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Abstract: Hyaluronic acid (HA) is a primary component of the brain extracellular matrix and
functions through cellular receptors to regulate cell behavior within the central nervous system (CNS).
These behaviors, such as migration, proliferation, differentiation, and inflammation contribute to
maintenance and homeostasis of the CNS. However, such equilibrium is disrupted following injury or
disease leading to significantly altered extracellular matrix milieu and cell functions. This imbalance
thereby inhibits inherent homeostatic processes that support critical tissue health and functionality in
the CNS. To mitigate the damage sustained by injury/disease, HA-based tissue engineering constructs
have been investigated for CNS regenerative medicine applications. HA’s effectiveness in tissue
healing and regeneration is primarily attributed to its impact on cell signaling and the ease of
customizing chemical and mechanical properties. This review focuses on recent findings to highlight
the applications of HA-based materials in CNS regenerative medicine.

Keywords: hyaluronic acid; regenerative medicine; tissue engineering; central nervous system;
traumatic brain injury; spinal cord injury; scaffold

1. Introduction

Tissue engineering and regenerative medicine is a multidisciplinary field that combines principles
from engineering and biology to treat damaged tissues within the human body; the primary goal
is to facilitate the repair and regeneration of functional tissues and organs [1]. Tissue engineering
approaches use a combination of cells, signaling molecules, and biomaterials to facilitate repair and
regeneration. Biomaterials typically serve as a core template for regeneration and are generally
designed to mimic the native extracellular matrix (ECM) by incorporating several biophysical and
biochemical cues that direct cell function and behavior (18). The biophysical and biochemical
properties of each tissue’s ECM are uniquely tailored to the specific needs of each tissue. As such,
the mechanical properties, chemical composition, presentation of biochemical cues, biocompatibility,
and other properties must be considered when designing an ideal material for a specific tissue.
Both synthetic and naturally occurring polymers have been engineered to imitate elements of native
ECM. Scaffolds based on synthetic polymers are highly tunable and excel at providing the necessary
mechanical support [2]. In contrast, natural polymeric scaffolds include important biochemical cues
that make them more biologically relevant [2,3]. The challenge for developing an ideal biomaterial is to
merge these advantages and provide the damaged tissue with the appropriate mechanical properties
and biochemical cues to support tissue healing and functional regeneration [4].To date, a range
of biomaterials have shown promise in vitro and in pre-clinical animal models in the regeneration
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of meniscal fibrocartilage [5,6], articular cartilage [7,8], skin [9,10], bone [11,12], and periodontal
tissue [13,14].

Advances in materials science and polymer chemistry have increased the synthetic versatility of
natural materials to fabricate more robust scaffolds and address the traditional dichotomy between
synthetic and natural polymers. Modifications to natural polymer systems can improve their biophysical
tunability, including mechanical properties, while maintaining their biological activity. One natural
polymer that has been extensively studied and modified for scaffold production is hyaluronic acid
(HA). HA is a polysaccharide that is found in the ECM prominently throughout the human body [15]
and is produced by a class of enzymes called hyaluronan synthases [16]. HA is linear in structure and
ranges from 50 to 8000 kDa in normal fluids and tissues [17], depending on the tissue type [18]. As a
component of the ECM, HA is biocompatible and commonly interacts with various cell receptors to
coordinate cell communication and behavior [19-21]. Importantly, HA is amenable to a variety of
simple chemical modifications that enable cross-linking between polymer chains and highly tunable
scaffold formation [15,22]. HA may also be manufactured and processed using different methods to
create hydrogels [23], microspheres [24], and composite hydrogel systems [25].

The application of regenerative medicine techniques becomes particularly important for the
central nervous system (CNS) as the complexity of CNS tissue and its inflammatory response inhibits
spontaneous healing, tissue regeneration, and functional recovery [26]. Neurological disorders are
the leading cause of disability, and the second leading cause of death worldwide, with approximately
9 million deaths occurring each year (16.5% of total global deaths) [27]. The total number of deaths
attributed to neurological damage or disease has also risen 34% since 1990 [27]. Of neurological
disorders, stroke is the number one contributor to global disabilities, while spinal cord injury (SCI)
and traumatic brain injury (TBI) are the sixth and seventh leading contributors, respectively [27].
Neurological disorders are characterized by extensive damage to the brain or spinal cord that often
results in a permanent loss of motor skills and cognitive impairment [28-30]. Sustained, chronic loss
of function due to neurological insults are the result of primary and secondary injury sequences.
The initial injury causes cell death within the damaged region due to factors such as neuronal cell
contusion, axonal shearing, and damage to blood vessels within the CNS [31]. Astrocytes, microglia,
and other glial cells are then activated in response to cell death and damage [31]. Activation of these
cells leads to a secondary injury response where local edema, hypoxic zones within the damaged region,
chronic cytokine generation, and reactive oxygen species formation impede tissue regeneration and
functional recovery [31]. One of the major challenges in the treatment of CNS injuries is attenuating this
secondary injury sequence [32]. To mitigate the long-term damage caused by the secondary sequence,
recent research has focused on the use of three-dimensional (3D) scaffolds to modulate the cellular
microenvironment to provide favorable conditions for tissue healing and regeneration [4].

Here, we will highlight the tremendous potential of HA-based biomaterials as regenerative
medicine scaffolds to promote healing, regeneration, and functional recovery of CNS tissues.
The biological activity, chemistry, and manufacturing techniques of HA relevant to the CNS will be
discussed in more detail in subsequent sections.

2. Biological Activity of HA in the CNS

As a major component of the brain ECM, HA plays a significant role in maintaining homeostasis
in neuronal tissue through influencing cell migration, proliferation, differentiation, and other cell
behaviors [33-35]. Cell function is also influenced by the molecular weight (Mw) of HA, as low (~80 to
800 kDa) and high Mw (>1600 kDa) forms of HA elicit different cell behaviors [36-39]. One response
is the production of pro-inflammatory mediators brought on by low Mw HA, and the inhibition of
such mediators by high Mw HA [35,36]. HA is primarily synthesized by neurons and astrocytes,
with evidence suggesting astrocytes are responsible for high Mw HA synthesis [39,40]. Localization
and deposition of HA occurs around myelinated fibers and gives rise to lattice-like ECM substructures,
called perineuronal nets, that surround neuronal cells and aid in developmental neuroplasticity and
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brain maturation [41-43]. HA reportedly interacts with several receptors to coordinate cell behavior;
the most common HA receptors are CD44 and the receptor for hyaluronan-mediated motility (RHAMM)
(Figure 1) [44].

Src family Kinases
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Figure 1. Hyaluronic acid (HA) interacts with several cell surface receptors to modulate cell behavior.
While CD44 and RHAMM share common intracellular signaling pathways (i.e., Src family, focal adhesion
kinase), each may act through unique pathways to elicit a specific cell behavior. CD44 engagement is
linked to Rac-1-dependent signaling while RHAMM stimulates Ras-mediated signaling.

CD44 is a cell surface receptor expressed in glial and neuronal cells, where receptor
engagement with HA influences cell behavior for neural tissue under physiologic and damage/disease
conditions [19,21,45,46]. For example, HA-CD44 coupling in astrocytes induced the Rac 1-dependent
PKNyY (protein kinase N-vy) pathway, leading to astrocyte cytoskeletal activation and enhanced astrocyte
migration under physiological conditions [47,48]. Interactions between HA and CD44 coordinate cell
behaviors by activating Src family kinases (SFKs) and focal adhesion kinase (FAK) cascade [47,49].
In contrast to CD44, RHAMM is present in the cytoplasm and nucleus of cells, as well as on the cell
surface [21]. RHAMM engagement with HA may activate the SFK and FAK cascade [20], and induce
Ras signaling pathways to modulate cell behavior under normal physiological conditions, such as
migration and proliferation [19,21].

2.1. Migration

In vitro assessment of astrocyte/HA interactions reveal the activation of Rac-1 signaling to modulate
astrocyte migration responses of astrocytes to HA and the Rac-1 signaling pathway include enhanced
migration in response to injury [48]. Bourgiugnon et al. demonstrated that astrocyte migration was
enhanced by HA engagement following a scratch wound to an astrocyte monolayer culture [48]. The role
of CD44 in migration was further elucidated by Piao et al. [50]. Rodent oligodendrocyte progenitor cells
(OPCs) experienced increased migration when treated with HA in vitro compared to untreated controls.
Furthermore, this response was inhibited via CD44 functional antibody blocking [50]. This trend
was also observed in an in vivo setting where migration of OPCs transplanted within an inflamed
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spinal cord (zymosan-induced inflammation) was inhibited by pre-incubating OPCs with the CD44
blocking antibody [50]. Cortical ischemic lesions reportedly enhance HA expression within the effected
ipsilateral hemisphere in a mouse model [51] that may serve to support HA/RHAMM mediated
astrocyte migration within the peri-infarct region [51].

2.2. Proliferation

Proliferation of CNS cell types is also influenced by HA interactions with cell receptors. In vitro
studies on astrocytes show that HA plays an important role in the formation of detrimental glial
scars due to its ability to influence astrocyte proliferation [36,52]. High-Mw HA decreased astrocyte
proliferation in vitro [36], while degraded high-Mw HA into low-Mw forms enhanced astrocyte
proliferation in a rat SCI model [52]. Though the Mw of the HA was not specified, intracortical injection
of 3% HA gels into rodents sustaining a cortical defect exhibited a decrease in astrocyte proliferation
compared to control animals receiving only saline solution [53]. Neural stem cell populations are also
affected by HA/CD44 interactions [45]. Rodent subgranular zone neural stem cells presenting CD44
were isolated and cultured using BrdU staining as a marker for proliferation. HA treatment to cultured
neural stem cells significantly reduced BrdU incorporation compared to untreated controls indicating
HA modulated proliferation [45]. Okun et al. built upon this work by demonstrating that low Mw HA
reduced the proliferative capability of mouse embryonic-derived neural progenitor cells through HA
ligand interactions with TLR-2 receptors in vitro [54].

2.3. HA Signaling in CNS Disease and Disorders

While HA can play a significant role in tissue healing and regeneration, certain CNS disease states
progress by the presence of HA and its interactions with cell receptors. An experimental autoimmune
encephalomyelitis (EAE) mouse model shows that HA accumulates within demyelinated lesions [39].
Accumulation of high Mw HA, and production of high Mw HA by CD44 positive astrocytes, inhibited
remyelination in the spinal sections of tested mice [39]. The accumulation of high Mw HA and
CD44 positive astrocytes precursor cells is also common in patients suffering from vanishing white
matter disease [55]. Tissue studies from patients with vanishing white matter disease, and other
white matter disorders, indicate the high levels of HA and CD44 positive cells leads to defective
maturation in glial cells [39,55] through stimulation of the TLR-2 signaling pathway [56]. The TLR-4
signaling pathway is also triggered by HA stimulation and plays an important role in glioblastoma
stem-like cell proliferation and differentiation [57]. During differentiation, glioblastoma stem-like cells
upregulate TLR-4, release HA, and activate the TLR-4-NFkB signaling pathway [57]. Activation of
this pathway causes glioblastoma stem-like cells to maintain their proliferative state, implicating HA
in the tumorigenic potential of glioblastoma stem-like cells in vitro [57]. To corroborate this study,
proliferation of glioblastoma multiforme cultures increased when exposed to increasing concentrations
of HA, as evidenced by an increase in cultured neurosphere size [46].

3. Chemical Modifications of HA

HA can be easily modified with reactive functional groups to enable the formation of finely
tunable 3D polymer networks. Combined with the biological relevance of HA in CNS tissues, HA is
an ideal biomaterial for CNS tissue engineering and regenerative medicine applications. Modifications
to HA are largely focused on three distinct functional groups: the glucuronic acid carboxylic acid,
the primary and secondary hydroxyl groups, and the N-acetyl group [15]. Alterations to any of these
functional groups can lead to changes in the mechanical properties, chemical properties, and biological
activity of the subsequent HA biomaterial [15]. Even though it is easy to customize the properties of
HA materials through chemical modifications, care must be taken to avoid over-modification as this can
lead to a reduction in the biological activity of HA [58]. The degree of modification also has important
implications for the mechanical properties of HA-based materials. Mechanical properties are dependent
on the cross-linking density of a material, which can be altered based on the degree of modification of
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the HA polymer [15,59]. As HA chemistry has been extensively reviewed [15,22,60], we will selectively
highlight reaction schemes of most interest for CNS tissue engineering and regenerative medicine.

Cross-linking of HA materials can be generally characterized into two main groups: covalent and
noncovalent cross-linking mechanisms. Covalent cross-linking mechanisms result in materials with
high stability and robust mechanical properties while noncovalent mechanisms are beneficial when
a material with dynamic, reversible linkages is desired [61]. Beyond cross-linking, chemistries are
also available to tether biomolecules of interest to the surface of HA. These covalent and noncovalent
cross-linking mechanisms, combined with biomolecule tethering chemistries, provide the user with a
toolbox to customize HA material properties for a wide range of neural tissue applications.

3.1. Covalent Cross-Linking Mechanisms

A common method for modifying HA is through the introduction of a thiol functional group to
mediate covalent cross-linking between polymer chains [15]. Thiol functionalization is performed using
carbodiimide-mediated hydrazide chemistry and targets the carboxylic acid group within HA [62].
To form a 3D polymer network, the thiol functional groups are oxidized to create covalent disulfide
bonds between the polymer chains [63]. Thiol-modified HA retains HA’s innate cytocompatibility and
cell viability is high at a cross-linker concentration under 2.5% (w/v) [64]. Through careful timing of
the disulfide cross-linking reaction, thiol-modified HA can be injected before complete cross-linking
occurs [62]. Thiol-modified HA has shown promise as a tissue-engineering scaffold in SCI in vivo
models [65], neural stem cell transplantation in vivo [66], and glioblastoma in vitro models [67].

Another common HA cross-linking mechanism is the use of dihydrazide chemistry to covalently
cross-link HA [15]. In this approach, HA is modified with adipic dihydrazide via the carboxylic acid
group within HA using carbodiimide chemistry [22]. Dihydrazide-modified HA undergoes covalent
cross-linking through the formation of hydrazone linkages with ketones and aldehydes [15]. In CNS
applications, dihydrazide chemistry has been used to cross-link HA-based materials to enhance the
survival and migration of neural progenitor/stem cells in vitro [23,68], study tissue reconstruction in
rat models of cortical impact injury [69], and to repair tissue after controlled SCI in rodents [70].

Covalent cross-linking reactions can also form 3D HA scaffolds, where the cross-linker includes a
protease degradable peptide sequence to enable cell-mediated scaffold degradation [71-74]. A protease
degradable peptide cross-linker with a thiol containing cysteine residue on both ends can react with
and cross-link several modifications of HA, including: thiol-modified HA [75], acrylate-modified
HA [72,73], vinyl sulfone-modified HA [74], and others. As opposed to traditional hydrolytically
degradable scaffolds, the degradation rate of protease degradable scaffolds is dependent on the
local protease concentration. Matrix metalloproteinases (MMPs) are most commonly associated with
protease degradation [76], where the protease-degradable cross-linker can be tailored to be more
susceptible to certain MMPs and less sensitive to others [77]. For CNS applications, MMP-2 and MMP-9
are of interest due to higher levels of these MMPs after CNS damage [78-81]. Several MMP-cleavable
peptide sequences have been reported for MMP-2 and MMP-9 [77]. Protease-degradable scaffolds
are advantageous as they mimic the natural remodeling process, where MMPs are responsible for
degrading the ECM during tissue remodeling and maintenance [82,83]. MMP degradable HA-based
scaffolds have been utilized in SCI in rats [72], stroke in vivo models in mice [73], and 3D neuronal
networks in vitro [74].

3.2. Noncovalent Cross-Linking Mechanisms

In contrast to covalent mechanisms that permanently cross-link HA polymer chains together,
noncovalent interactions form reversible and dynamic cross-links between HA polymer chains [76].
Noncovalent bonds form through a variety of mechanisms, such as guest-host chemistry, thermal
gelation, ionic interactions, hydrophobic interactions, hydrogen bonding, and protein-ligand
interactions [84,85] and are responsive to a variety of stimuli (e.g., temperature, pH, shear stress,
ion concentration, etc.). While HA scaffolds using noncovalent cross-linking mechanisms have not
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been applied extensively for CNS applications, noncovalent scaffolds display unique properties that
are valuable for general regenerative medicine applications. The reversible and dynamic nature of
noncovalent cross-links is advantageous for designing materials with shear-thinning and self-healing
capabilities [85,86]. Such materials exhibit viscous flow at high shear strain (shear-thinning property)
and recover their original mechanical properties when the strain is removed (self-healing property) [87].
Shear-thinning materials are also capable of protecting encapsulated cells from damaging shear strain
during injection [88]. These materials are ideal injectable scaffolds, due to their ease of injection via
shear-thinning and their rapid gelation time immediately after injection via self-healing.

A thermally responsive, shear-thinning, noncovalent scaffold can be created using a polymer blend
of HA and methylcellulose (MC) [89,90]. In solution at 37 °C, MC forms a weak gel due to hydrophobic
junctions which decrease with increasing temperature [91]. An increasing salt concentration reduces MC
solubility causing a reduction in gelation temperature and an increase in mechanical properties [91,92].
Blending HA with MC (HAMC) has a similar effect as the anionic carboxylic acid groups within HA
behave similar to salt [91]. HAMC scaffolds are not only more robust compared to MC alone, but
the incorporation of HA also provides the material with shear-thinning and self-healing capabilities. The
shear-thinning and self-healing properties were attributed to polymer chain entanglement; although,
the exact gel recovery time was not specified [91]. In the context of the CNS, HAMC scaffolds have been
used to study neural progenitor/stem cell viability and differentiation in vitro [89], as drug delivery
vehicles in rodent stroke models [93,94], and to treat SCI in rodent models [95,96].

To create shear-thinning, injectable, scaffolds composed entirely of HA, guest-host chemistry
can be used to form reversible, noncovalent cross-links [87,97]. In guest-host interactions, guest (e.g.,
adamantane, AD) and host (e.g., cyclodextrin, CD) functional groups bind to each other through
hydrophobic interactions to form a guest-host complex (Figure 2). When HA is separately modified with
CD (guest) and AD (host) functional groups, the guest—host complex serves as a noncovalent cross-link
between the AD-modified HA and CD-modified HA polymer chains (Figure 2). The guest-host
complex is reversible: de-coupling at high shear strain (i.e., injection) and rapidly reforming at low
shear strain within seconds [87,97]. Compared to other HA systems, the extremely rapid self-healing
behavior is advantageous in preventing scaffold diffusion into the surrounding tissue or ejection
from the injection site. The mechanical properties of guest-host assembled HA hydrogels are easily
tuned to match CNS tissue by altering the guest and host modification percentage within HA [98].
The combined advantages in tunability and injectability of HA-based scaffolds fabricated using
guest-host chemistry opens promising avenues for this platform to be used as a tissue-engineered
scaffold for CNS applications.

Ada{antane (guest molecule) - ~ 3D scaffold formation

self !

assenﬂﬂy’

Shear !
A
thinning \

Cyclodextrin (host molecule) \ /
~ ~

Figure 2. HA-based materials cross-linked using reversible guest-host chemistry. The guest and host
functional chemical groups bind to form a guest-host complex, which serves as a noncovalent cross-link.
The guest-host cross-links are shear-thinning and rapidly self-healing, making this platform promising
for minimally invasive injection for CNS applications.
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3.3. Biomolecule Tethering

While chemical modifications of HA are extremely useful, extensive HA modifications reduce the
biological activity of HA by inhibiting binding to cell surface receptors [58]. To improve bioactivity or add
biofunctionality, methods have been developed to covalently tether a wide range of biomolecules to HA.
HA-based scaffolds have been modified with laminin (an adhesive protein common in the CNS [99]) to
improve neural progenitor/stem cell migration in the direction of stromal cell-derived factor-1x gradients
using in vitro and in vivo TBI models [23,68]. Schwann cells cultured on HA-based scaffolds with laminin
also secreted higher levels of nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF)
compared to scaffolds without laminin [100]. Further, the inclusion of laminin within HA scaffolds
supported cell infiltration and angiogenesis, while inhibiting glial scar formation in a rodent SCI model [69].
As an alternative to laminin, laminin-derived peptides, IKVAV and LRE, can be tethered to HA with
highly tunable control over peptide concentration without significantly impacting the original scaffold
properties. Laminin-derived peptides have been used to modulate ECM degradation and enhance
neurite outgrowth during in vitro studies using mouse embryonic stem cells [101] and human-induced
pluripotent stem-cell-derived neural stem cells [102]. Inclusion of an RGD cell-adhesive peptide (derived
from fibronectin) on HA-based scaffolds has demonstrated the ability to increase the viability of neural
stem/progenitor cells in vitro [103]. Additional studies indicate neurite outgrowth is dependent on
RGD concentration, with higher levels of RGD correlated with increased neuron densities in vitro [104].
Modifying HA with heparin is also promising for CNS regenerative medicine applications due to its
ability to bind growth factors. Growth factor binding to heparin protects them from degradation while
aiding in local accumulation of growth factors to be utilized by cells [105]. HA nanofibers with heparin
were used as a growth factor delivery vehicle and resulted in increased chick dorsal root ganglia neurite
extension in vitro compared to either HA or heparin alone [106].

4. Therapeutic Relevance of HA-Based Materials in the CNS

The chemical modifications further diversify the processing and fabrication techniques that may
be employed to generate 3D HA scaffolds. Simple modifications to processing procedures enables
the formation of HA hydrogels [74], granular hydrogels (microgels) [107], electrospun fibers [106],
and composite HA-based materials [96]. Different forms of HA scaffolds have unique properties that
provide different benefits to CNS regenerative medicine (Figure 3).

STANDARD HYDROGEL GRANULAR HYDROGEL COMPOSITE SYSTEM
A B C

Injectable
biomaterial
system Ease of formation Improved mass transport Multifunctionality

Local injection applications

Figure 3. The combined versatility in HA chemical modifications and processing enables fabrication of a
wide range of HA-based materials. (A) Hydrogels are the most common HA-based material employed in
CNS applications and are beneficial due to their ease of formation. (B) Granular hydrogels (or microgels)
offer improved mass transport through the interstitial space between particles. (C) Composite systems
incorporate multiple phases and/or materials to add multifunctionality to the scaffold. HA-based
materials can be designed for minimally invasive injection into CNS tissue to promote healing and
regeneration, including (D) spinal cord injury and (E) traumatic brain injury.
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4.1. Hydrogels

Hydrogels are 3D, water-swollen polymeric networks formed by chemical and/or physical
interactions [18]. A major benefit for using hydrogels in tissue engineering constructs is the ease to
process and form, as well as to customize the mechanical and biochemical properties to mimic soft
tissues [15,59,108]. Covalently linked HA hydrogels have demonstrated the ability to support the
desired growth, behavior, and function in neuron [74], Schwann [109], and neural progenitor in vitro
cell cultures [68,110-112]. HA hydrogels are also known to modulate cell behavior. Astrocyte behavior
is influenced by HA, where astrocytes are a common target for HA-based hydrogel therapies. In vivo
rodent models of TBI [69] and SCI [70] show that HA hydrogels were able to recruit astrocytes to the
damaged area. Levels of reactive astrocytes, which contribute to detrimental glial scar formation,
were reduced in HA hydrogel treated groups compared to control animals as measured by GFAP [69,70].
The regenerative response was further augmented by an increase in angiogenesis within the injured
region of the CNS [69,70]. Comparisons between gelatin hydrogels and gelatin/HA hydrogels have
shown that the addition of HA into the scaffold promotes better contiguity between the scaffold and
host tissue [113]. The healing potential of HA-based materials may be partially attributed to HA's
ability to encourage cellular interactions between hydrogels and CNS tissue.

HA-based hydrogels also enable the localized delivery of therapeutic cargo (e.g., stem cells,
drugs, growth factors) to areas of CNS damage or disease resulting in improved therapeutic efficacy.
For stem cell delivery applications, the tunability of HA-based hydrogels enables the design of a
tailored microenvironment to influence stem cell fate and provide protection to transplanted cells.
These attributes of HA-based hydrogels lead to enhanced transplant cell retention [23], and regulate
basic cell behaviors such as migration, proliferation, and differentiation [23,114-117]. Within the brain
and spinal cord, the delivery of stem cells via HA-based hydrogels has improved functional recovery in
rodent SCI [116] and TBI [118] models and regeneration of nerve cells following TBI [119]. Within the
spinal cord, HA hydrogels enhance stem cell survival and desired differentiation after transplantation
into an in vivo SCI contusion model [116]. The results of this study indicate that the delivery of stem
cells within HA hydrogels improved animal survival and Basso, Beattie, Bresnahan (BBB) Locomotor
Rating scores in open-field locomotor assessments compared to either cells or HA hydrogels alone [116].
HA-based hydrogels have also shown greater utility in stem cell therapies over cells or sodium
alginate hydrogels alone in rodent TBI models [118,119]. Increased stem cell viability and proliferation
were observed in HA-based hydrogels over sodium alginate hydrogels before transplantation into a
rodent weight drop brain injury model [119]. Once transplanted, stem cell-laden HA-based hydrogels
upregulated the expression of critical neural differentiation, cell survival, and neurotrophy related
genes (NSE, NEUN, MAP2, Bcl-2, BDNF, NGF) to promote stem cell differentiation, nerve cell
survival, and functional recovery in rats after injury [119]. Neurotrophic growth factor secretion
from transplanted cells also impacts CNS functional recovery. Neural stem cells transplanted within
HA hydrogels to a rodent weight drop TBI model secreted higher levels of BDNF compared to cells
transplanted without hydrogel [118]. This additional neurotrophic support was correlated with
enhanced functional recovery.

Growth factors and small molecule drugs can also be directly delivered via HA-based hydrogels
to elicit a desired therapeutic response. Biomolecules can be tethered to the HA polymer chain
or embedded in a hydrogel for local delivery. The biophysical properties of HA hydrogels (e.g.,
degradation rate) can be tailored through chemical modifications to tune the drug release profile.
Localized neurotropic and angiogenic growth factors, such as neurotrophin-3 (NT-3) and vascular
endothelial growth factor (VEGF), improve functional outcomes after a sustained CNS injury.
Elliot et al. [120] showed that HA hydrogel delivery of NT-3 improved motor function recovery
in rats by promoting axonal regeneration after SCI [120]. While VEGF is more universally found
throughout the body than NT-3, it still has significant impact on the CNS. In particular, delivery of
a VEGF mimetic peptide effectively promoted angiogenesis and inhibited glial scar formation in a
rat following removal of cortical tissue in the left frontal cortex region [32]. As glial scar formation
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and damaged vasculature are barriers to tissue healing and regeneration, the delivery of VEGF and its
mimetic peptides have the potential to repair defects of the CNS. HA hydrogels have further shown
promise as effective carriers of anti-cancer drugs in the treatment of glioblastomas (GBM) [121,122].

3D hydrogel systems, including HA, also provide a platform to model neural injury and disease.
Such models enable controlled systems to elucidate fundamental mechanisms of injury/disease and
evaluate novel therapeutic strategies. HA model systems illuminate the role of mechanobiology on
neural progenitor fate. Wu et al. discovered that neural progenitor cell spheroid displayed greater
levels of neurite outgrowth and spontaneous differentiation when cultured in softer gels compared
to stiffer gels [123]. Koss et al. developed a 3D culture model based on HA hydrogels to study
the inflammatory processes and glial scar formation associated with CNS insults and found that
inclusion of a basal lamina mixture within the hydrogel promoted better cell integration with the
matrix compared to HA alone [124]. In vitro HA-based hydrogel models of GBM tumors/cells provide
important insights into the mechanisms behind GBM behavior and progression that make this type of
cancer so pervasive [67,125,126].

4.2. Granular Hydrogels and Microgels

Granular hydrogels are a collection of hydrogel microparticles (microgels), often formed with
microfluidic devices, that exhibit properties of injectability and microporosity [127,128]. A benefit of
granular hydrogels is that the size of the interstitial pores between microparticles is sufficient to support
cell migration and mass transport through the material [127]. Initial results with granular hydrogels for
CNS applications indicate that they hold promise in modulating CNS inflammatory responses [24] and
in controlled delivery of therapeutic molecules [128]. Sideris et al. used granular hydrogels to promote
repair after induced stroke in mice and found that the granular hydrogel promoted astrocyte infiltration
into the stroke cavity while reducing glial scar formation post-injury [107]. Related experiments in
rodent stroke models also demonstrated an increase in neural progenitor cell infiltration into the
stroke cavity after treatment with granular hydrogels [24]. In both studies, the application of granular
hydrogels improved healing response over sham groups by improving angiogenesis and directing
astrocytes and microglia into pro-repair phenotypes and behaviors [24,107], indicating the promise of
this platform for CNS regeneration and repair.

4.3. Composite Material Systems

Composite material systems combine multiple material formations (e.g., hydrogels, microgels,
fibers, etc.) into a single HA-based scaffold for tissue repair and regeneration. Composite scaffolds
address the need to develop an intervention where multifunctionalities are necessary. A common
example of this strategy is embedding microgels or nanoparticles inside of HA-based hydrogels.
The HA hydrogel provides 3D structure while the microgels/nanoparticles can be used to encapsulate
and deliver a desired therapeutic payload, with poly(lactide-co-glycolide) (PLGA) nanoparticles often
being the carrier of choice. HAMC hydrogel/PLGA nanoparticle composites have been effective drug
delivery vehicles for use in SCI models. Delivery of fibroblast growth factor-2 using HAMC/PLGA
composites promoted greater dorsal horn blood vessel density in rats following SCI compared to HAMC
alone or with blank nanoparticles [25]. The HAMC hydrogel/PLGA nanoparticle composite system has
also been used in the treatment of rodents subjected to stroke injury models [129]. Again delivering
BDNF, HAMC hydrogels containing PLGA nanoparticles enhanced tissue repair and functional
recovery in stroke-injured rats to a greater degree than the hydrogel alone, possibly due to a greater
expression of synaptophysin in BDNF treated groups [129]. It is also possible to deliver multiple growth
factors via PLGA particles embedded in HA-based hydrogels. Decreased inflammation and attenuated
glial scar formation was seen in a rodent SCI model when VEGF and BDNF was delivered from a
HA-based hydrogel/PLGA microparticle composite system [130]. Animals receiving this treatment
showed significant improvement in locomotor skills compared to either untreated animals or animals
receiving the HAMC hydrogel alone [130].
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Composite systems may also incorporate additional structures such as electrospun fibers for neural
progenitor/stem cell delivery [89]. Inclusion of electrospun fibers synthesized from collagen reduced
stem cell survival and differentiation, while electrospun fibers of poly(e-caprolactone-co-D,L-lactide)
maintained stem cell survival and differentiation similar to HAMC alone [89]. Electroconductive
HA composites have also been developed by incorporating carbon nanotube or polypyrrole into
HA-based hydrogels [131]. Greater neuronal differentiation of human fetal neural stem cells and
human induced pluripotent stem cell-derived neural progenitor cells in 3D culture was seen in these
composite hydrogels compared to hydrogels alone [131].

5. Future Research Perspective

Looking towards the future, recent advances in chemistry have developed promising new
polymeric cross-linking strategies for HA such as dynamic cross-links. In contrast to traditional,
covalent cross-links, dynamic cross-links with shear-thinning and self-healing properties are reversible
and can be locally disrupted by cells to allow complex cellular functions and behaviors [85]. This local
disruption of cross-links has minimal effect on the structural integrity of the bulk material [85]. Local
adaptability is necessary to maintain and differentiate neural progenitor/stem cells in vitro and is
important for regulating the behavior of CNS cell types [132,133]. The use of dynamic cross-links
with shear-thinning and self-healing capabilities also provides HA with ideal minimally invasive
injectability: with mechanical force disrupting the cross-links to enable flow and the removal of
force allowing the cross-links to reform the HA material [85,87]. Neural progenitor/stem cells are
frequently injected into CNS lesions to promote tissue healing and functional regeneration alongside
local cells [116]. As the knowledge surrounding dynamic hydrogels expands, the application of
dynamic, HA-based materials may prove useful in regulating the natural healing and inflammatory
responses of CNS tissue after injury or disease.

6. Conclusions

HA-based materials have played an integral role in the study and treatment of CNS disorders.
The biological activity of HA, as well as the ease of chemical modifications and manufacturing,
has created customizable and versatile scaffolds for CNS tissue engineering and regenerative medicine.
As a naturally occurring polymer, HA-based materials will continue to play a significant role in tissue
regeneration and serve as personalized platforms to augment the inherent regenerative processes
within the CNS.
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