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Ischemic stroke (IS) is a neurological disorder prevalent worldwide with a high
disability and mortality rate. In the clinic setting, tissue plasminogen activator
(tPA) and thrombectomy could restore blood flow of the occlusion region and
improve the outcomes of IS patients; however, these therapies are restricted by a
narrow time window. Although several preclinical trials have revealed the molecular
and cellular mechanisms underlying infarct lesions, the translatability of most
findings is unsatisfactory, which contributes to the emergence of new biomaterials,
such as hydrogels and nanomaterials, for the treatment of IS. Biomaterials
function as structural scaffolds or are combined with other compounds to release
therapeutic drugs. Biomaterial-mediated drug delivery approaches could optimize
the therapeutic effects based on their brain-targeting property, biocompatibility, and
functionality. This review summarizes the advances in biomaterials in the last several
years, aiming to discuss the therapeutic potential of new biomaterials from the bench
to bedside. The promising prospects of new biomaterials indicate the possibility of
an organic combination between materialogy and medicine, which is a novel field
under exploration.

stroke, biomaterials, hydrogels, nanoparticles, neuroprotection, neurorestoration

Introduction

Stroke is a devastating disease and accounts for 6.7 million deaths per year, according to
the World Health Organization (WHO) (Mendis et al, 2015). Ischemic stroke (IS), a fatal
cerebrovascular stroke, occurs following sudden brain blood vessel occlusion events. Compared
to arterial rupture-induced hemorrhagic stroke and subarachnoid hemorrhage, IS accounted
for about 62.4% of all brain strokes in 2019 according to a systematic analysis (GBD Stroke
Collaborators, 2021). IS deprives the brain sensorimotor area of nutrients and oxygen, in turn
damaging the intracranial parenchyma and contributing to neurological deficits. It also causes
a gradual but irreversible neurological damage, leaving most survivors with severe disabilities.
In order to minimize brain injury after IS, tissue plasminogen activator (tPA) and surgical
thrombectomy are utilized for occluded vessel re-canalization and restoring blood supply
(Mendelson and Prabhakaran, 2021). However, due to the narrow treatment time window for
tPA (<4.5 h) and thrombectomy (<6 h), only about 10% of IS patients can be effectively
treated (Campbell et al,, 2019; McMeekin et al,, 2021). In addition, for long-term recovery, the
limited regenerative capacity of the central nervous system (CNS) is one of the obstacles to the
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repair of neurological function in stroke patients. Recent

pathways  of
neurorestoration, neuroprotection, angiogenesis, and brain function

advancements in  the  neuropathological
recovery reveal several targets for IS, such as neurotrophins, stem
cell therapy, and tissue engineering (Burns and Quinones-Hinojosa,
2021; Qin et al, 2022). Hitherto, current strategies have focused
on rebuilding reperfusion and protecting the brain from ischemic
injury; however, no regenerative medicine is approved for clinical
application (Zhang et al., 2020).

In histopathology, IS presents as liquefactive necrosis and
damaged brain tissue that eventually progresses as a liquefied
cavity without normal tissue structure, making the migration of
endogenous reparative cells difficult (Burns and Quinones-Hinojosa,
2021). Moreover, blood-brain barrier (BBB) and blood-cerebrospinal
fluid barrier restricts the targeted application of CNS drugs. Since
the clinical administration agents for CNS disorders are systemic,
the biggest challenge is how to deliver a modest drug at the risk
of toxicity. In regenerative medicine, a cell-based therapy for the
treatment of IS is known as “the first generation” therapeutic
approach. Presently, a series of preliminary clinical trials using
neural (NSCs), mesenchymal (MSCs), and hematopoietic stem
cells have been conducted to explore their safety, feasibility, and
effectiveness (Li M. et al., 2020). Since the current stem cell treatments
are administered intravenously, their efficiency depends on the
permeability of the BBB. With the progression of IS, the recovery
of BBB narrows the time window for cell therapy. Stem cells have
been identified as a promising new tool for CNS disorders; however,
the safety of the approach lacks evidence and is yet controversial
(Boncoraglio et al., 2019).

Emerging tissue engineering focuses on manufacturing medical
biomaterials as new interventions to treat stroke lesions (Gallego
et al,, 2022). Biomaterial-based therapy could transplant therapeutic
stem cells or molecules into the targeted brain area rather precisely
and with minimal invasion for the treatment of IS (Gallego
et al,, 2022). In this case, the implantation of biomaterials into
the cavity could provide solid structures to attract repair cells
or release therapeutic drugs, indicating a possibility for successful
clinical translation. A recent meta-analysis reported that intervention
using biomaterials, such as scaffolds and particles, contribute to
neurological improvement in preclinical stroke models (Bolan et al,,
2019). After a brief introduction, the pathological mechanism of IS
and the limitations of the current treatment methods and endogenous

Abbreviations: BBB, blood-brain barrier; BDNF, brain derived neurotrophic
factor; bFGF, basic fibroblast factor; CAT, catalase; CDNF, cerebral dopamine
neurotrophic factor; CeO,, cerium oxide; cGAS, monophosphate-adenosine
monophosphate synthase; CNS, central nervous system; CsA, cyclosporine
A; CS-A, chondroitin sulfate-A; CXCR4, inhibitor and CXC chemokine
receptor 4; ECM, extracellular matrix; EGF, epidermal growth factor; EPO,
erythropoietin; ESC-NPCs, embryonic stem cells derived neural progenitor
cells; ET, endovascular thrombectomy; FezOy4, iron oxide; GABA4, type A y-
aminobutyric acid; HA, hyaluronic acid; HAMC, hyaluronan methylcellulose;
iPSCs-NPCs, induced pluripotent stem cells derived neural progenitor cells;
I/R, ischemia/reperfusion; IS, ischemic stroke; MCAO, middle cerebral artery
occlusion; MnO,, manganese dioxide; MSCs, mesenchymal stem cells; NMDA,
N-Methyl-D-aspartate; NPs, nanoparticles; NPCs, neural progenitor cells;
NSCs, neural stem cells; NSPCs, neural stem progenitor cells; OS, oxidative
stress; PAM, polyacrylamide; PCL, polycaprolactone; PEG, polyethylene
glycol; PLA, polylactide; PLGA, polylactide-co-glycolide; ROS, reactive oxygen
species; RNS, reactive nitrogen species; RNP, rapamycin; RvD2, resolvin
D2; PSD95, postsynaptic density protein-95; SOD1, superoxide dismutase
1; SDF-1la, stromal-derived factor-la; SGZ, subgranular zone; tPA, tissue
plasminogen activator; VEGF, vascular endothelial growth factor; V/SVZ,
ventricular/subventricular zone.

Frontiers in Cellular Neuroscience

10.3389/fncel.2022.1058753

repair mechanism, the concept of hydrogels and nanomaterials as
well as their advantages and disadvantages will be introduced with
a focus on the pathophysiological considerations when fabricating
the biomaterials for the treatment of IS. Specifically, this review
introduces the most recent advance in new biomaterials and their
neuroprotection mechanism, providing future perspectives for the
effective translation of biomaterials.

Pathophysiological mechanism of IS

When cerebral arteries are occluded by embolism and thrombi,
the blood flow supply to the corresponding brain territory is
significantly decreased or blocked, leading to the failed energy
metabolites delivery and oxygen deprivation, and thus inducing the
pathological processes of IS (Kuriakose and Xiao, 2020). The specific
neurological impairments such as sensory and functional disorders
occur depending on the range of the affected blood flow. On the
other hand, based on the severity of the cerebral blood flow reduction,
the ischemic lesion area of the brain includes ischemic infarct core
and the surrounding ischemic penumbra, both of which have distinct
pathophysiological changes (Ermine et al., 2021; Figure 1). Due to
the less blood supply in the ischemic core, brain injury is worse than
in the ischemic penumbra, which possesses collateral blood vessels
circulation. In the ischemic core, ionic imbalance and deficiencies in
energy metabolites generate cell necrosis and irreversible cell damage
within minutes after an IS event (Tuo et al, 2022). Conversely,
ischemic penumbra experience fewer and milder pathological
changes, including apoptosis, autophagy, and inflammatory response.
Importantly, ischemic penumbra exhibits reversible and dynamic
features and is considered a significant clinical target for the
treatment of IS in the spotlight (Yang and Liu, 2021).

The multiple complex mechanisms in brain injury after IS
involve neuroinflammatory response, oxidative stress (OS) damage,
mitochondrial dysfunction, and excitatory neurotoxicity (Qin et al.,
2022). In response to acute brain injury, activated M1 phenotype
microglia participate in the post-ischemic injury-related immune
inflammatory response by producing and secreting inflammatory
factors, cell chemokines, and excitatory amino acids (Iadecola et al,,
2020). Concurrently, the infiltrated immune cells are recruited
from peripheral tissue, resulting in the breakdown of BBB and
the inflammatory response cascade (Mastorakos et al, 2021).

Infract core
- Tonic imbalance
- Deficiencies in energy
metabolites
- Cell necrosis

Ischemic penumbra
- Apoptosis

- Autophagy
- Inflammatory response

FIGURE 1
Different pathophysiological mechanisms between infarct area and
ischemic penumbra (by figdraw).
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At the subcellular level, brain hypoxia leads to the depletion
of energy substrates required for membrane pumping activity,
blocked mitochondrial nicotinamide adenine dinucleotide (NADH)
oxidation, and enhanced anaerobic glycolysis (Yang et al., 2018).
Subsequently, the increased amount of lactic acid and protons
disrupt the acid-base equilibrium, resulting in acidosis and cell
membrane rupture. Damaged cells release abundant free radicals and
calcium ions, leading to OS damage (Candelario-Jalil et al.,, 2022).
Additionally, excess glutamate and extracellular potassium cause
depolarization and hyperexcitability of neurons and glia (Amantea
and Bagetta, 2017).

Reperfusion is a primary therapy to reverse brain injury following
IS. However, reperfusion itself confers secondary injury to the
brain, known as ischemia/reperfusion (I/R) injury. After reperfusion,
I/R injuries begin with an oxidative/nitrosative stress peak.
Mitochondrial dysfunction is caused by cerebral ischemia injury that
hinders the usage of restored oxygen, resulting in the accumulation
of oxygen-producing enzymes and reduction of antioxidant enzymes
(Jelinek et al., 2021). The imbalance between oxidation and anti-
oxidation leads to the accumulation of reactive nitrogen and
oxygen species (RNS and ROS, respectively), which magnifies the
neuroinflammatory response and induces microvascular disorder
termed “no-reflow,” augmenting OS-mediated neuronal death (Chen
et al., 2020).

Current treatment strategies for IS

The standard treatment of IS is the removal of thrombus to
relieve cerebral ischemia and hypoxia and restore blood flow or
collateral circulation at the earliest to avoid irreversible cell damage
or death in the ischemic and peripheral areas (Desai et al,, 2021).
To date, the only U.S. Food and Drug Administration (FDA)-
approved pharmacological therapy for IS treatment is the intravenous
administration of tPA (Hollist et al., 2021). Although this protease has
demonstrated significant therapeutic effect, the risk of bleeding and
the short treatment window (<4.5 h) for tPA intervention makes the
majority of patients ineligible for tPA treatment (Saini et al., 2021).
Consequently, <5% of IS patients benefit from this only approved
drug intervention, according to the statistics (Saini et al., 2021).
Endovascular thrombectomy (ET) is another standard therapy for the
acute phase of IS. It can be applied alone or in combination with
fibrinolytic drugs. Nonetheless, the time window is still limited to
6 h after disease onset (Phipps and Cronin, 2020), and due to the
inability of some hospitals to perform ET, only a limited number of
patients receive this treatment. Notably, both treatments may lead
to disorders of cerebrovascular physiology, which could increase the
risk of hemorrhagic transformation (Hong et al., 2021). In addition,
patients with successful revascularization also have I/R injury due to
high ROS production (Sun et al,, 2015). In summary, pre-existing
clinical approaches for improving long-term outcomes after IS onset
are limited.

Since neurons are terminally differentiated cells, they are
difficult to recover and regenerate after ischemic and hypoxic
injury. Neuroprotection and neurorestoration have been emphasized
repeatedly in the treatment of ischemic brain injury (Chamorro
et al,, 2021). Previous studies have explored the role of stem cell
therapy, anti-inflammatory drugs, antioxidant, and excitotoxicity
inhibitors on neuronal plasticity and functional connection (Lyden,

Frontiers in Cellular Neuroscience

10.3389/fncel.2022.1058753

2021). Induced pluripotent stem cells (iPSCs), NSCs, embryonic
stem cells (ESCs), and MSCs are common stem cells used in
IS treatment in preclinical experiments (Zamorano et al,, 2021).
Intervening inflammatory chemokine-related signaling pathways,
such as chemokine (C-C motif) ligand 2 (CCL2)/CCR2 pathway,
could reduce infract volume and monocytes infiltration in the
experimental models of IS (Wattananit et al, 2016). Moreover,
alleviating OS is a critical therapeutic target, including nuclear
factor (erythroid-derived 2)-like 2 (NRF2) and Sirtuin (SIRT)-related
signaling pathways (Qin et al.,, 2022). A recent study reported that
N-methyl-D-aspartate receptor (NMDAR) antagonist, Memantine,
is resistant to glutamate-mediated excitotoxicity and could decrease
infract volume without interfering with the normal function of
NMDAR (Trotman et al., 2015).

Despite the benefits of these treatments, some limitations
involving limited exposure to ischemic brain tissue and short
duration of action and retention of therapeutic agents in the brain
cannot be ignored. Considering BBB’s natural barrier, novel strategies
have been devised to cross this obstacle and deliver therapeutic
substances through non-invasive methods (Han and Jiang, 2021).
Emerging biomaterials dramatically improve the delivery efficiency
of neuroprotective agents to the brain and maintain their progressive
release to sustain a constant drug concentration (Parvez et al., 2022).

Endogenous repair process

The neurovascular unit is composed of vascular cells, neural
stem progenitor cells (NSPCs), neurons, glia, and other stem cell
subsets and extracellular matrix (ECM) that supports electrical
connection, trophic support, structural stability, and interplaying
with microvasculature (Wang et al,, 2021c). The remodeling of the
neurovascular units plays a critical role in the recovery of IS (Ozaki
etal., 2019).

Although neurogenesis occurs during embryonic and perinatal
development, it has recently been found that NSC proliferation,
differentiation, and migration also occur under physiological and
pathological conditions during adulthood (Cameron and Glover,
2015; Dillen et al, 2020). In healthy adults, neurogenesis is
found in the subgranular zone (SGZ) of the hippocampal and
ventricular/subventricular zones (V/SVZ) of the lateral ventricle,
from where NSPCs with multipotency could migrate to the olfactory
bulb and dentate gyrus to complement olfactory neurons and
granular cells, respectively (Zhao and van Praag, 2020). Accumulating
evidence from preclinical experiments and post-mortem specimens
show enhanced post-stroke neurogenesis (Ceanga et al., 2021). IS
significantly increased the production of neuroblasts in the adult
brain, and the number of newborn neurons in the iPSCs ilateral
striatum was 31 times higher than before. Neurogenesis is activated
by attractive factors, growth factors, neurotransmissions, and signal
pathways (Chen et al,, 2019; Palma-Tortosa et al.,, 2019). The key
role of neuroblasts from SVZ in the post-ischemic neurological
function recovery process has been demonstrated via transgenic
ablation (Jin et al, 2010). Neural stem/progenitor maker-positive
cells were detected in the cerebral cortex and ischemic penumbra
from the post-stroke autopic human brain (Jin et al., 2006). Despite
this phenomenon, the slow endogenous neurogenesis rate and very
few surviving high-quality newborn neurons make it difficult to
replenish the lesions (Wu et al,, 2017). The failure may be due to
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the adverse microenvironment in lesions, lack of trophic factors, and
the deficiency of the broad spectrum of neuronal subtypes (Inta and
Gass, 2015). Simultaneously, NPSCs need to migrate from the basal
location to the lesion area to survive and proliferate, which might be
difficult under the condition of cerebral ischemia and hypoxia (Urban
et al,, 2019). Other barriers to endogenous repair include gliosis
and inflammation, and strengthening endogenous repair strategies
could be a path for damaged tissue rebuilding and restoration of
neurological function following IS (Xiong et al., 2016).

In addition to neurogenesis, angiogenesis is frequently
considered an essential therapeutic target to promote nerve function
recovery (Chen etal, 2018; Zong et al., 2020). Normally, blood vessels
and axons in the CNS are parallel to each other and have a coupling
correlation. Interestingly, neurogenesis and angiogenesis coexist
following IS and interact via factors, such as vascular endothelial
growth factor (VEGF) and basic fibroblast factor (bFGF) secreted by
vascular epithelial cells (Ruan et al., 2015). Following neurogenesis
in the peri-ischemic core, angiogenesis promotes neuronal survival
and contributes to the neuronal plasticity sustained by supplying
stable brain perfusion, which in turn contributes to the recovery
of nerve function (Yang and Torbey, 2020). During the migration
of NSPCs into the ischemic penumbra, angiogenesis generates
microvessels that provide oxygen and nutrients and act as scaffolds
for neural regeneration by secreting integrins to attract NSPCs
(Fujioka et al,, 2017, 2019). As interrelated biological processes
temporally and spatially, both neurogenesis and angiogenesis
participate in the recovery process of injured brain tissue (Rust et al.,
2019). However, the ability of spontaneous brain neurogenesis and
angiogenesis is limited by few endogenous stem cells and a disturbed

microenvironment.
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Biomaterials used for IS treatment

Since the existing clinical intervention methods and in vivo
endogenous neurogenesis capability are limited, replacing damaged
tissue with exogenous auxiliary stem cells and administering active
factors for neuroprotection or stimulating neuronal regeneration
based on the original regenerative capacity have become the focus
of therapeutics. However, it is difficult to achieve and maintain
the ideal dose for sustained neuroprotection with traditional drug
delivery methods. Moreover, a few transplanted stem cells fail to
survive and re-establish synaptic connections partially due to the
disruption of post-ischemic normal physiological environment in
the brain. In this scenario, biomaterials have shown outstanding
properties in acting as adjuvants and supporting structures for
drug/factor and cell delivery (Lv et al., 2022; Figure 2). Biomaterials
used for invasive medical therapy include sterilizable nanoparticles
(NPs) and hydrogels (Rajkovic et al, 2018). Although distinct
mechanical, biological, chemical, and physical features are present,
biocompatibility, biofunctionality, and biodegradability are the
shared properties for different types of biomaterials (Lin et al., 2022).

Hydrogels

To improve regenerative efficacy based on limited endogenous
repair capacity, natural and synthetic polymer-based hydrogels are
engineered as an effective delivery platform owing to their specific
physicochemical properties (Tang and Lampe, 2018). Hydrogels
are produced from the flexible matrix and insoluble polymers
that transform from solution to gel under thermal, physical, and
chemical reactions. Therefore, the hydrogels possess a soft and
porous three-dimensional (3D) structure with a high-water content
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that enables their biocompatibility in the soft brain tissue. They
act as supporting structures to create an environment for the re-
establishment of ECM and migration of new cells and also combine
with therapeutic agents or stem cells to suppress inflammation and
prevent the formation of the glial scar in peri-lesion or lesion
area (Zamorano et al, 2021). A previous study reported that
retention of hydrogels derived from ECM for 12 weeks inhibits
the progression of stroke cavity and significantly reduces the lesion
volume by 28% (Ghuman et al, 2017). Another study reported
that hydrogels promote angiogenesis and neurogenesis. The scaffold
formed by the interaction between a specific integrin with VEGF-
releasing function and hydrogel facilitates non-tortuous vessels
regeneration and decreases VEGF-induced vascular permeability (Li
et al,, 2017). Another study showed that hydrogel-delivered brain-
derived neurotrophic factor (BDNF) promotes axonal sprouting in
the cortex and corticostriatal system in both mouse and non-human
primate stroke models (Cook et al, 2017). Biocompatibility is a
typical characteristic of the hydrogel used for scaffolds owing to their
high-water content in the composition. Also, their characteristic of
biodegradability or bioresorbability protects the patients from long-
term local inflammation responses and makes secondary intervention
unnecessary.

Natural hydrogels are components of ECM that constitutes one-
fifth of the brain parenchyma with the function of maintaining
extracellular homeostasis and cell signaling transduction (Samal
and Segura, 2021). Natural hydrogels such as alginate, collagen,
chitosan, hyaluronic acid (HA), and silk are widely applied for
tissue restoration (Table 1). On the other hand, natural hydrogels
have advanced anti-inflammatory properties, but the batch-limiting
scalability for the brain cavity is challenging. Synthetic hydrogels,
such as poly-lactide-co-glycolide (PLGA), polyethylene glycol (PEG),
polylactide (PLA), polycaprolactone (PCL), and polyacrylamide
(PAM) (Table 1), are biomaterials with advantages of reliable batch
production with physiochemical properties, scalability, and chemical
modification; however, their use is limited due to low biodegradability
(Prestwich et al,, 2012). The use of hybrid biomaterials of natural and
synthetic hydrogels is rarely reported (Silva et al.,, 2017).

NPs

The nanometric scale is 10-500 nm for NPs, which ensures
they can interplay with the components inside and outside the cell.
Compared to static and steady hydrogels in the injected brain area,
NPs present versatile and dynamic features with dispersion and
distribution functions in the targeted area. They can be carriers

TABLE1 Summary of different types of hydrogels and nanoparticles.

Nanoparticles
(NPs)

e -

Hydrogels ’

Natural

Alginate Poly-lactide-co-glycolide Liposomes
(PLGA)

Collagen Polyethylene glycol (PEG) Polymeric NPs

Chitosan Polylactide (PLA) Inorganic NPs

Hyaluronic acid (HA) Polycaprolactone (PCL) Other hybrid NPs

Silk Polyacrylamide (PAM) -
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of RNA, DNA, antibodies, bioactive factors, peptides, proteins,
and therapeutic compounds (Bharadwaj et al., 2018). In addition,
hydrogels combined with NPs are called known as hydrogel NPs
which constitute a promising delivery system. Typically, NPs are
divided into four types according to the constituent of the core
structure: (1) liposomes and other lipid NPs are comprised of fatty
acids and triglycerides; (2) polymeric NPs such as natural type
(hydrogel NPs: chitosan, gelatin, alginate, and collagen), synthetic
type (hydrogel NPs: PLGA, PEG, PLA), nanogels, micelles, and
dendrimers; (3) inorganic NPs; and (4) other hybrid NPs (Sarmah
etal, 2021; Table 1). Among the NPs above, liposomes and polymers
are the most widely used delivery systems.

Liposomes are vesicles formed by an amphiphilic lipid
bilayer that has minimal immunogenicity, biocompatibility,
and biodegradability due to the analogous constituents with the cell
membrane structure (Bharadwaj et al., 2018). Importantly, liposomes
are regarded as “the first generation” of drug-delivery nanocarriers,
yielding multifaceted therapeutic benefits (Budai and Szogyi, 2001).
As liposomes have a water compartment, drugs with hydrophilicity
are encapsulated into the core, while hydrophobic substances are
embedded within the lipid bilayer. For example, RvD2-loaded
neutrophil nanovesicles are constructed using HL-60 cells (human
promyelocytic leukemia cells) as vesicle carriers, with lipid-soluble
RVD2 bound to the lipid bilayer (Dong et al, 2019). Moreover,
the surface modification of the liposome protects the drugs from
degrading and clearing out by the immune system before arriving
at the target area. Based on the pathological mechanism of IS, the
liposome-based biomimetic nanocarriers can be derived from the
membranes of platelets, neutrophils, and macrophages (Li M. et al,,
2020; Feng et al., 2021; Li et al., 2021).

Compared to liposomes, polymeric NPs have the advantage of
stability and tunability. A typical example is PLGA. Owing to its
biochemistry properties, PLGA is approved by the US FDA for the
treatment of human diseases by being processed into sutures and
orthopedic instruments (Ding and Zhu, 2018). A recent finding
is that DNA nanostructure-based molecules have the pleiotropic
neuroprotection effect (Zhou et al, 2021). Zhou et al. (2021)
synthesized tetrahedral framework nucleic acids (tFNAs) from four
single-stranded DNAs and demonstrated their ability to cross the
BBB after injection through the tail vein.

Neurorestorative and
neuroprotective mechanism of
biomaterials

Angiogenesis

Both VEGF and bFGF are well-known as the most potent
proangiogenic factors, and their high expression stimulates the
development and maturation of blood vessels (Cecerska-Heryc et al.,
2022). Various biomaterials have been used for the angiogenesis and
neurological recovery after IS by directly delivering proangiogenic
factors or indirectly regulating related upstream pathways and
microenvironment (Somaa et al., 2017; Zenych et al.,, 2021; Yanev
et al, 2022; Yin et al, 2022). For example, a histidine-tagged
VEGF-laminin-rich sponge is confirmed as a powerful scaffold
to enhance the angiogenic activity in vivo experiments of mice
stroke models (Oshikawa et al,, 2017). Another example is the
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alginate: collagen hydrogel is designed as the carrier vehicle of bFGF
to induce angiogenesis (Ali et al,, 2018). Also, ECM remodeling
is essential during angiogenesis as it provides nourishment
and a favorable microenvironment for newborn blood vessels
(Ramirez-Calderon et al,, 2021). Therefore, well-designed synthetic
nanohybrid hydrogels, consisting of sulfated glycosaminoglycan-
based polyelectrolyte complex, are developed to provide a native
ECM-like bioscaffold for brain tissue regeneration, accelerate NSCs
migration, and promote angiogenesis via progressive release of
bioactive cellular factors, including bFGF and stromal-derived factor-
la (SDF-1a) (Jian et al, 2018). On the other hand, angiogenic
factors have adverse effects on their pleiotropic property, in turn
leading to increased vascular permeability and worsened brain
edema, thus resulting in hemorrhagic transformation (Adamczak and
Hoehn, 2015). Due to these challenges, a dual-targeted nanoparticle
therapeutic strategy is proposed by combining the ECM integrin
ligands and angiogenic factors (Yang H. et al., 2021). In the present
study, sonic hedgehog signaling protein smoothed agonist (SAG)
coupled to Pro-His-Ser-Arg-Asn (PHSRN) on the hydroxyethyl
starch (HES) based nanocarriers platform could be specifically
released in the acidic ischemic lesion to favor angiogenesis by
activating smoothened (SMO) and transcription factors (Yang H.
et al, 2021). In another study, PHSRN, an ECM fibronectin
synergistic motif, is proposed as an attractive therapeutic option
for the treatment of middle cerebral artery occlusion (MCAO)
rats because it triggers angiogenesis by activating VEGF secretion-
related upstream pathway and sustains the complexity of survival
neurons and induces neurogenesis (Wu et al,, 2018). Additionally,
the immunomodulatory mechanism plays a pivotal role in hydrogel-
based therapy for angiogenesis. When chondroitin sulfate-A (CS-
A) hydrogel entrapped with NPCs is implanted into mice stroke
models, the protein levels of interleukin-10 (IL-10) and monocyte
chemoattractant protein-1 (MCP-1) and the number of PPARy-
positive microglia/macrophages presented a significant increase
(McCrary et al,, 2022). This phenomenon was further substantiated
by an in vitro experiment, wherein the microglia/macrophages
enwrapped in CS-A produced the proangiogenic and proatherogenic
factors (McCrary et al., 2022).

Neurogenesis and stem cell implantation

Recent studies have shown unprecedented advances in stem
cell engineering technology for tissue repair and neurogenesis
(Kimbrel and Lanza, 2020). Stimulating the neurogenic potential of
endogenous and exogenous stem cell transplantation to constitute
the prime therapeutic potential for acute brain injury following IS
(Bruggeman et al,, 2019). For example, a representative chemotactic
signal molecule (SDF-1a aka CXCL12) mediates the migration of
MSCs, NSCs, and endothelial progenitor cells (Janssens et al., 2018).
The targeted delivery of SDF-1a by pH-sensitive polymer micelle
in the infarct area could facilitate neurogenesis and angiogenesis
(Kim et al, 2015). Neurotrophic factors may also be pivotal
elements of neuronal regeneration and neuroprotection. Hydrogel
carried with BDNE, and cerebral dopamine neurotrophic factor
(CDNF) exerts therapeutic effects on stroke models of rats (Ravina
et al, 2018; Liu X. et al, 2022). In addition to the common
factors, erythropoietin (EPO) also plays a fundamental role in
neural development and neuroprotection (Wakhloo et al,, 2020).
In vivo, bioengineered local minimally invasive delivery of EPO and
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epidermal growth factor (EGF) sequentially promotes neurogenesis
under IS conditions (Wang et al, 2013). In addition to bioactive
factors, an immunosuppressive polypeptide, cyclosporine A (CsA),
stimulates the proliferation of brain NSPCs. To avoid the toxicity
of CsA systemic application, hyaluronan methylcellulose (HAMC)
hydrogels loaded with microspheres containing CsA are injected
directly into the cortex of the ischemic area that effectively induce
the proliferation of NPSCs in the lateral ventricles (Tuladhar et al,,
2015).

Mesenchymal stem cells, iPSCs-derived neural progenitor cells
(iPSCs-NPCs), and ESCs-derived NPCs (ESC-NPCs) are the primary
seed cells that can be used for stem cell transplantation in
the treatment of IS (Stonesifer et al, 2017; Li Z. et al, 2020).
Preclinical studies have demonstrated neuronal regenerative and
neuroprotective effects using biomaterials pre-seeded with these stem
cells (Yan et al., 2015; Somaa et al., 2017; Kim et al., 2020; Wang et al.,
2021a). Typically, the optimal delivery conditions and underlying
repair mechanisms of the implanted cells are yet under exploration
(Wei et al, 2017). Yan et al. (2015) reported that transplantation
of MSCs combined with chitosan-collagen scaffold increases the
expression of VEGF and nestin-positive NPSCs in the peri-lesion
area, DG, and SVZ. To further fit the shape of the lesion cavity, Wang
et al. (2021a) improved the tools to transport MSCs based on 3D
printing and carbon nanotechnology. Importantly, the production
of MSCs, such as extracellular nanovesicles and exosomes, show a
promising therapeutic potential for their anti-inflammation and anti-
apoptosis ability. In MCAO rats, magnetic nanovesicles from MSCs
localized to the infarcted area by magnetic navigation displayed an
obvious reduction in infarction size and improved motor function
(Kim et al,, 2020). Interestingly, a study investigating whether stem
cell phenotype affects transplant success showed that less mature stem
cells are capable of tissue repair, and mature cells produce unfavorable
cell deaths (Payne et al,, 2019). Furthermore, stem cell transplantation
timing has a significant impact on the outcomes (Doeppner et al,
2014). In summary, Table 2 presents representative bioactive factors
and stem cells delivered by biomaterials in the treatment of IS.

Anti-inflammation

Since long-term inflammatory conditions are the leading
detrimental factors to the neurological recovery of post-stroke
patients, the anti-inflammatory therapeutics encapsulated in the
biomaterials are fabricated to promote neurological repair (Shi et al.,
2019). Sword and shield describe the correlation between anti-
inflammatory agents and biomaterials. The protective effect of the
outer enclosure formed by the biomaterials markedly improves the
bioavailability, stability, and druggability of the anti-inflammatory
agents (Ross et al., 2015; Ma et al., 2019; Upadhya et al., 2020).
Herein, natural compounds, immunosuppressants, and neutrophil-
regulating drugs with therapeutic effects on IS stroke transported by
NPs are described.

Curcumin is a phytochemical polyphenol composite derived
from turmeric root with robust anti-inflammatory and antioxidant
properties (Patel et al, 2020). Wang et al. (2019) examined the
efficacy of curcumin in treating brain IS injury based on mPEG-b-
PLA copolymer NPs. The results revealed that curcumin NPs can
easily penetrate the BBB to reach the ischemic areas, hamper the
upregulation of MI-type microglia, and reduce the levels of the
pro-inflammatory factors, TNF-a and IL-1f, promoting the repair
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TABLE 2 Summary of common bioactive factors and stem cells delivered by biomaterials in the treatment of IS.

Bioactive

factors/Stem
cells

The animal
models

Biomaterials

Administration
routes

Therapeutic
mechanisms

10.3389/fncel.2022.1058753

Therapeutic
effects

References

axonal outgrowth
and circuit
replacement;
mitigating cortical
atrophy

BDNF Permanent Thiol-modified HA 8 days after surgery, Decreasing the Reducing infarct Ravina et al., 2018
dMCADO in rats hydrogel intracranial number of microglia, volume and
(HyStem®-C) implantation in the astrocytes, and neuroinflammation
lesion area phagocytes in the
striatum
CDNF MCAQO in rats Self-assembling 7 days after surgery, Accelerating the Neuroprotection, Liu X. et al,, 2022
peptide RADA16-1 intracerebroventricular | proliferation and neurogenesis
hydrogel injection migration of NSCs in
SVZand
differentiation of
NSCs in the ischemic
penumbra area of
the cerebral cortex
by ERK1/2 and
STAT3 signal
pathway
Ang-1and VEGF PTI in cortical area pH-sensitive peptide 14 days after surgery, Promoting Angiogenesis, Yanev et al., 2022
nanofiber-based lesion center injection revascularization sensorimotor
self-assembling and neuronal recovery
hydrogel survival in brain
(PuraMatrix ™) regions surrounding
ischemic infarct
VEGF MCAQO in rats CBD-short 30 min after MCAO, Mitigating Neuroprotection, Yin et al.,, 2022
peptide-PR1P iPSCs ilateral cerebral inflammation angiogenesis
binding VEGF to cortex injection response, cell
collagen hydrogels apoptosis, and
facilitating
angiogenesis and
neuronal sparing in
the ischemic region
of brain
bFGF and SDF-1a PTI in rats Glycosaminoglycan- 7 days after surgery, Recruitment and Enhancing Jian et al., 2018
based hybrid intracranial regulation of neurogenesis and
hydrogel implantation in lesion endogenous NSCs angiogenesis
encapsulated with area via the signal
polyelectrolyte response of MMP
complex
nanoparticles
SDF-1a Permanent MCAO pH-sensitive 24 h after surgery, pH-triggered Neurogenesis and Kim et al,, 2015
in rats polymer micelle intracranial releasing SDF-1a in angiogenesis
PUASM implantation in iPSCs acid
ilateral striatum microenvironment
of ischemic brain
area
EPO and EGF ET-1 induced stroke | HAMC hydrogel 4 days after surgery, On-demand Neurogenesis and Wang et al., 2013
model in mice loaded with two intra-epicortical confining the anti-inflammation
types of polymeric injection nanoparticle; in SVZ,
nanoparticles: EPO increasing the
in PLGA and number of NSPCs; in
pegylated EGF into peri-ischemic area,
PLGA core with a reducing the number
poly (sebacic acid) of microglia,
coating astrocytes, and
macrophagocytes,
inhibiting neuronal
apoptosis and
increasing the
number of mature
neurons
Human ESC-derived | ET-1induced stroke | SAP hydrogel based 6 days and 3 weeks Promoting survival Progressive Somaa et al., 2017
cortical progenitor model in rats on laminin-derived after surgery, of transplanted sensorimotor
stem cell epitope intracortical injection NPCs and improvements
neovascularization;
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TABLE 2 (Continued)

Bioactive

factors/Stem
cells

The animal
models

Biomaterials

Administration
routes

Therapeutic
mechanisms

10.3389/fncel.2022.1058753

Therapeutic
effects

References

progenitor cells

Mouse Sensorimotor Chondroitin 7 days after surgery, Increasing levels of Angiogenesis and McCrary et al., 2020
iPSCs-derived NPCs cortex mini-stroke sulfate-A hydrogel intracranial p-STAT3 and sensorimotor
model in mice binding bFGF transplantations in p-AKT; and the improvements
infarct core number of
microvessels
Human iPSCs ET-1 induced stroke | HAMC hydrogels 7 days after surgery, Increasing Neurological Payne et al., 2019
derived cortically model in rats intracranial NeuN + host function recovery
specified transplantations at neurons
neuroepithelial cortical lesion regions

Bone marrow MSCs

MCAO in mice

Carbon-nanotubes-
doped sericin
scaffold based on 3D
print technology

2 weeks after surgery,
intracranial injection
into stroke cavity

Shape-memory graft
to fill the cavity;
promoting stem cells
survival and the
differentiation
toward mature
neurons

Cavity repair

Wang et al,, 2021a

Angl, angiopoietin-1; BDNF, brain-derived neurotrophic factor; bFGE, basic fibroblast factor; CBD, collagen-binding domain; CDNE, cerebral dopamine neurotrophic factor; cNEPs, cortical
neuroepithelial progenitor cells; AMCAO, distal middle cerebral artery occlusion; EGE, epidermal growth factor; EPO, erythropoietin; ET-1, endothelin-1; iPSCs, induced pluripotent stem cells;
ESC, embryonic stem cells; VEGE, vascular endothelial growth factor; HA, hyaluronic acid; HAMC, hyaluronan methylcellulose; MSCs, mesenchymal stem cells; MMP, matrix metallopeptidase
9; NPCs, neural progenitor cell; NSCs, neural stem cells; NSPCs, neural stem progenitor cell; p-AKT, phosphorylated protein kinase B; PLGA, poly-lactide-co-glycolide; PUASM, polymer poly
urethane amino sulfamethazine; PTI, photothrombotic ischemia; SAP, self-assembly of peptides; SDF-1a, stromal-derived factor-1a; STAT, signal transducer and activator of transcription; SVZ,

subventricular zone.

Advantages

Problems

FIGURE 3

Advantages and potential problems of translating new biomaterials into a potential treatment therapy (by figdraw).

of the damaged BBB (Wang et al, 2019). Immunosuppressants
are also the preferred candidates to modulate inflammation after
IS (Qiu et al, 2021); for example, mTOR inhibitor rapamycin
(RNP) is a potent immunosuppressive agent with anti-inflammatory
and anti-proliferative effects (Querfurth and Lee, 2021). Monocytes
membrane-coated RNP exerts chemo immunotherapeutic effects
with high biosafety by retarding monocyte adhesion to endothelial
cells and the recruitment of monocytes (Wang et al,, 2021d). In
another pathway, decreasing neutrophil infiltration by interfering
with the interplay between neutrophil and endothelial cells blocks
the inflammatory cascade triggered by the recruitment of peripheral
inflammatory cells (Planas, 2018; Jian et al., 2019). Since Resolvin D2
(RvD2) has a strong binding ability with plasma proteins, wrapping
RvD2 with neutrophil membrane nanovesicles can drastically
improve the transport efficiency to the CNS based on the internal
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inflammation mechanism that peripheral neutrophils are recruited to
the CNS (Dong et al,, 2019; Tulowiecka et al,, 2020). In the present
study, following the binding of RvD2-loaded neutrophil nanovesicles
to inflamed brain endothelial cells, inflammation indicating ischemic
brain and outcomes of the MCAO mice model improved significantly
(Dong et al., 2019).

In addition, targeted neutrophil apoptosis in circulation via
cytotoxic doxorubicin NPs interrupts neutrophil recruitment and
protects post-ischemic brain tissue (Zhang C. Y. et al, 2019). The
regulation of the local brain microenvironment aiming at anti-
inflammatory has also been regarded as a highlight in the research on
brain protection after IS (Liu S. et al., 2022). A previous study showed
that polydopamine NPs loaded with monophosphate-adenosine
monophosphate synthase (cGAS) inhibitor and CXC chemokine
receptor 4 (CXCR4) yield multifaceted benefits to remodel the
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detrimental microenvironment of the brain in stroke rat (Shi et al.,
2022).In the CNS, cGAS inhibitors mediate microglial differentiation
into an anti-inflammatory phenotype, and CXCR4 specifically binds
to CXCL12 to reduce its chemotactic effect on inflammatory cells,
ultimately effectuating the anti-inflammatory reaction, protection,
and reduction of infarct size (Shi et al., 2022).

Anti-oxidative stress

Nanoparticles-based antioxidant includes endogenous anti-
oxidases and inorganic nano-reductases, which are widely
used to attenuate OS damage by scavenging detrimental free
radicals, RNS and ROS (Jiang et al, 2022). Although human-
derived endogenous antioxidants exert therapeutic effects by
mimicking the natural paradigms, their direct use is hindered by
limited cell membrane penetration ability, proteolysis, and poor
pharmacokinetics/pharmacodynamics (Song et al, 2021). Hence,
nanomaterials with different properties are designed and developed
to act as a protective cage for antioxidant substances, facilitating their
transport to the site of injury before inactivation and degradation in
the in vivo conditions (An et al., 2020). For instance, a study exploring
the role of nanotechnology-delivered melatonin in the treatment of
stroke used a tunneling nanotube to transport melatonin-treated
mitochondria into neurons (Yip et al., 2021). Melatonin is a well-
known potent endogenous antioxidant, produced by the pineal
gland and secreted into circulation (Abolhasanpour et al,, 2021). The
results showed that melatonin pretreatment preserves mitochondrial
integrity and mitochondrial OS by maintaining the stability of
mitochondrial electron transport chain complex proteins and
increasing the number of mitochondria (Yip et al,, 2021). Another
common endogenous antioxidant enzyme, superoxide dismutase
1 (SOD1), is designed to be enwrapped by a spherical and hollow
nanoparticle based on poly (ethylene glycol)-b-poly (L-lysine)-b-
poly (aspartate diethylenetriamine) (PEG-DET) (Jiang et al., 2016).
These nanozymes are well-tolerated by neuron and microvascular
endothelial cells with low liver and spleen toxicity, and the lesion
volume is reduced by half in the mice model of IS (Jiang et al,
2016). Furthermore, the delivery of NPs containing catalase (CAT)
and SOD to tPA-treated thromboembolic rat model increases the
number of immature neurons or NPSCs by accelerating the OS and
inflammation resolution (Petro et al., 2016).

Nonetheless, endogenous antioxidant enzymes suffer from
limited substrate types, poor long-term stability, and short circulation
half-life (Liang and Yan, 2019). To overcome these problems,
various synthetic inorganic antioxidant enzymes, such as ceria oxide,
manganese oxide, iron oxide, Prussian blue (PB), and carbogenic
nanozymes, have been developed and tested (Poellmann et al., 2018).
The first nanozyme to be introduced is cerium oxide (CeO;) which
has been studied widely. CeO, has a fluorite lattice framework,
making it easy to lose oxygen and gain electrons and eliminate
hydroxyl radicals and nitric oxide with CAT-like and SOD-like
catalytic activities (Naz et al, 2017). Since CeO, possesses an
outstanding antioxidant ability, several studies have focused on
modifying its surface coating to reduce its biotoxicity and biostability
(Saifi et al,, 2021). For example, the high biostability and porosity
of zeolite doped in cerium can exert dual advantages in a rat
model of MCAO (adsorption of zinc ions and resistance to ROS
damage), protecting the BBB by hindering the activation of microglia
and astrocytes (Huang et al, 2022). Furthermore, the detailed
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protective mechanism of CeO, NPs on endothelial cells includes
attenuating glutamate-induced ROS or decreasing DNA oxidation
and mitochondrial superoxide anions (Goujon et al., 2021). However,
the catalytic activity of CeO; is mainly dependent on the particle size
and the specific surface atomic coordination (Ghorbani et al., 2021).
Conversely, manganese dioxide (MnO,) and iron oxide (Fe3O4) are
rarely used in vivo due to their poor ROS and RNS catalytic efficiency
and complex preparation process to be produced into artificial
nanozymes (Wu et al., 2020; Yang S. B. et al,, 2021). In a recent study,
the incorporation of cobalt into Fe3O4 nanozyme robustly increased
the catalytic efficiency of peroxidase and CAT by about 100 times,
which is effective in the removal of hydrogen peroxide, superoxide
anion, peroxynitrite in vitro, and in reducing the lesion size in both
focal and permanent stroke models (Liu et al.,, 2021). To improve
the antioxidant effect of MnO,, a previous study modulated the OS
and inflammatory response by coupling with clinical drugs, such as
edaravone or fingolimod, suggesting novel strategies for multi-target
combination therapy for stroke (Li et al,, 2021; Zhao et al.,, 2022).
Unlike metal oxide with underlying biotoxicity, PB, a nanoparticle
with favorable biosafety, has been approved by FDA for detoxification
of thallium and cesium poisoning in human body (Busquets and
Estelrich, 2020). However, PB cannot cross the BBB in vivo. In order
to enhance the delivery efficiency, mesoporous PB nanozyme coated
with neutrophil-like cell-membrane (MPBzyme@NCM) is developed
using biomimetic technology (Feng et al, 2021). In addition to
surface coating, the shape and surface area of NPs with enzyme-like
activity was schemed carefully to ensure the best therapeutic effects.
Hollow PB nanozymes have adequate biosafety and a large specific
surface area without obvious side effects (Zhang K. et al,, 2019). The
in vivo and in vitro stroke models exerted good antioxidative and
anti-inflammatory capability by downregulating the hydroxyl radical
generation and transforming ROS and RNS into harmless materials
(Zhang K. et al,, 2019).

Anti-excitotoxicity and the other

strategies

The overactivation of postsynaptic NMDARs triggers
excitotoxicity, leading to excessive accumulation of intracellular
calcium and neuronal death (Wu and Tymianski, 2018).

Considering that the intrinsic mechanism of NR2B9c to reduce
neuroexcitotoxicity is to interfere with the binding of NMDAR to
postsynaptic density protein-95 (PSD95), NPs containing NR2B9c
peptide are designed to reach the CNS through nasal administration
and specifically binding to the cell membrane of neurons in the brain
ischemic region of rats using the NPs surface modifier, wheat germ
agglutinin (Li et al,, 2019). Similarly, drugs that bind to PSD95, such
as ZL006, act as protective agents against nerve excitation (Zhao
et al,, 2016). Under the background of NPs binding T7 peptide and
stroke-homing peptide, ZL006 rapidly targets the ischemic area to
exert its anti-excitatory effect (Zhao et al,, 2016). Also, the positive
allosteric regulation of the type A y-aminobutyric acid (GABA,)
receptors attenuate the neuroexcitatory effect of IS (Liu et al,, 2018).
Octadecaneuropeptide (ODN), an in vivo GABA 4 allosteric molecule
secreted by astrocytes, safely and effectively improves the functional
recovery after unloading into the stroke core by HA/heparan sulfate
proteoglycan hydrogel, as shown in animal experiments (Lamtahri
et al., 2021).
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Nano photosynthesis therapy is a novel concept in the treatment
of IS through the integration of microbial and nanotechnology
(Wang et al,, 2021b). In this approach, the effective therapeutic
components transported by NPs are not the drugs but S. elongatus,
which acts primarily through oxygen production. Instead of
increasing the amount of oxygen carried by hemoglobin in previous
studies, the new approach intentionally uses near-infrared light to
activate Nd3*-doped up converted NPs, turning the light signal
into visible light and prompting S. elongatus to synthesize oxygen
(Wang et al, 2021b). Simultaneously, nanotechnology-mediated
gene therapy can be used to enhance the transfection efficiency
of therapeutic plasmids for IS treatment. When gene therapy is
assisted by self-assembled peptides and heme oxygenase-1 plasmids,
they exert cytoprotective effects and reduce infarct volume by
inhibiting apoptosis, inflammation, ROS signaling (Oh et al., 2019).
In addition to the delivery and scaffold functions mentioned above,
nanomaterials can also be used in surgical interventions. For instance,
micron-sized nanoknife made from silicon nitride are an emerging
concept in neuromicrosurgery. The nanoknife can be used by
physicians for precise manipulations at the level of individual axons,
generating incisions <100 p, minimizing and avoiding unnecessary
tissue damage (Chang et al., 2007).

Summary and future perspectives

In a recent study, biomaterial-based formulations for IS recovery
have been dedicated to matching the updated pathophysiological
mechanism of IS (Liao et al., 2022). In this review, a wide variety of
hydrogels and NPs that have been utilized as a treatment strategy for
IS are presented and summarized, with emphasis on their superior
ability to reconstitute neurovascular units and the characteristics of
precise and efficient targeting to the infarct area. Among the new
biomaterials in the context, HA hydrogels and liposomes are most
widely applied as the desirable bio-scaffolds and nanocarriers with
great versatility and outstanding performances (Shahi et al., 2020;
Tian etal,, 2021). Importantly, biomimetic nanomedicine NPs appear
the most promising as practical candidates for clinical translation
(Chen et al., 2022).

Although the use of biomaterials in characteristic animal models
of IS has made some breakthroughs and exhibited beneficial
therapeutic effects, the translational trials are in the nascent stage
and a long way from clinical application. To date, two different
trials testing ECM or collagen hydrogel combined with MSC therapy
are currently underway in the early stage to test their safety
(NCT04083001 and NCT02767817). Multiple practical issues before
the clinical translation of biomaterials must be addressed before being
used in the treatment of stroke (Figure 3). Firstly, the size and
location of the infarct area may influence the administration route
and the formulation of biomaterials. Secondly, stroke has a higher
incidence in the elderly and may coexist with other comorbidities
in patients, but the models are limited to single diseases based on
young-adult rodents. Thirdly, it is necessary to choose the optimal
time of administration to achieve the best therapeutic effect (Love
et al,, 2019; Lyden, 2021). Furthermore, the major stumbling blocks
for successful clinical translation also include the lack of long-
term behavioral data, the inconsistent recovery measures, and the
deficiency in reproducible IS or I/R large animal models, such as non-
human primates in preclinical research (Modo et al., 2018; Kaiser and
West, 2020).
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Drugs incorporated into hydrogels or nanocarriers may arrive
at unexpected regions of the brain and have higher dissolution
rates beyond control. Briefly, the drawbacks of some biomaterials
are the lack of selectivity and sensitivity. Accordingly, an advanced
biomaterials delivery system requires further optimization in
drug diffusivity, controlled release, targetability to lesion sites,
minimizing off-target effects, and biophysical performances, such
as the regulation of scaffold mechanics. Thus, future efforts on
engineering new biomaterials with remarkable biochemical and
biophysical properties for IS treatment should focus on monitoring
and avoiding the systematic and neuronal toxicity of biomaterials
(Hussain et al., 2020). Taken together, a unified approach or guideline
aimed at unequivocally evaluating the toxicity and biosafety of
various biomaterials is imperative.

In conclusion, new biomaterials are the most promising
replenishments and substitution of limited treatment options
available for IS. Moreover, a tailored biomaterial-based therapeutic
approach is required for IS under the premise of strict compliance
with the regulatory frameworks and obtaining complete pretest data
on the safety of the materials.
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