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ABSTRACT: Current pharmacological and surgical therapies for
the central nervous system (CNS) show a limited capacity to
reduce the damage progression; that together with the intrinsic
limited capability of the CNS to regenerate greatly reduces the
hopes of recovery. Among all the therapies proposed, the tissue
engineering strategies supplemented with therapeutic stem cells
remain the most promising. Neural tissue engineering strategies are
based on the development of devices presenting optimal physical,
chemical, and mechanical properties which, once inserted in the
injured site, can support therapeutic cells, limiting the effect of a
hostile environment and supporting regenerative processes. Thus,
this review focuses on the employment of hydrogel and
nanofibrous scaffolds supplemented with stem cells as promising
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therapeutic tools for the central and peripheral nervous systems in preclinical and clinical applications.
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1. INTRODUCTION

Physical injuries to the central nervous system (CNS) and
neurodegenerative diseases damage the brain or the spinal
cord, resulting in cellular degeneration and death with a
consequent loss of function. The CNS has a limited
regenerative capacity since the replacement of neurons is
hampered by the inflammatory response and glial scar
formation after the injury. Moreover, pharmacological treat-
ments show limited effects due to the physical and chemical
barriers within the CNS that favor a fast clearance, and some
drugs are characterized by harmful side effects. Surgical
approaches, on the other hand, can lead to further
complications so that a minority of patients can really get
benefits. In this context, stem cell therapy can be useful to
repopulate the nervous tissue by implanting stem cells and
guiding their differentiation into neurons. However, the
aggressive injury environment and the tendency of cells to
leave the injury site if not confined by a support reduce the
performances of this approach. Thus, the combination of
scaffolds and cells should be the optimal strategy for tissue
regeneration since the porous structure of scaffolds provides
physical support for cell adhesion, growth, and proliferation.
This review initially focuses on the biomaterials options for
scaffold production, dividing them into the two categories of
hydrogel-based and nanofibrous, and on the most used stem
cell typologies. Furthermore, a report of some preclinical
applications of this combined strategy for the treatment of
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central and peripheral nervous system injuries and diseases is
presented in order to show the benefits and possible clinical

applicability.

2. BIOMATERIALS FOR REGENERATION STRATEGIES

Tissue engineering approaches are based on the combination
of three-dimensional scaffolds with living cells, and/or
biologically active molecules, such as drugs or growth factors,
forming a construct able to promote the repair and/or
regeneration of tissues and organs.'

In this context, scaffolds are required to be biocompatible
(not to produce an unfavorable physiological response) and
biodegradable (to get eliminated from the body via naturally
occurring processes), and their degradation rates should
kinetically match with the evolving environment for a
successful regeneration process.”” Furthermore, a scaffold’s
properties must be tuned to provide physical support for cell
adhesion and proliferation, while respecting the chemical and
mechanical properties of native tissues. For both these reasons,
scaffolds can be defined as “biomimetic materials” presenting a
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Figure 1. Scaffold architecture. Differences between microporous

scaffold and nanofiber scaffold.

porous structure with an interconnected pore network useful
for the formation of tissues with good spatial and temporal
control.”® Tissue engineering scaffolds can be composed of
different types of materials; however, polymeric biomaterials
and composites are the most used ones because of their ease of

handling and property modeling.” Among the polymeric
materials, hydrogels and nanofibers are largely employed as
scaffolds (Figure 1), and their most important characteristics
are summarized in Table 1.

“Hydrogels are three-dimensional networks of hydrophilic
polymers held together by covalent, ionic or hydrogen bonds
and, in the presence of solvents, they are able to swell,
maintaining their original shape forming elastic gels.”
Moreover, hydrogels are biocompatible and biodegradable
soft biomimetic materials characterized by high water content
that simulates the aqueous microenvironment of human
tissues. Depending on the application, properties such as
swelling behavior, polymeric mesh size, and degradation rate
can be tailored by properly modifying the polymer
composition or the cross-linking density.”~” Furthermore,
their ability to retain peptides, extracellular proteins, and
growth factors stimulating axonal growth and myelination is
extremely fascinating for nervous tissue applications.'”"" In
addition, hydrogels characterized by electroconductive proper-
ties can stimulate neuron growth through electrical signal
transmission."

Although only a few polymers can be hydrogel backbones
due to biocompatibility requirements, it is possible to
distinguish natural-based and synthetic hydrogels."> Collagen,
gelatin, hyaluronic acid, agarose, chitosan, and alginate are
common natural hydrogels which show properties extremely

Table 1. Classification of Scaffolds with Their Most Important Characteristics

Hydrogels

natural-based synthetic

advantages: advantages:

o low inflammatory responses
properties

o well-defined mechanical and
degradation properties

® biocompatibility and biodegradability

o low cost o large scale productions

® casy extraction and synthesis o low batch-to-batch variation

e low toxicity and nontoxic degradation e stimuli responsiveness

® mechanical properties similar to those of
living tissues

disadvantages:

o difficult processability

disadvantages:

o limited biocompatibility and
biodegradability

® nonoptimal mechanical properties e possible toxicity

® batch-to-batch variability

e possible too high degradation rate

e controllable chemical and physical

in nervous tissue

e retention of peptides and extracellular proteins stimulating axonal
growth and myelination

e neurotrophic growth factors and drug release

o conductive hydrogels can enhance the regeneration process through
electrical stimulation

Nanofibers

electrospinning

advantages: advantages:

o fabrication of biomimetic structures similar to the scale and
morphology of ECM

o cost-effective approach

® nanofiber properties can be tailored for the specific tissue
application

o high surface area

molecular self-assembling

® casy processability

® massive production is possible

in nervous tissue

e aligned fibers guiding axonal growth

e neurotrophic factors and drugs release

o electrical stimulation is possible to enhance the
regeneration process

® SAP degradation products can enhance repair and
regeneration

o glial scar inhibiting SAP scaffolds

disadvantages:

o low porosity

® not applicable on all types of polymers
 poor loading efficiency and low porosity

® possible unstable structures

disadvantages:

o lower ability to control the scale of the
resulting fibers

® time-consuming process
® only lab scale production
® not applicable on all types of polymers
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similar to the ones of living tissues, although they are
characterized by difficult processability, nonoptimal mechan-
ical properties, and batch-to-batch variability.”"?

To overcome these limitations, synthetic polymers such as
acrylic polymers, poly(ethylene glycol) (PEG), poly(vinyl
alcohol) (PVA), and poly(ethylene oxide) (PEO) with well-
defined chemical, physical, and mechanical properties can be
chosen, but they can show limited biocompatibility and
biodegradability and potential toxicity.'* Moreover, synthetic
hydrogels in which the polymeric networks are endowed with
functional groups that make the gel responsive to physical,
chemical, or biochemical stimuli are nowadays extremely
popular materials called stimuli-responsive or smart hydro-
gels.ls_18 Lastly, it is possible to combine via physical or
chemical means natural and synthetic polymers, obtaining
hybrid hydrogels presenting the desired bioactivity, biocom-
patibility, and mechanical properties.'”*°

Nanofiber scaffolds are based on the idea of fabricating
biomimetic structures similar to the scale and morphology of
the native extracellular matrix (ECM), which is a nanofiber gel
network composed of a meshwork of structural proteins, such
as collagen and elastin, and nonstructural proteins, like
glycosaminoglycans. The diameter of the ECM structural
fibers is between 50 and 300 nm, and the fibers provide
anchoring points for cell attachment while maintaining the
overall tissue or organ shape and form.”' Thus, nanofiber
scaffolds are characterized by a nanoscale diameter, high
surface area/volume ratio, and high porosity with intercon-
nected pores providing a large surface area for cell attachment
and sufficient space for nutrient and waste exchange.”
Moreover, nanofiber scaffolds show low levels of toxicity,
excellent ability to deliver their encapsulated substances to the
target site avoiding side effects, stability, sterility, flexibility, and
processability.”> Until now, a variety of approaches have been
developed for fabricating this type of scaffold, such as
temperature-induced phase separation, molecular self-assem-
bly, template synthesis, drawing, and electrospinning.24

Among these, electrospinning is the most widely used and
successful technique used since it is a cost-effective versatile
approach tailorable for the specific tissue application. Most
biocompatible synthetic and natural polymers can be electro-
spun into nanofibers independently or as blends of multiple
polymers by passing through the high voltage (10—20 kV) of
an electrospinning machine, leading to the formation of fine
fibers with nanoscale diameters.”"””> Common tissue engineer-
ing nanofibrous scaffolds are composed of chitosan, silk fibroin,
collagen, gelatin, poly(vinyl alcohol) (PVA), poly(L-lactide)
(PLLA), polycaprolactone (PCL), poly(L-lactide-co-caprolac-
tone) (PLCL), and poly(lactide-co-glycolide) (PLGA).***°
Electrospun polymers are appealing for nervous tissue
engineering approaches owing to the possibility of obtaining
scaffolds with aligned fibers which can guide axonal extension
toward designated targets, reforming synaptic connections and
helping in the nerve function restoration process.”” Moreover,
electrospun nanofibers can be a promising delivery vehicle for
neurotrophic factors and anti-inflammation drugs.”® Further-
more, nanofibers fabricated using conducting polymers (ie.,
polymers with loose electrons in their skeletons) can stimulate
neuron growth through electrical signal transmission.”®

Molecular self-assembling is a remarkable technique as well.
Self-assembling can be defined as “the spontaneous association
of molecules under equilibrium conditions into stable and
structurally well-defined aggregates joined by noncovalent
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bonds”,” and it is common for nucleotides and peptides.” In
particular, self-assembling peptides (SAPs) have been
intensivelzr studied after their discovery in the early
1990s*°7** due to their simple synthesis, functionalization,
and property modification.*® Moreover, SAPs are characterized
by unique features making them optimal scaffold choices since
they are synthetic materials composed of natural building
blocks forming well-organized nanofibrous structures able to
retain an enormous amount of water, similarly to hydro-
gels.”*** Furthermore, these peptide molecules can break
down into nontoxic and natural L-amino acids which could be
used by nearby cells for growth and repair processes, and
several peptide combinations can inhibit glial scar formation
while promoting axonal elongation. Despite these advantages,
the technique of self-assembly has the limitation of formin7g
macrosized pores and mechanically unstable 3D structures.”

3. CELL THERAPY: THE MOST COMMON CELLS USED
FOR TRANSPLANTATION

Cell therapy is a subtype of regenerative medicine charac-
terized by the introduction of cells into tissues to treat a
disease with or without the addition of gene therapy.*
Commonly, a particular class of cells, namely “stem cells”, is
used for transplantation since they display two essential
characteristics: the ability of unlimited self-renewal to produce

Table 2. Classification of Stem Cells with Their Most
Important Characteristics

stem cell
type
MSCs

characteristics ref

o self-renewal ability 36,
40—43
o multipotent

® case of access

o efficient in vitro expansion

o free of ethical concerns

® nonsignificant immune responses

e variable therapeutic results depending on the
source and the donor

ESCs 42

o pluripotent y
44-48
e ethical concerns

® possible tumor formation during the
differentiation
® possible immune rejection after transplantation
o possible cell heterogeneity
iPSCs

o pluripotent 41, 42,

47-50
e free of ethical concerns

® possible tumor formation during the
differentiation
® possible immune rejection after transplantation
@ possible cell heterogeneity
NSCs

o multipotent 42, 47,

50-52
o efficient in vitro expansion
e secretion of neurotrophic factors

o less potential of forming tumors compared with
ESCs

o production of growth factors, cell adhesion
molecules, and extracellular matrix proteins

Schwann
cells

41, 47

o myelinating function
® support of axonal regeneration
o efficacy and safety
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Figure 2. Schematic representation of the hydrogel synthesis and animal experiment. A mixed solution of GelMA and iNSCs cross-linked by a
photoinitiator under UV irradiation was developed. After generation of the complete transection mouse SCI model, the scaffold was transplanted
into the injury site. MEFs = mouse embryonic fibroblasts; iPSCs = induced pluripotent stem cells; iNSCs = iPSC-derived neural stem cells; NSCs =
neural stem cells; RN = regenerative nerve; SCI = spinal cord injury. Reprinted from ref 67. Copyright 2018 American Chemical Society.

progeny exactly the same as the originating cell and the ability
to give rise to a specialized cell type that becomes part of the
healthy organism.”” Moreover, stem cells are particularly
appealing due to their ability to release several growth factors
and immunomodulatory and angiogenic molecules which can
further enhance the therapeutic effect (paracrine effect).*®
Furthermore, cellular differentiation potency plays a key role in
stem cell therapy. As a matter of fact, unipotent stem cells have
not been excessively used in research due to their ability to
create cells with only one lineage differentiation. On the other
hand, totipotent, pluripotent, and multipotent cells are
frequently chosen. More specifically, totipotent and pluripotent
cells have the potential for developing several cellular lineages,
while multipotent stem cells can produce a variety of cells
limited to a germinal layer or just a specific cell line.*” A variety
of stem cells exist, and the most common with their key
features are summarized in Table 2. Mesenchymal stem cells
(MSCs) are a subset of nonhematopoietic adult stem cells that
originate from the mesoderm which possess self-renewal ability
and multilineage differentiation (multipotent cells).** MSCs
were first isolated in 1974 by Friedenstein and colleagues*’ and
currently constitute the most promising stem cells in
preclinical and clinical research due to their relative ease of
access and efficient in vitro expansion. Moreover, they are free
of ethical concerns and, since they can be used in autologous
transplants, are less likely to elicit a significant immune
response.””** MSCs can be collected from different sources
such as bone marrow, umbilical cord, amniotic liquid, and
adipose tissue leading to possible variable therapeutic results,
and other factors, such as the age of a donor or the presence of
some disease, affect the therapy efficacy.”

Animal-derived embryonic stem cells (ESCs) were successfully
cultured for the first time in 1981 by Evans and Kaufman,**
while human ESCs (hESCs) were first reported by James
Thomson’s group in 1998.”> ESCs are an important class of
stem cells since they can differentiate into almost all tissues in
the human body and are thus labeled as pluripotent due to
their ability to produce tissues from all three germ layers
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(ectoderm, mesoderm, and endoderm) when transplanted.46
However, the collection of ESCs (from the inner cell mass of
the blastocyst, human oocytes, and human embryos) has raised
ethical concerns and the possibility of forming tumors durin
the differentiation requires precautions in their management.”
Moreover, immune rejection after transplantation and
heterogeneity of hESC lines have been reported.48 Thus,
despite the encouraging findings from ESC studies, some
concerns remain.”” The development of induced pluripotent
stem cells (iPSCs) by Yamanaka and colleagues® provides a
valid alternative to ESCs since iPSCs are characterized by
properties similar to ESCs, without particular ethical concerns
and are suitable for autologous transplantation. Nevertheless,
iPSCs and ESCs share some disadvantages, such as the risk of
forming teratomas, transplant reaction,”” and cell hetero-
geneity.*® In detail, iPSC technology is based on the derivation
of patient-specific and pluripotent cells from adult mouse or
human somatic cells by introducing several defined tran-
scription factors®” and showed interesting results in preclinical
studies.”’ However, safety issues associated with the
manipulation of this type of cell could limit their clinical
applicability.*” Alternatively, neural stem cells and Swann cells
could be used. Neural stem cells (NSCs) are multipotent, self-
renewing progenitor or stem cells able to differentiate into
neurons, oligodendrocytes, and astrocytes, which can be
efficiently propagated in vitro, are capable of secreting
neurotrophic factors, and have less potential to form tumors
compared with ESCs.’® NSCs are isolated from the
subventricular and subgranular zones of the hippocampus of
the brain and from a region of the central canal of the spinal
cord.”!

Althou§h several rodent studies have provided prominent
results,*">* more mechanistic studies are needed to understand
how the environment dictates the differentiation of these cells,
and it seems that the source of transplanted NSCs and the
methods of isolation and preparation of cells prior to
implantation are very critical in cell survival and integration
after implantation.””® Schwann cells are glial cells with a

https://doi.org/10.1021/acsabm.3c01058
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myelinating function, only present in the peripheral nervous
system, where they spontaneously support axonal regeneration
after damage.”” They offer several properties that could
enhance nervous system recovery, such as the production of
a variety of growth factors, cell adhesion molecules, and
extracellular matrix proteins, and their efficacy and safety have
been demonstrated in a variety of preclinical and clinical
studies.”'

4. CENTRAL NERVOUS SYSTEM (CNS) DISEASES AND
THEIR TREATMENT WITH BIOMATERIALS AND
CELL THERAPY COMBINATION

Injury to the CNS can be due to a trauma (e.g., traumatic brain
injury, spinal cord injury, stroke), degeneration (e.g., age-
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Figure 3. Gross morphological examinations of brain wound defect
(A—I) and H/E staining of brain neural tissue in coronary sections
(a—i). Neurons were labeled with red fluorescent Nissl stain, and the
nuclei were counterstained with blue fluorescent DAPI in coronal
sections 6 weeks after surgery (g'—i’). The yellow arrows point out
the remaining SAP hydrogels in the injured cavities. The white dashed
lines outline the wound margin to distinguish the area of original host
tissue and neoregenerated neural tissue. Scale bar = 200 pm.
Reproduced with permission from ref 99. Copyright 2012 Elsevier.
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related degeneration, Alzheimer’s disease, Parkinson’s disease,
multiple sclerosis), or genetic disorder (e.g, Huntington’s
disease, retinitis pigmentosa), all leading to cellular degener-
ation, cellular death, and loss of function.>® These pathologies
are considered among the most difficult to treat, and the
majority still lack an effective and permanent cure because of
the inability of the CNS for spontaneous functional
regeneration, the complexity of the system, and its numerous
protective barriers.”® Furthermore, to achieve successful
therapeutic treatments, it is necessary to address a variety of
challenges that are specific for each injury or disease, which can
be broadly defined as “replacing dead neural cells, remodeling
the extracellular matrix to a healthy state, and restoring nervous
system functionality”.”®

As previously mentioned, transplant of NSCs can be used as
a therapy to heal CNS tissue damage since these cells are able
to proliferate and differentiate, leading to repopulation of the
damaged tissue.”® Many preclinical studies have shown the
potential of NSC injection into the injured CNS; however, the
transplant result is influenced by the local microenvironment,
cell survival and integration remain significant challenges, and
it is possible that cells alone do not restore functionality to
preinjury baselines.” >’ To improve transplantation condi-
tions, biomaterial-based cell therapies can be used. For
instance, in the work of Tseng and colleagues,58 a self-healing
chitosan-based hydrogel was used for NSC transplantation in
zebrafish embryos. The encapsulation of NSC spheroids in this
hydrogel was an easy and favorable approach, and the cells had
a great tendency to differentiate into neuronlike cells in vitro.
Moreover, animal recovery after the injection of dispersed
NSCs without gel was similar to that of the untreated group,
while the self-healing hydrogel alone was able to partially
rescue the central nervous system (38% recovery rate) in vivo.
Anyway, NSC addition to the self-healing hydrogel was proven
to be the best option, even though it only slightly enhanced the
functional recovery to about 43%. A hydrogel’s thermal
responsiveness can also be exploited to achieve easy
preparation and injection of cell suspensions, and the
spontaneous self-assembling at body temperature is useful to
tune the hydrogel stiffness to be similar to that of the CNS
tissue. An example of this is the diblock copolypeptide
hydrogel (DCH) of Zhang and colleagues59 consisting of both
a hydrophilic part and a hydrophobic part. When used for NSC
transplantation in mice, the DCH significantly increased the
survival of the cells with respect to the culture media and the
grafted NSCs gave rise to new neural cells that distributed
throughout the tissue lesions. In addition, natural and synthetic
hydrogels can be combined with proteins to improve their
cellular entrapment ability. In the work of Addington and
colleagues,60 for instance, hyaluronic acid has been combined
with laminin (HA—Lm) and it was able to increase the
transplant retention and migration of neural progenitor/stem
cells (NPSCs) with respect to the culture media in rats.

Although these are just a few examples, they confirm the
feasibility of biomaterials in cell therapy and show how their
use is typically linked to a better transplant outcome. Thus, this
review will focus on examples of the use of this combined
strategy in preclinical models of the most impacting CNS
diseases and peripheral nervous system (PNS) injuries. For
what concerns the CNS diseases, spinal cord injury, traumatic
brain injury, stroke, Parkinson’s disease, and Alzheimer’s
disease will be taken into consideration, while nerve defects,
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such as sciatic nerve injuries, will be used to describe PNS
regeneration therapies.

4.1. Spinal Cord Injury. Spinal cord injury (SCI) is an
acute lesion of the neuronal elements in the spinal canal®’
representing one of the first causes of disability in the world,
with an incidence between 40 and 80 cases per million people
yearly.” SCls are typically due to a traumatic event, such as
falls or motor vehicle accidents, and lead to a loss of sensibility
and paralysis below the level of injury.”> The differences in
outcomes are due to different injury levels along the vertebral
column and by the lesion’s completeness; clearly, with more
severe injuries and older patients recovery is less likely to
occur.®* Moreover, spastic contractions, skin sensibility loss,
autonomic dysreflexia, loss of bladder and bowel control, pain
or burning sensation, breathing difficulties, and circulatory
problems are common consequences of SCIs.”> Nowadays an
effective therapy does not exist. Surgical intervention to realign
and stabilize the spinal column, and decompression of the
spinal cord early after SCI, should help to limit injury
extension and improve clinical outcomes.”® Furthermore, since
the neural tissue is progressively lost after SCI, neuroprotective
and neuroregenerative drugs can be administered; however,
many pharmacological treatments show limited therapeutic
benefits and harmful side effects.°® Thus, tissue engineering
approaches, such as biomaterial-based cell transplantation
directly in the injured site, are promising options. Gelatin
methacrylate (GelMa) hydrogels, for instance, can be used as
scaffolds in cell therapy approaches (Figure 2) because they
share similar characteristics with nerve tissue, as shown in the
work of Fan and colleagues.’”

In detail, GelMa hydrogel with an iNSC photoencapsulated
implant was able to significantly enhance functional recovery
the decrease inflammation and the lesion cavity area while
simultaneously promoting axonal regeneration. The same
results have been obtained by another work group® with a
serotonin-modified pHEMA hydrogel; however, the gel did not
provide ideal long-term support for the continued growth and
differentiation of NSCs, probably due to the aggressive SCI
environment. Moreover, chondroitin sulfate methacrylate and
methacrylamide chitosan (CSMA) based scaffolds can be used
for guiding the differentiation of NSCs in vivo promoting
neurogenesis and functional recovery.’>® ECM-based natural
scaffolds have a great potential to be developed for the
treatment of SCI, as stated by the Afsartala research group,”
who transplanted MSCs encapsulated in either collagen (Col)
or fibrin (Fibr) scaffolds, obtaining an increased animal
functional recovery in both cases. However, Geissler and
colleagues’> showed that better in vivo results in terms of
functional recovery, reduction of the lesion cavity, and
transplanted cell differentiation can be achieved with a
combination of natural polymers, such as collagen, laminin,
and hyaluronic acid (Col-HA—Lam hydrogel), with respect to
the singular component scaffolds. To further improve trans-
plant outcomes, growth factors and proteins can be
encapsulated within the scaffolds so that a more favorable
environment for stem cells is created within SCI sites.”*”"°
Moreover, peptide modification of the hydrogel components
or peptide coatings are useful to promote the adhesive growth
of transplanted cells.”” ™" Lastly, Giinther and colleagues®’
were able to physically guide axon orientation in order to
increase spinal cord regeneration by transplanting MSCs in
alginate-based hydrogels characterized by an anisotropic
capillary structure. Analogous results have been obtained by
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transplanting NSCs with PGA and PLGA—PEG nano-
fibers.**® Moreover, Tavakol and colleagues84 exploited a
thermogel called Matrigel which forms nanofibers at 37 °C
mimicking the ECM for the transplant of cells in rodents,
obtaining prominent results.

Furthermore, many SAPs have been used for stem cell
transplants. The Zweckberger group and the Iwasaki
group,”® for instance, studied the transplant of QL6 peptide
scaffold with NPCs. In detail, the SAP scaffold has been
injected into the injured site after 24 h, while NPC
transplantation has been delayed for 14 days so that the
scaffold could ameliorate the hostile injury environment,
mitigate components of the secondary injury cascade, and
reduce the barriers to neuroregeneration while increasing the
number of surviving cells and enhancing their differentiation.
Optimal in vivo results have been obtained also with
nanofibrous scaffolds based on other SAPs such as HYDRO-
SAP, CQIK, RADA4, and RADA16.*”7°° In addition, some
clinical trials with a collagen scaffold called NeuroRegen and
MSCs have been reported. Zhao and colleagues’" tested the
NeuroRegen—MSC implant in eight patients with chronic SCI,
demonstrating that it is safe and feasible for clinical therapy.
During the 1 year follow-up no adverse events were observed
while primary efficacy outcomes, such as expansion of
sensation level and motor-evoked potential responsive area,
increased finger activity, enhanced trunk stability, defecation
sensation, and autonomic neural function recovery, were
observed in some patients. The Xiao research group’” repeated
the trial with two patients, confirming the results and
improving the injury status from complete injury (ASIA
grade A) to incomplete injury (ASIA grade C).

4.2. Traumatic Brain Injury. Traumatic brain injuries
(TBIs) can affect people of all ages and are a major cause of
death and disability, with an incidence of around 10 million
people worldwide. They include penetrating injuries, in which
an object breaches the skull and dura, and closed-head injuries,
in which the skull and dura remain intact.”> TBIs can be
categorized into mild, moderate, and severe based on clinical
factors, and clearly signs and symptoms vary by severity,
ranging from loss of consciousness to coma or even death.
Mild TBIs represent the majority of cases; however, moderate
and severe injuries can hafpen, and these are neurosurgical and
intensive care concerns.’

Therapeutic approaches include pharmacological and
surgical strategies which present some limitations. From the
pharmacological point of view, fast clearance of drugs
represents the principal obstacle leading to a hampered
prolonged release, while for surgical procedures there is a
need for biocompatible materials that can substitute for
physiological tissues and promote recovery.”* In this context,
scaffolds and cell therapies have been combined. For instance,
hyaluronic acid based scaffolds can be used with promising
results due to their good injectability, stability, biodegrad-
ability, and biocompatibility. In particular, Zhang and
colleagues™ developed a composite hydrogel scaffold of
sodium alginate and hyaluronic acid characterized by a high
water content and slow degradation speed exhibiting optimal
porosity and rheological properties for MSC loading and
differentiation which contribute to the regeneration of
endogenous nerve cells in a mild TBI rat model. Moreover,
Wang and colleagues’ were able to obtain a higher recovery
and an accelerated healing process in a rat model by
incapsulating in a cross-linked hyaluronic acid hydrogel nerve
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growth factor (NGF) able to provide a nutritional supply for
MSCs while suppressing neuroinflammation and apoptosis.
Fibroblast growth factor-2 (FGF-2) can be also chosen to
enhance transplant outcomes as shown by Skop and colleagues
with a chitosan—fibronectin scaffold.”” Easy injection can be
obtained using thermoresponsive polymers as well. Polyur-
ethane dispersions, for instance, form gels near 37 °C without
any cross-linkers and cell encapsulation is possible before
gelation, as shown by Hsieh and colleagues,98 who were able to
repair the CNS damaged tissue of adult zebrafish with a
polyurethane gel containing NSCs. Among the nanofibrous
scaffolds, PGA fibers and self-assembling peptides have been
used for TBI recovery. For instance, Shin and colleagues®”
used a PGA scaffold for the transplant of NPCs in mice,
showing that the scaffold increased cell engraftment and
differentiation, while the combined strategy reduced the lesion
cavity volume, increased neovascularization, promoted neurite
outgrowth and axonal extension within the lesion site, and
facilitated the connection of damaged neural circuits.

On the other hand, scaffolds obtained from the SAP
RADALI6 are interesting since some moieties can be linked to
the RADA16 C-terminal (Figure 3). As shown in the works of
Cheng and colleagues99 and Shi and colleaguesmo where
laminin-derived and brain derived growth factor (BDGF)
peptide derived moieties were respectively added to RADA16,
the peptide modification led to enhanced cell encapsulation,
proliferation, and differentiation in mice TBI models with
moderate-size lesion cavity healing.

4.3. Stroke. Stroke is the second highest cause of death
globally and a leading cause of disability, with an increasing
incidence in developing countries.'”" It defines all conditions
in which the cerebral blood flow does not provide sufficient
oxygen and/or glucose to the brain for an excess of 24 h.'% It
is broadly classified into hemorrhagic stroke, which includes
intracerebral and subarachnoid hemorrhage, and ischemic
stroke, which is caused by the occlusion of a vascular structure
within the brain, spinal cord, or retina and represents 71% of
all stroke cases.'” Following stroke, a brain injury develops
from a complex series of pathological events such as
depolarization, inflammation, and excitotoxicity which dramat-
ically compromise the stability of the blood—brain barrier
(BBB) and activate the release of free radicals and proteases
which deepen and extend the injury leading to cell death.'"*
The early recognition of symptoms and the rapidity of medical
intervention influence the clinical evolution of each patient.
Reperfusion strategies to reestablish the blood flow can be
used for recovery after stroke. These are divided into
pharmacological approaches such as intravenous thrombolysis
and surgical procedures such as endovascular thrombectomy.
However, a minority of stroke patients can really get benefits
from these treatments due to the narrow time window for the
drug administration and the risks of complications.'”> Thus,
stem cell therapy with biomaterials employment constitutes a
promising approach to stimulate functional recovery after
stroke. Due to its favorable properties, hyaluronic acid based
scaffolds have been used to treat rodent strokes. As shown by
Moshayedi and colleagues,105 the mechanical, biochemical, and
biological properties of hyaluronic acid based scaffolds can be
optimized to minimize the reactions of brain tissue after
implantation. Moreover, by adhesive peptide motifs and
growth factor encapsulation, it is possible to promote the in
vivo survival of iPSCs and NPCs while guiding cell differ-
entiation to glial and neuronal states.'*®
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Physical blends of hyaluronic acid and methylcellulose
(HAMC) have been used by Ballios and colleagues'®” and
Payne and colleagues'*® to transplant NPCs in mice stroke
models, obtaining better results with respect to conventional
buffered saline vehicles in terms of cell penetration and
distribution and behavioral recovery. These results underline
how important is the biomaterial composition for cells’ fate
since hyaluronic acid promotes cell survival, but methylcellu-
lose is fundamental to promoting a uniform cellular
distribution. Nanofibrous scaffolds have been used as well.
For instance, Fernandez-Garcia and colleagues109 used a silk
fibroin self-assembling hydrogel to transplant MSCs, obtaining
a longer period of cell engraftment, a progressive and
significant recovery, and a reduced extent of brain damage in
animals receiving the scaffold with respect to the ones receiving
buffered saline solution. On the other hand, Somaa and
colleagues' ' fabricated a scaffold using SAPs able to not only
structurally and functionally support neural grafts but also
promote cell graft differentiation and integration. Moreover,
the combination of this scaffold with ESCs led to a reduction
in the host tissue atrophy, improving mice motor functions
over a period of 9 months. Lastly, Bliss and colleagues'"'
demonstrated how the electrical preconditioning of NPCs
using a conductive scaffold of polypyrrole and the trans-
plantation of this system 7 days after stroke lead to an
enhancement of the recovery in mice.

4.4. Parkinson’s and Alzheimer’s Diseases. Parkinson’s
disease (PD) is the most common neurodegenerative move-
ment disorder that affects 0.3% of the population in
industrialized countries, and incidence rates are estimated to
range between 8 and 18 new cases per 100000 people
yearly."'” Although it is an age-related disease, with incidence
and prevalence increasing steadily with age, almost 25% of
affected individuals are younger than 65 years and 5—10% are
younger than S50 years (e.g., young-onset Parkinson’s
disease).'"?

PD is due to a neuronal loss in the substantia nigra which
causes striatal dopamine deficiency, leading to a movement
disorder characterized by classical Parkinsonian motor
symptoms and numerous nonmotor symptoms with a
continuous slow progression of the disease over time and
accumulating disability for affected individuals."'* Moreover,
symptoms can vary among people and the earliest stages of the
disease can be difficult to recognize, due to the long delay
(average 10 years) that typically separates the person’s first
noticeable symptom from the timing of diagnosis.'"
Substituting striatal dopamine loss via the systemic admin-
istration of the dopamine precursor amino acid L-DOPA has
remained the gold standard for Parkinson’s disease treatment.
However, its use is complicated by the evolution of motor
complications and the discontinuous drug delivery due to the
short half-life of L-DOPA and the variability in its gastro-
intestinal absorption and blood—brain barrier transport.'"’
Thus, cell therapies with the idea of transplanting dopamine-
producing cells, derived from hESCs or from iPSCs, to
selectively restore dopamine loss can be used. Adil and
colleagues,“é for instance, transplanted human ESC derived
midbrain dopaminergic neurons in rodents through an RGD
peptide/heparin modified hyaluronic acid scaffold enriched
with growth factors. This strategy led to an enhanced cell
replacement therapy with respect to cell injection with a clear
alleviation of PD symptoms. In addition, Struzyna and
colleagues''” transplanted dopaminergic neurons in rats by

https://doi.org/10.1021/acsabm.3c01058
ACS Appl. Bio Mater. 2024, 7, 80—98


www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c01058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

EVIE

Sciatic Nerve Fibers

Sciatic Nerve Regeneration after
T T T T T

8 weeks implantation

Nerve Regeneration

a Fibrin hydrogel
ydrog
containing Ins-CPs
and hEnSCs
R,
ll/[,',’
(b) Sciatic Nerve Fibers

Cut the skin off to get
access to Sciatic nerve

Crush the Sciatic nerve

Injection of the gel

Figure 4. (a) Schematic overview of the surgical injection of fibrin hydrogel in order to heal sciatic nerve damage in rats. The sciatic nerve of the rat
was obtained by making a skin incision, and a 4-mm-long sciatic nerve crush injury was created by exerting a constant force. Prepared fibrin gel was
injected at the site of crush injury to regenerate sciatic nerve injury overtimes. (b) Steps of surgical injection of fibrin hydrogel containing Ins-CPs
and hEnSCs to bridge a 4 mm sciatic nerve defect in rats. Reproduced with permission from ref 139. Copyright 2023 Elsevier.

exploiting agarose and ECM hydrogel microcolumns. The
dopaminergic neurons were able to release dopamine and
synapse with striatal neurons in the brain, but the real
advantage of this transplant method is the microcolumn
structure of the biomaterial which permits the simultaneous
replacement of neurons in the substantia nigra and the
reconstruction of their axonal tracts to the striatum. Midbrain
dopamine progenitors, on the other hand, have been
transplanted by Wang and colleagues''® with an injectable
composite scaffold of PLLA nanofibers embedded within a
thermoresponsive xyloglucan hydrogel. Also in this case, no
immune responses were provoked in Parkinsonian mice and
the reinnervation of the striatum was enhanced by the
introduction of glial derived neurotrophic factor (GDNF)
within the scaffold.

Moreover, SAP scaffolds can be used for midbrain dopamine
progenitor transplant, as shown by Rodriguez and col-
leagues.''” In this case, the peptide was chosen to promote
neural differentiation and neurite elongation, while GDNF was
added to promote the survival of the transplanted neurons.
Better recovery results could be observed in mice when the
scaffold and cell combination strategy was used. Lastly, not
only dopaminergic grafts but also more common stem cells
such as MSCs and NSCs can be used for PD treatment by
directing their neuronal differentiation with an appropriate
scaffold. To do so, Das and colleagues'*’ proposed a scaffold
composed by self-assembling amyloid proteins to promote
MSC survival and differentiation without the need for growth
factors, while Nakaji-Hirabayashi and colleagues'”' used a
collagen hydrogel incorporating integrin-binding proteins for
NSC transplantation in the striatum.

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by gradually progressive cognitive and functional
deficits as well as behavioral changes.'”” Cognitive symptoms
of AD include deficits in short-term memory and impairment
in expressive speech, visuospatial processing, and executive
functions.'”’ Although many data show that AD pathology
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starts developing in the brain in midlife, the first clinical
symptoms usually occur after the age of 65 years.'”” In
addition, although age and genetics are the most important risk
factors, AD development is multifactorial since type 2 diabetes,
hypertension, smoking, sedentary lifestyle, obesity, and head
injury contribute to the disease evolution.'”* Unfortunately,
disease-modifying agents, ie., those proven to alter the
underlying disease pathology or disease course, are not yet
available, so supportive care is the most common treatment for
AD, which needs to be tailored to the individual patient and
their specific circumstances and adapted as the disease
progresses.'”> Most studies show that the lifestyle strategies
including physical activity, mental challenges, energy restric-
tion, socialization, and good sleep act as preventive factors in
AD and pharmacological intervention helps with both
cognitive and noncognitive symptoms, although there is no
evidence that one drug is more efficacious than another."**'**

Even cell therapies are not commonly used for AD
treatment, although biomaterial employment can lead to
cognitive rescue with restoration of learning/memory function
and synaptic function as shown by Cui and colleagues.'*
Their data clearly demonstrate how a designed SAP scaffold
can maximize the therapeutic benefits of NSC transplantation
for AD by improving the survival and differentiation of
transplanted cells and promoting neuroprotection, antineur-
oinflammatory, and paracrine action underlining that bio-
material-based stem cell therapy can be a reliable strategy to
relieve AD symptoms.

5. BEYOND CNS: PERIPHERAL NERVOUS SYSTEM
REGENERATION

The peripheral nervous system (PNS) refers to the nerves
connecting the central nervous system to the entire human
body, typically divided into somatic and autonomic nerves with
distinct functions. The somatic system transmits sensory
information for the CNS, while the autonomic one controls
automatic functions (e.g, heart beating, blood pressure).'”’”
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Opposite to the CNS, which is enclosed by the vertebrae and
the skull, the PNS is not protected by bones and therefore is
more susceptible to trauma and peripheral nerve injuries
(PNIs)."”® As a matter of fact, PNIs can happen through many
other events such as infections, autoimmune disorders, alcohol,
toxins, and even medications, and it is considered one of the
leading causes of permanent dysfunctionality and morbidity,
due to CNS disconnection from the limbs.'*” The PNS has
more capacity for neuroregeneration with respect to the CNS
due to the favorable presence of Schwann cells;"*° however,
reliable treatments that allow for complete recovery are rare
and injuries larger than 1 cm have limited solutions for
functional recovery.”® Therefore, reconstruction surgery is
required, and autologous, allogeneic, and xenogeneic nerve
grafts can be chosen. Allograft and xenograft usage is hampered
by limited resources and the risk of immunological rejection,
so autografting is considered the gold standard technique.

However, it is still characterized by some limitations, such as
the second surgery required to obtain donor nerves, possible
morbidities and secondary deformities at the donor site, and
mismatches between the damaged and donor nerves. Thus,
neural tissue engineering is promising to guide the
regeneration of peripheral nerve tissue and effectively avoid
immune rejection, inflammation, and disease transmission.>"'
A common technique for PNS regeneration is the employment
of bio artificial nerve substitutes composed of a conduit filled
with a hydrogel scaffold containing cells. For instance,
NeuraGen collagen conduits filled with a sterile fibrin—agarose
hydrogel and MSCs transplanted in a rat sciatic nerve model
can avoid the additional donor site morbidity associated with
autografts while producing an effective nerve regeneration
characterized by properly oriented axons and a partial sensory
recovery.mz’133 However, the composition of the conduits is
extremely important for the success of the therapy and a matrix
giving good in vitro results does not guarantee the same in
vivo."”* In addition, cell type influences the results, as shown by
Gonzalez-Perez and colleagues,”’5 who indicated Schwann cell
grafts as the best alternative to autografts. Bulk hydrogels can
be used as well. The Salehi research group,136 for instance,
showed how an alginate/chitosan hydrogel can be used for the
regeneration of a rat sciatic nerve defect underlining how the
addition of MSCs was able to significantly enhance the process
with respect to the control group and the hydrogel alone.
Moreover, for the treatment of acute PNS injuries,
Demyanenko and colleagues'”” performed a preclinical study
by transplanting a collagen-based hydrogel containing stem cell
culture media derived extracellular vesicles in a rat sciatic nerve
model, obtaining interesting results from the regeneration
point of view. SAP scaffolds are optimal even for PNI
treatment since they provide a permissive environment for
NSC/NPC transplant, allow cell differentiation without the
need for factors, and favor native Schwann cell recruitment
enhancing the regeneration process as demonstrating by Sun
and colleagues'*® for three nerve injury models.

To conclude, a novel approach of using a composite scaffold
has been shown by the Mobarakeh research group.'*” In detail,
a fibrin gel was combined with chitosan nanoparticles
containing insulin, which was slowly released promoting
transplanted stem cell proliferation and enhancing the survival
of mature neurons, vascularization, and neurological regener-
ation in vivo (Figure 4).

6. METHODOLOGY

We performed our research through the PubMed interface and
Google Scholar to identify preclinical studies combining
biomaterials and stem cells for nervous tissue regeneration.
We used the Boolean operator “AND” to merge keywords,
resulting in several search strings different for any neurological
disorder or injury. For further comprehension, here is reported
a search string example: hydrogel[Title/Abstract]) AND
cell[ Title/Abstract] AND sci[ Title/Abstract]. The search was
restricted to preclinical and clinical trials, the English language,
and the year of publication, 2013—2023. Furthermore, the
exclusion criteria were the following: (1) only in vitro
evaluation of the treatment; (2) treatments including
biomaterial only; (3) treatments including cells only; (4)
treatment of a different, but correlated disease (i.e., caused by a
CNS injury).

7. CONCLUSIONS

In conclusion, this review highlights the significant advances in
the development and application of hydrogel and nanofiber
scaffolds in neural tissue engineering. As briefly summarized in
Table 3, the evidence presented underscores their potential in
addressing critical challenges in the regeneration of nervous
tissues across various conditions, including SCI, TBI, stroke,
PD, AD, and PNI. While these biomaterials have demonstrated
promising results in enhancing neural regeneration and
functional recovery, the field is still evolving. Future research
should focus on exploring the mechanistic pathways of these
scaffolds, optimizing their properties for specific neural
applications, and addressing translational challenges for clinical
applications. Additionally, further investigations into the long-
term effects and scalability of these biomaterials are crucial for
their practical application in regenerative medicine. Moreover,
as underlined by the presented studies, the biomaterial
conjunction with stem cells is fundamental for better outcomes
owing to the cellular ability of secrete neurotrophic factors and
support axonal regeneration. As the field progresses, this
combined strategy holds the promise of revolutionizing the
treatment of neurological disorders and injuries, offering new
hope for recovery and rehabilitation.
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