations (> 3 mg/mL), hydrogel was retained efficiently
within the stroke cavity, and at 8 mg/mL concentration, the
elastic moduli of the hydrogel were found to be 500-1000 Pa,
which is similar to that of brain tissue.

Porosity and Pore Size

Hydrogels are complex macromolecular systems with finite
pore structures tailored to enhance tissue regeneration by
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augmenting cell infiltration and local angiogenesis, by estab-
lishing tissue ingrowth, and by stimulating cellular interactions
with the host system. Tissue engineering strategy in ischemic
stroke treatment fundamentally aims at healing the injured tis-
sue by promoting cell growth and axonal regeneration within
an engineered 3D tissue construct. The pores within the hydro-
gel create a permissive interface for cell migration toward and
within the 3D network, thus enabling tissue regeneration and
integration with the host system [101]. Hydrogel matrices can
be designed with various pore microgeometries found within
the biological tissue structures such as macroporosity for tissue
expansion and micro- and mesoporosity for tissue interface at
cellular and molecular levels (Table 1). Not only do these pa-
rameters influence the neural ingrowth and homogeneity of
cell distribution within the hydrogel matrix but also enable
efficient oxygen and mass transfer in the absence of functional
vasculature [102].

Open porosity defines the ratio of accessible pores to the
total gel volume [103], which is the effective porosity avail-
able for cell migration and infiltration to form an interface
with the host tissue. An early study on the effect of porosity
of poly(glycol monomethacrylate) gels on healing-in of im-
plants revealed that gels with higher porosity had broader zone
of cellularization and neovascularization at the interface of the
implant [104]. Similarly, varying the concentration of the
monomer and crosslinker to monomer ratio had an effect on
the porosity within a narrow range of crosslinker concentra-
tion in poly(glyceryl methacrylate) (p(GMA)) hydrogels [72].
It was also shown that by increasing crosslinker concentration,
the porosity of the macroporous p(GMA) gel increased greater
than 50% of gel volume. Furthermore, p(GMA) hydrogels
with pore size greater than 10 um enabled tissue ingrowth,
while poly(2-hydroxyethylmethacrylate) (p(HEMA))
hydrogels with pore size less than 10 pm induced capsule
formation and isolation of the implant from the host neural
tissue.

Furthermore, other attributes such as pore diameter, pore
surface area, and void volume are crucial in sustaining cell
migration and attachment as well as tissue formation and tis-
sue expansion within the 3D matrix of the hydrogels [101].
Various studies on the effect of scaffold microarchitecture on
tissue regeneration has validated the optimal pore size of 5 um
for neovascularization, 20—125 pwm for mammalian skin and
100-350 wm for bone regeneration, 5—15 um for fibroblast,
40-100 pum for osteoid, 100 um for neuronal, and 20 pm for
hepatocyte ingrowths [105—111]. The degree of porosity also
affects the mechanical strength of the hydrogel, i.c., the gel
strength decreases as porosity increases, making them more
susceptible to deformation caused by fluid flux [112].

Posttraumatic neural tissue regeneration requires intimate
cellular interactions. Macroporous poly(lactide-co-glycolide)
hydrogels were developed with the aim to enhance the hydro-
gel pore interconnectivity [73]. Highly interconnected pores
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(pore size 78 um) were formed by fusion with NaCl porogen
prior to hydrogel matrix formation and subsequent removal of
porogen upon formation of 3D matrix. Such tissue-engineered
porous scaffolds with controlled pore interconnectivity might
help permit vascular and tissue ingrowth and prevent pruning
of regenerating axonal fibers. Porous network structures of
poly(N-2-hydroxypropyl methacrylamide) (PHPMA)
hydrogels were characterized and analyzed for their ability
to induce tissue growth and axonal regeneration in spinal cord
injury [74]. The developed PHPMA hydrogel showed
neuroinductive and neuroconductive properties similar to that
of native neural tissue. Characterization of pore structure with
mercury porosimetry and diffusion analysis revealed that the
PHPMA hydrogel comprised of an extensive network of in-
terconnected open pores of the size 10-30 um in diameter.
The porous structure enabled the gel to form a permeable
interface with the host tissue and allowed spatial orientation
and expansion of ingrown tissue. The hydrogel system was
able to bridge the defective tissues and supported angiogene-
sis and axonogenesis, in addition to cellular growth within the
polymer matrix. HA hydrogels with IKVAV peptides formed
porous and permeable substrate (pores ranging from 10 to
100 um) for glial tissue formation and enabled lesion cavity
bridging by inducing neuronal ingrowth within the porous
matrix [63]. An interconnected macroporous conductive
PANI/poly(ethyleneglycol diacrylate) (PEGDA) hydrogel
was designed using UV photocrosslinking and salt leaching
to recapitulate the microenvironment necessary for neural re-
generation. The addition of PANI slightly increased the poros-
ity, while there was a marked decrease in the pore size from
(158+9) to (136 +13) um. The porous scaffold facilitated
efficient charge transfer, protected the cells from mechanical
stress, and enabled homogenous tissue formation as well as
transportation of nutrients and molecular signals.

The precise control of gel porosity is essential for regu-
lating the development of functional tissues. Generation of
porous hydrogels depends primarily on the methods of gel
preparation. Techniques such as introduction of porogen
agents, solvent casting, electrospinning, and gas foaming
are commonly used for the preparation of macroporous
hydrogels for [113]. Novel methods of micromolding and
micropatterning not only offer well-defined control over
pore features and overall gel microarchitecture but also cre-
ate microvascular features for better gel integration with the
host tissue [114—119]. Dynamic mask projection photoli-
thography was used to generate PEG hydrogels of void size
ranging from 62 to 206 um, as biomimetic models for
neurite outgrowths [120, 121].

Porosity and other parameters of pore microgeometry
combine to create a 3D construct that allows cell perme-
ation, orientation, and tissue development. Thus, the control
of porosity and pore size is important for optimal neural
tissue regeneration.
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Stimuli-Responsive Hydrogels

Though hydrogels have been designed to mimic stem cell
niche, there is a need for stimuli-responsive hydrogels that
can better imitate the native tissue microenvironment.
Drawing inspiration from nature, scientists have been design-
ing stimuli-responsive or ‘smart’ hydrogels that perceive and
respond to external stimuli, which includes physical stimuli
such as temperature, light, and electric field; chemical stimuli
such as pH, ionic strength, glucose, etc.; and biological stimuli
such as enzymes, DNA, glutathione, etc. [122] (Table 1). In
response to environmental stimuli, these polymeric systems
undergo drastic change in physical configuration or chemical
behavior [123]. Stimuli-responsive change in shape, surface
characteristics, solubility, sol-gel transition, and formation of
molecular self-assembly of hydrogels has enabled their appli-
cation in tissue engineering, drug delivery, gene therapy,
bioseparators, sensors, and actuator systems [124].

Thermosensitivity

Thermosensitive hydrogels respond to change in temperature
by exhibiting a phenomenon called sol-gel transition, where
the polymer switches from a solution form to a gel form [125].
Above a particular temperature, some polymers become hy-
drophobic and insoluble and separate out forming a hydrogel.
This threshold temperature is called lower critical solution
temperature (LCST). Below LCST, strong hydrogen bonding
between the polymeric chain and water leads to solubility of
polymer in water [123]. Above LCST, hydrophobic interac-
tions are predominant, leading to gelation of the polymer. In
contrast, polymeric solutions having upper critical solution
temperature (UCST) form a gel upon cooling [126]. Poly(N-
isopropylacrylamide) (pNIPAAm), methylcellulose, PEG-
poly-l-(lactic acid) (PLLA-PEG) tri-block polymer, and poly(-
ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene ox-
ide) (PEO-PPO-PEO) (Pluronics) are polymers that have been
investigated for minimally invasive delivery of cells and bio-
molecules, as they exhibit in situ gelation in response to dif-
ference in ambient and physiological temperature [125, 127,
128]. Thermoresponsive pNIPAAm-grafted PEG
(PNIPAAm-PEG) was used as injectable scaffold for the treat-
ment of spinal cord injury [75] (Table 1). Below its LCST, at
around 29-32 °C, the polymer was miscible in water, but
above its LCST, it became hydrophobic, separating out from
water and forming a semiporous gel. The porous nature of the
scaffold enabled the incorporation of stem cells and sustained
the release of neurotrophic factors. The swelling kinetics of
the gel revealed that upon gelation, the hydrogel was able to
retain 90% of its volume for a long period of time (14 days)
without swelling or shrinkage. Thus, the polymeric system
might be useful for delivering stem cells and growth factors,
as it can form a multifunctional scaffold upon injection into

the site of injury. Similarly, laminin-functionalized methylcel-
lulose thermoresposive hydrogel was developed for neural
tissue engineering [76]. The functionalized methylcellulose
hydrogel was stabilized by the secondary inter- and intramo-
lecular hydrophobic interactions, that increased with the in-
crease in temperature. It was observed that there was a de-
crease in LCST with the increase in polymer concentration.
The swelling and degradation studies along with cell viability
analysis demonstrate that this thermoresponsive hydrogel
might be a robust cell delivery system for CNS applications.

pH Sensitivity

Polymers containing ionizable functional groups such as car-
boxyl and amino, that respond to change in pH, form pH-
sensitive hydrogels [122]. The mechanism of pH-responsive
hydrogels is based on swelling or contraction of polymeric
network depending upon the pH of the surrounding environ-
ment [129]. At acidic pH, amino/imine groups on the polymer
chains of cationic hydrogels like chitosan, polyacrylamide,
and poly(ethylene imine) [130—132] get protonated and cause
repulsion, resulting in swelling of the polymeric system. In
contrast, at basic pH, ionization of acidic groups on the poly-
mer chains of anionic hydrogels such as carrageenan,
carboxymethyl chitosan, and poly(acrylic acid) causes repul-
sion which leads to swelling of the hydrogel [122].
Following an ischemic cascade, CO, accumulates within
the intercellular space resulting in reduction of pH in the af-
fected area [133]. Furthermore, reduced oxygen and glucose
supply leads to depletion of glycogen and phosphocreatine,
which increase H* ion production, thus creating an intracellu-
lar acidic pH of 6.3—6.4. In a recent study, the reduced pH with
the ischemic area was utilized to deliver IgG antibody, that
was organically conjugated to HA using hydrazone linkage to
form a pH-sensitive hydrogel [77]. It was observed that at
lower pH, acidic cleavage of hydrazone bond between the
IgG and HA resulted in the rapid release of IgG when com-
pared to neutral and alkaline pH. Within the in vivo model,
IgG release was observed to be much rapid at lower pH, which
then slowed down when restored to physiological pH.
Likewise, a dual ionic pH-sensitive copolymer was designed
for the delivery of stromal cell-derived factor 1o« (SDF-1) to
the ischemic site [78]. At alkaline pH, SDF-1« binds to pH-
sensitive poly(urethane amino sulfamethazine) (PUASM),
and at pH 7.4, the anionic sulfonamide groups of PUASM
deionize while the cationic tertiary amine groups are union-
ized. Consequently, the PUASM form the hydrophobic core
encapsulating SDF-1«, while PEG forms the hydrophilic
shell, protecting the complex from proteolytic digestion. At
pH below 5.5 and above 8, the amine groups of PUASM get
protonated and release SDF-1« by electrostatic repulsion.
Such pH-sensitive hydrogel might be useful in modifying
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the tissue microenvironment postischemic injury so as to in-
duce innate regeneration.

Electrical Conductivity

Studies have shown that electrical stimulation can augment
endogenous brain repair following an ischemic stroke insult,
mainly by inducing the proliferation of hNPCs and stimulat-
ing the production of trophic factors such as EGF and FGF
within the infarct cavity [134]. Emerging technologies in tis-
sue engineering have incorporated electrical conductivity to
polymeric systems to form conductive hydrogels for CNS
applications [135] (Table 1). Recently, mechanically stable
polypyrrole (PPy) conductive hydrogels were developed for
electrical preconditioning of hNPCs to enhance their efficien-
cy of implantation within the peri-infarct area of the cortex
into the peri-infarct cortex of stroke-injured rat brain [79].
Electrical stimulation not only enhanced stroke recovery by
upregulating vascular endothelial growth factor (VEGF) ex-
pression but also induced cortical remodeling and endogenous
vascularization via secreted factors. To address the poor me-
chanical stability of conventional conductive hydrogels, hep-
arin methacrylate (HepMA) was doped within poly(vinyl al-
cohol) (PVA) hydrogel and electrodeposited with poly(3,4-
ethylenedioxythiophene)-doped paratoluenesulfonate
(PEDOT/pTS) to form an interpenetrating network (IPN)
conducting system [136]. The hybrid system had enhanced
mechanical properties comparable to native neural tissues
and also supported growth of PC12 cell line. Similarly, PVA
macromers were modified with methacrylate and taurine to
form pliable IPN conducting hydrogels [137]. Conducting
polymers such as polyaniline (PANI) and PEDOT have been
utilized in hydrogels and have been found to modulate stem
cell fate toward neural lineages [80—82], thereby strongly
supporting their potential beneficial role in stroke. However,
more studies are warranted to validate these compounds, since
many of the conducting polymers have been shown to have
some degree of cellular toxicity [138—140].

Light Sensitivity

Light-responsive hydrogels comprise of photochromes such
as azobenzenes and spiropyrans incorporated within the poly-
meric backbone that induces volume change in response to
light [141]. Spiropyran derivaties can be used to create a sig-
nificant change in gel dimension [142]. Using light stimuli,
stable hydrophilic merocyanine-H" isomer formed in acidic
environment can be switched to hydrophobic spiropyran
form, thus changing the overall property of the hydrogel,
allowing swelling and shrinkage of the material [141].
Agarose hydrogels modified with photolabile S-(2-
nitrobenzyl)cysteine (S-NBC), upon irradiation, exposed sulf-
hydryl groups which when activated allowed immobilization
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of GRGDS (Gly-Arg-Gly-Asp-Ser) peptide for adhesion of
and neurite outgrowth from embryonic chick dorsal root gan-
glion neurons [83]. Light-responsive hydrogels have the po-
tential for being biosensors and microfluidic valves, as well as
in photoregulated drug delivery [143]. Photolithographic tech-
niques can be used to micropattern photoresponsive hydrogels
[144]. Cell adhesive photocaged RGDS (Arg-Gly-Asp-Ser)
peptide were micropatterned on HA hydrogel using near UV
light through a patterned photomask [84]. Fibroblasts adhered
and proliferated along the micropatterns, thus demonstrating
control of spatial localization of cells using patterned protein
gradients.

Given the possibility that a single factor does not contribute
to the hydrogel’s functionality, rational designing of stimuli-
responsive, porous, and biocompatible hydrogels with effi-
cient degradation kinetics and mechanics comparable to that
of the host brain tissue is of utmost importance.

Therapeutic Potential of Hydrogels

The following section discusses the application of hydrogels
in the delivery of growth factors and stem cells, to promote
tissue regeneration following ischemic stroke injury (Fig. 1;
Table 2).

Hydrogel Mediated Growth Factor Release
for Endogenous Repair

Though the innate mechanisms in the brain trigger restorative
pathways, endogenous neurorestoration is inadequate to com-
pensate for the deleterious stroke condition. Therapeutic ap-
plications targeting growth factors may provide a prolonged
therapeutic window to restore the stroke-damaged tissue en-
dogenously. Till date, erythropoietin (EPO) and granulocyte
colony-stimulating factor (G-CSF) are the only trophic factors
applied clinically [11], since systemic administration of most
growth factors requires high concentrations in order to cross
the BBB and may cause systemic toxicity due to their off-
target distribution [7]. Thus, there is a need for directed deliv-
ery of growth factors to the injury site while maintaining their
sustained release. The tunable mechanical properties, porosity,
and functionality of tissue-engineered hydrogels make them
excellent scaffolds for site-specific delivery of neurotrophic
factors. Since stroke injury results in irregular lesion cavities,
injectable hydrogels are often desirable for minimally invasive
delivery of growth factors and cells to the stroke cavity [165]
(Fig. 1).

Growth factor-incorporated injectable hydrogels have been
extensively studied at the Shoichet Lab as an alternative to
conventional bolus delivery for endogenous tissue regenera-
tion (Table 2). In several studies, minimally invasive
epicortical delivery of therapeutic factors has proven to be
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efficacious. Recently, epicortically injectable hyaluronan/ BDNF has shown to enhance sensory motor recovery, re-
methyl cellulose (HAMC) hydrogel was used to deliver cy-  duce infarct volume, and stimulate NSC migration in several
closporin A (CsA) to stroke-injured cortical region of adult  in vivo preclinical studies [167, 168]. However, its low diffu-
mice [145, 146]. Sustained release of CsA from poly(lactic-  sion potential across the BBB and its limited tissue distribu-
co-glycolic acid) (PLGA) microspheres along with HAMC  tion upon delivery make intravenous administration of BDNF
significantly reduced the infarct volume and enhanced the  unfeasible [169]. Depot release of BDNF from hyaluronic
proliferation of NSPCs within the NSC niche, when compared ~ acid hydrogel enhanced tissue repair and recovery of motor
to minipump delivery of CsA. Similarly, HAMC hydrogel  function in primate and mice stroke models within 3 weeks
was employed for EPO delivery to attenuate tissue inflamma-  after injection into cortical and subcortical infarct cavity [170].
tion, stimulate migration of NSPCs and mature neuroblasts, Thiolation of hyaluronic acid facilitated sustained release of
and reduce apoptosis in the subventricular zone and injured =~ BDNF, which slowly diffused into the peri-infarct tissue and
cortex region [147]. Sequential combinatorial application of  induced infiltration of immature neurons. VEGF is another
EPO and EGF using HAMC hydrogels composed of EPO-  growth factor that has proven to increase BBB permeability,
loaded PLGA microparticles and EGF-PEG nanoparticles  enhance angiogenesis, and reduce neurological defects in is-
stimulated endogenous stem cells and facilitated neural regen-  chemic brain [171]. Similar to BDNF, the short half-life and
eration [12, 166]. In the same study, PEGylation enhanced the =~ high dosage concentrations limit the practical application of
protein stability, bioactivity, and tissue penetration rates, while ~ VEGF, leading to a need for hydrogel-based systems that fa-
EGF stimulated neurogenesis in mice models. Taken together, cilitate their site-specific and controlled delivery. VEGF was
these results suggest that injectable hydrogels can be excellent ~ incorporated in injectable alginate hydrogels to ameliorate
carrier systems for bioactive molecule delivery in stroke  neuronal degeneration following cerebral ischemia [172].
treatment. Alginate-VEGF hydrogel stereotaxically injected into the
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striatum of adult mice brain reduced the lesion size and atten-
uated behavioral defects. Similarly, implantation of
polydimethysiloxane-tetraethoxysilane (PDMS-TEOS)-
VEGF hybrid hydrogel increased the number of astrocytes
and endothelial cell infiltrated into the stroke cavity, suggest-
ing that PDMS-TEOS-VEGF hydrogels might have therapeu-
tic potential in treating cerebral infarction [173]. Likewise,
VEGF and angiopoietin-1 (Angl) releasing HA-PLGA
hydrogels promoted neural regeneration following ischemic
injury [174]. The novel composite reduced the inflammation,
enhanced angiogenesis, and facilitated behavioral improve-
ments in vivo.

Stroke is a complex neurological condition wherein a com-
binatorial growth factor therapy is essential to enhance angio-
genesis, neurogenesis, and axonal sprouting and to restore
neuronal functions. Development of hydrogel scaffolds that
conforms to the infarct region and facilitates spatiotemporal
sustained release of multiple growth factors would be a vital
step in stroke therapy.

Hydrogels as Conducive Microenvironment for Stem
Cell Transplantation

During an ischemic stroke, the central area of the lesion that
experiences severe hypoxia is rapidly and irrevocably dam-
aged with necrotic cell death [175]. Parallelly, ischemia-
related cascade of cellular events is initiated in the structurally
intact penumbra, which becomes the site for stroke progression
and therapeutic salvage [176]. Stimulating neuronal regenera-
tion within the salvageable penumbra that is highly complex in
space and time is a major challenge in tissue engineering.
While stem cell therapy is still in its infancy, it holds promise
as a means to restore brain function after the stroke episode
[177] (Table 2). Engineering hydrogel-based biomaterial inter-
face that supports stem cell engraftment, viability, prolifera-
tion, and functionality in vivo is cardinal in the translation of
cell-based therapy (Fig. 1). NSPCs encapsulated in HA/hepa-
rin/collagen hydrogel supported the survival of NSPCs in vivo
and further reduced the infiltration of inflammatory cells when
transplanted into the infarct cavity [88]. Recently, self-healing
injectable carboxymethyl chitosan and oxidized alginate hy-
drogel with elastic moduli comparable to brain tissue were
demonstrated to be viable 3D carriers for NSC transplantation
[178]. Likewise, human embryonic stem cell (ESC)-derived
NPCs when injected with Matrigel in vivo decreased the vol-
ume of the necrotic infarct cavity and enhanced neuronal dif-
ferentiation and behavioral outcomes [179].

Recent studies have shown that substrates that enhance
neuroblast migration and differentiation within stroke lesion
can improve neuronal regeneration in poststroke brain injuries.
Injectable self-assembling laminin hydrogels promoted
vasculature-mediated neuronal migration toward injured tissue
lesions by activating the 31 integrin signaling pathway [180].

Similarly, 3D HA hydrogels embedded with aligned nanofi-
bers composed of polycaprolactone (PCL), PCL-gelatin, and
laminin-coated PCL have shown to support encapsulated neu-
ronal cell survival, neurite alignment, and extension [181].

Protein-based hydrogels have also found application in
cell-based stroke therapies. Genipin cross-linked sericin hy-
drogel (GSH) was found to be a potential cell carrier for tissue
regeneration after ischemic injury [148]. The porous structure
of GSH was conducive for neuron attachment and growth,
while the neurotropic and neuroprotective sericin facilitated
axonal branching and extension while rescuing immature neu-
rons from hypoxic cell death. Fibrin is an important ECM
protein and has shown to provide permissive 3D scaffolds
for human endometrial stem cells (hEnSCs)-derived neuron-
like cell survival and tissue regeneration [182]. A recent study
reported the development of salmon fibrin/HA/laminin com-
posite scaffold with prolonged degradation kinetics and higher
biocompatibility and that maintained hNPSC function com-
pared to fibrin [95]. Similarly, iPSCs mixed with fibrin glue
upon subdural transplantation into focal ischemic infarct re-
gion in vivo reduced infarct volume, recovered neurological
and behavioral functions, and was neuroprotective in nature
[183]. To protect Schwann cells (SCs) from hypoxia-induced
cell death during ischemia, fibrin gel containing
perfluorotributylamine (PFTBA) was used as oxygen carrier
[184]. SCs cultured in PFTBA-hydrogels overexpressed neu-
rotrophic factors such as BDNF, GDNF, N-CAM, and VEGF.
The hydrogel demonstrated its potential for neural tissue re-
generation by supporting cell adhesion, migration, and
proliferation.

ESCs and iPSCs are potential cell sources in neural tissue
engineering. Nonetheless, scalability and dearth of well-
defined culture strategies for PSC expansion pose major chal-
lenge to the in vitro and clinical application of PSCs.
Application of hydrogel-based technologies for directed cell
differentiation would be useful in addressing these predica-
ments. In a recent study, glycosaminoglycan ligand-bound
polyacrylamide hydrogel of elastic modulus 10 kPa enhanced
hESC adhesion and colony formation and maintained the state
of pluripotency [185], while cell culture on hydrogels of
0.7 kPa resulted in robust neuronal differentiation with >
80% expression of neuronal markers. Similarly, PEG
hydrogels of gradient of 1.4 kPa or less were able to differen-
tiate hiPSC-derived neural stem cells to neuronal cells. Also
gels with 970 Pa helped in the formation of significantly lon-
ger neurites [186]. These studies also highlight the effect of
biomechanical cues of the microenvironment on stem cell
fate.

Since stem cell-based therapy may potentially prove to be
one of the best options for stroke treatment, it is essential to
design hydrogel scaffolds that facilitate efficient delivery,
in vivo survival, and differentiation of stem cells for success-
ful clinical translations.
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Imaging of Hydrogels

Evidently, real-time monitoring of stroke tissue infarct and its
response to biomaterial-based regenerative therapy in vivo
would be ideal to evaluate the therapeutic efficacy. Brain tis-
sue imaging using MRI, positron emission tomography
(PET), or bioluminescence imaging (BLI) helps in identifying
salvageable ischemic penumbra and provides treatment for a
larger proportion of stroke patients. PET enables the evalua-
tion of stroke progression in vivo by delineating the ischemic
penumbra [187] and facilitating targeted stem cell/drug deliv-
ery [188]. Experimental trials have been conducted using MRI
to track the infarct region and volume of tissue loss, to monitor
biomaterial grafted cells, and to assess their infiltration into
stroke lesion [189]. Diamagnetic chemical exchange satura-
tion transfer (CEST) MRI was used to track the ECM hydro-
gel injected into the stroke cavity [190]. Concentration-
dependent CEST signals for chondroitin sulfate and fibronec-
tin ECM hydrogel molecules were detected in vitro. In vivo
imaging of the implant detected specific CEST signals corre-
sponding to endogenous ECM molecules from the peri-infarct
cavity. Thus, this technique can be used to selectively identify
ECM hydrogel within the host tissue and monitor its in vivo
distribution. Similarly, MRI was used to detect the oxygen
levels in acute stroke model to identify ischemic core and
evaluate the extent of necrosis [191] following which a HA-
based hydrogel was used for transplantation of MSCs into the
infarct cavity. A diffusion MRI tracking of transplanted hy-
drogel revealed that the hydrogel remained stable and support-
ed MSC differentiation and angiogenesis. In vivo BLI has
been used as a noninvasive imaging modality to detect cellular
migration, proliferation, and survival of HA-xenografted
hNPCs [192] within the stroke cavity. Recently, FITC-
conjugated albumin containing injectable gelatin hydrogel
with 3D solvent clearing and light sheet microscopy was test-
ed on mice brain to visualize the microvessels within the is-
chemic regions [193]. Images of the brain vasculature demar-
cated the healthy tissue from the ischemic tissue. Analysis of
vascular networks within the infarct identified small
microvessels to be highly damaged by focal ischemia. This
approach might have possible application in quantifying the
extent of ischemic injury and analyzing the efficiency of an-
giogenic treatments. These studies clearly elucidate the impor-
tance of noninvasive imaging in validating the therapeutic
efficiency of hydrogel biomaterial-based applications.

Conclusion and Perspectives

Ischemic stroke is a life-threatening neurological condition
with limited therapeutic interventions. Given that stroke injury
compromises neuronal regeneration and repair, tissue engi-
neering strategies have focused on designing neuroprotective
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and neurorestorative hydrogel systems for targeted stem cell
and bioactive molecule delivery. To this end, several studies
have proven that in situ forming injectable hydrogels are op-
timal for therapeutic applications in stroke-injured brain.
Designer-injectable gels in combination with stem cells and
a range of pro-angiogenic and neurogenic biomolecules have
neuroregenerative capabilities. Stem cells in combination with
hydrogel scaffolds have potential therapeutic significance for
the structural remodeling and functional recovery following
stroke and other CNS diseases (Table 2).

Regardless of the fact that a gamut of tissue-engineered
hydrogels have been studied for their remedial application in
stroke, clinical translation of hydrogels in stroke treatment has
a long way to go. The human brain is extremely complex and
dynamic with varying tissue mechanical strength, multiple cell
types, and ECM molecules. These factors need to be addressed
systematically while designing hydrogels for neural applica-
tions for better clinical outcomes. The lack of spatiotemporal
control within engineered hydrogel constructs results in non-
uniform cell distribution and low cell penetration capacity
along with poor vascularization and mass transfer leading to
loss of cell viability and functionality upon transplantation
[41]. Translation from small animal models to the human bio-
logical system, with its complex vasculature, innervation, and
other micro- and macroarchitecture, poses a major challenge in
hydrogel engineering. Furthermore, drug loading efficiency of
hydrogel systems is often limited by their poor tensile strength,
which also affects the hydrogel retention within the site of
application [194]. Also, high porosity and limited control over
the material properties in many hydrogels often leads to rapid
initial burst release, which might deter the clinical application
of hydrogels as sustained drug delivery systems [195].
Synthetic hydrogels tailored for specific applications are often
associated with challenges such as the presence of toxic
crosslinkers, unreacted monomers, high crystallinity, etc.
[194]. A fine balance needs to be maintained between scaffold
efficiency and safety without compromising on its functional-
ity. While hydrogels can be engineered complying with the
design constraints for neurological applications, its safety and
feasibility are also of paramount significance. The scalability
of the developed hydrogels for clinical translation also needs to
be considered. There is a need to develop novel methods to
harness the potential of biomaterials and stem cells to fabricate
cytocompatible and efficacious tissue constructs. Engineering
biomaterial constructs with sound knowledge about their
chemical and mechanical properties, interactions at the cellular
interface, immunogenicity, mass transfer efficiency as well as
scalability and reproducibility is cardinal for clinical translation
of tissue engineering technologies [196].

Despite the proven efficacy of stem cells, there are still
ethical issues regarding their clinical applications. While
hiPSCs are an answer to the ethical concerns and lack of
patient specificity of stem cells, hiPSC generation and
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expansion is cumbersome and needs optimization [197].
Moreover, inefficient reprogramming efficiency of iPSCs, im-
munogenicity, and teratoma formation upon transplantation
pose challenges to the clinical application of hiPSCs [198].
Overcoming these limitations depends on designing well-
defined biomaterial-based cell culture strategies for iPSC der-
ivation, expansion, and differentiation. Tissue-engineered
scaffolds should not only be able to modulate the presentation
and kinetics of reprogramming factors but also provide a con-
ducive microenvironment to facilitate iPSC differentiation.

Although there are several technical and clinical issues to
be addressed for the application of hydrogels in clinics, the
future of these promising biomaterials appears bright. The
brain being a challenging target for tissue engineering, suc-
cessful translation of these biomaterials from bench to bedside
requires their site-specific delivery, monitored by noninvasive
high-resolution imaging systems. On the whole, tissue-
engineered hydrogels have the potential to surmount the pres-
ent therapeutic challenges that limit restitution of the stroke-
injured brain.
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NPCs; RGD, Arginine-glycine-aspartic acid; ELPs, Elastin-like peptides;
NSC, Neural stem cell; #PSC, Human pluripotent stem cell; A#UVECs,
Human umbilical vein endothelial cells; CAM, Chorioallantoic mem-
brane; F, Elastic modulus; NSPCs, Neural stem and progenitor cells;
MAC, Methacrylamide chitosan; UBM, Urinary bladder matrix; EGF,
Epidermal growth factor; PPy, polypyrrole; VEGF, Vascular endothelial
growth factor; HepMA, Heparin methacrylate; PVA, poly(vinyl alcohol);
PEDOT, poly(3,4-ethylenedioxythiophene); pTS, paratoluenesulfonate;
PANI, polyaniline; p(GMA), poly(glyceryl methacrylate); PHPMA,
poly(N-2-hydroxypropyl methacrylamide); PEGDA, poly(ethyleneglycol
diacrylate); LCST, Lower critical solution temperature; UCST, Upper crit-
ical solution temperature; pNIPAAm, poly(N-isopropylacrylamide);
PLLA, poly-l-(lactic acid); PEO-PPO-PEO, poly(ethylene oxide)-b-
poly(propylene oxide)-b-poly(ethylene oxide); pNIPAAm-PEG,
pNIPAAm grafted PEG; PUASM, poly(urethane amino sulfamethazine);
S-NBC, S-(2-nitrobenzyl)cysteine); GRGDS, Gly-Arg-Gly-Asp-Ser;
EPO, Erythropoietin; G-CSF, Granulocyte colony-stimulating factor;
HAMC, Hyaluronan/methyl cellulose; PLGA, poly(lactic-co-glycolic ac-
id); PDMS-TEOS, polydimethysiloxane-tetracthoxysilane; Ang-1,
Angiopoietin-1; ESC, Embryonic stem cell; PCL, polycaprolactone;
GSH, Genipin cross-linked sericin hydrogel; #EnSCs, Human endome-
trial stem cells; SCs, Schwann cells; PFTBA, perfluorotributylamine;
MRI, Magnetic resonance imaging; PET, Positron emission tomography;

BLI, Bioluminescence imaging; CEST, Chemical exchange saturation
transfer; GLP-1, Glucagon-like peptide-1; STEP, Striatal enriched tyro-
sine phosphatase; 7B/, Traumatic brain injury; #UC-MSCs, Human um-
bilical cord mesenchymal stem cells; SDF-/«, Stromal cell-derived factor
lo; CS-GAG, Chondroitin sulfate glycosaminoglycan; SCI, Spinal cord
injury; NGF, Nerve growth factor; #UTCs, Human umbilical tissue-
derived cells; VM, Ventral midbrain; DA, Dopamine; BDNF-His,
Hexahistidine peptide-linked recombinant BDNF; PD, Parkinson’s dis-
ease; PAA, poly(amidoamine); TH, Tyrosine hydroxylase; GBM,
Glioblastoma; GemC12, Gemcitabine; /CG, Indocyanine green; PEG-
DMA, polyethylene glycol dimethacrylate; 7MZ, Temozolomide; PC
gel, poly(ethylene glycol)-g-chitosan hydrogel
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