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Abstract

COVID-19 can affect the central nervous system (CNS) indirectly by inflammatory mechanisms and even directly enter the CNS.
Thereby, COVID-19 can evoke a range of neurosensory conditions belonging to infectious, inflammatory, demyelinating, and
degenerative classes. A broad range of non-specific options, including anti-viral agents and anti-inflammatory protocols, is
available with varying therapeutic. Due to the high mortality and morbidity in COVID-19-related brain damage, some changes
to these general protocols, however, are necessary for ensuring the delivery of therapeutic(s) to the specific components of the
CNS to meet their specific requirements. The biomaterials approach permits crossing the blood—brain barrier (BBB) and drug
delivery in a more accurate and sustained manner. Beyond the BBB, drugs can protect neural cells, stimulate endogenous stem
cells, and induce plasticity more effectively. Biomaterials for cell delivery exist, providing an efficient tool to improve cell
retention, survival, differentiation, and integration. This paper will review the potentials of the biomaterials approach for the
damaged CNS in COVID-19. It mainly includes biomaterials for promoting synaptic plasticity and modulation of inflammation
in the post-stroke brain, extracellular vesicles, exosomes, and conductive biomaterials to facilitate neural regeneration, and
artificial nerve conduits for treatment of neuropathies. Also, biosensing surfaces applicable to the first sensory interface between
the host and the virus that encourage the generation of accelerated anti-viral immunity theoretically offer hope in solving COVID-
19.
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1 Introduction

Today, materials science’s interests are interdisciplinary that
by designing new materials and recognizing their simple prop-
erties make progress in understanding the behavior of
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complex systems. For the condition of COVID-19 emerged
as a global pandemic in Wuhan, China, and continued to take
lives with more than 2 million deaths as of writing this [1], the
need is for devices that offer early prevention and diagnosis of
disease with high accuracy and high precision. To this end, the
year 2020 has seen strenuous efforts to develop prediction
models and diagnostic methods using laboratory data, imag-
ing features, and clinical manifestations [2—4]. Biosensing ap-
plications of advanced nanomaterials-based devices that can
participate in detecting biomarkers are of particular interest to
us because it depends only on the samples of bodily fluids and
tissues collected from patients and can take us rapidly and
precisely to the situation of making a diagnosis [5]. Also,
some biosensing materials have allowed robotic systems to
operate better in the detection, tracking, and disinfection of
crowded public environments. Amid the COVID-19 pandem-
ic, nano-enabled biosensing systems are an intelligent exam-
ple to remarkably improve healthcare management [6]. The
applications of material science and engineering are really of
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far greater importance when we realize the potential therapeu-
tic effects of materials. For example, aqueous synthesized
quantum dots (QDs) that exhibit both electric and optical
properties are a beautiful example of the broad applicability
of biomaterials to viral infections, inflammation, and autoim-
munity [7]. Also, biomaterials have characteristics that serve
to function as carriers for delivering a wide variety of drugs.
Solubility, the small size suitable for oral administration, and
being able to interact with cells and cross the blood—brain
barrier are among others. These amazing abilities indicated
that biomaterials, notably nanosized materials, the so-called
nanoparticles (NPs), could be recognized as a unique system
for delivering anti-viral drugs, tumor-directed therapies, and
vaccines [8, 9]. Cell microencapsulation technologies further
augment the capacity of this system and its products, which
are especially important in treating diseases affecting the cen-
tral nervous system (CNS) [10]. More recently, researchers
have called out studies for nanomaterials-based strategies to
treat coronaviruses [11-13]. Tissue engineering is another
context within which smart biomaterials and scaffolds are cur-
rently under investigation for their activities in tissue regener-
ation. COVID-19 is an infectious disease that can cause dam-
age to multiple organs and systems, including lungs, cardio-
vascular system [14—17], gastrointestinal system [18, 19], he-
matological system [20], nephrological system [21], and CNS
[22-25]; because of this, tissue engineering can benefit pa-
tients by triggering repair and regeneration mechanisms
[26-28].

This introduction will follow an updated synopsis of
COVID-19 and related neurological impairments. It will out-
line several mechanisms COVID-19 has to cause neurosenso-
ry damage. In the meantime, this paper will provide evidence
supporting biomaterial approaches, including therapeutic bio-
materials and biosensing surfaces, for the CNS in COVID-19.

1.1 Neurological manifestations in COVID-19

In December 2019, unusual pneumonia made the Chinese
health services investigate the origins of the disease. The data
from the first cases showed a new coronavirus (CoV) that
resembles the causative virus of the severe acute respiratory
syndrome (SARS) and so coined the name SARS-CoV-2
[29-31]. A broad range of non-specific options, including
anti-viral agents [32-35], plasma therapy [36], statins [37],
dietary strategies for immunoregulation [38], and anti-
inflammatory protocols [27, 39, 40], is available with varying
therapeutic ability in cases with SARS-CoV-2 infection. The
proof of their inability is, however, in the nearly 2% death rate
related to the virus. Such a percentage of all 70 million cases
affected by the disease, in addition to the fact that it may recur,
are serious alarm signals [41-43] in the healthcare system,
which had to deal with increasing fatigue, burn-out, and stress
[44, 45] over the course of the pandemic year. It will
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undoubtedly call for globally integrated collaboration to re-
spond to this complex problem [46—54] in the context of na-
tional online platforms [55].

COVID-19 first manifested itself as a respiratory infection
ofunknown origin. It, however, revealed to us its multifaceted
picture over time. It usually involves the respiratory tract, but
it also can lead to cardiovascular problems, gastrointestinal
symptoms, and cutaneous manifestations and results in dys-
regulation of hormonal levels [15, 16, 22, 56, 57].

First reports of CNS involvement reveal that COVID-19-
associated neurological diseases can belong to infectious, in-
flammatory, demyelinating, and degenerative classes. The
first case of CNS involvement in COVID-19 was a young
man who presented with neck stiffness, generalized seizures,
and consciousness loss [58]. The observation of inflammatory
changes in the brain, as represented in hyperintense signals in
the right mesial temporal lobe and hippocampus, in addition to
the presence of SARS-CoV-2 RNA in the cerebrospinal fluid
(CSF), could be highly suggestive for COVID-19-associated
meningitis/encephalitis [58]. Among early reports of neuro-
logical problems in COVID-19 was a middle-aged woman
with interstitial pneumonia, loss of consciousness, anosmia,
and ageusia who tested positive for SARS-CoV-2. On brain
MR, this patient also had demyelinating lesions involving the
bulbo-medullary junction and the cervical and dorsal spinal
cord [59]. Moreover, there has been a case report of COVID-
19 co-occurring with Creutzfeldt-Jakob disease, speeding up
the process of neurodegeneration [60]. Both the latter cases
tested negative for SARS-CoV-2 in CSF, implying other
mechanisms’ involvement rather than direct infection of neu-
ral cells in these cases. In contrast, stand brain tissues showing
the evidence of small clusters of infection developed due to
SARS-CoV-2 around blood vessels [61]. It is, therefore, pos-
sible to assume a SARS-CoV-2-associated neurotropism and
neuroinvasion, but rather the virus will affect the CNS indi-
rectly by driving inflammatory responses.

Overall, we can already understand COVID-19 is a process
usually manifested itself by respiratory symptoms but also
associated with neurological manifestations, namely ataxia,
dizziness, fatigue, headache, myalgia, nausea, taste and smell
dysfunctions, neuropathic pain, and vomiting on the first pre-
sentation or subsequently [22-24, 62, 63] and in severe to
critical cases, complicated with agitation, altered conscious-
ness, abnormal wakefulness after sedation discontinued, con-
fusion, and seizures [64, 65]. Brain MRI shows the medial
temporal lobe as being mostly involved in severe COVID-
19 [64]. Brain lesions include multifocal white matter
hyperintensities with associated hemorrhagic lesions and ex-
tensive and isolated white matter microhemorrhages [64].
Moreover, patients with severe COVID-19 are at significantly
higher risk of developing acute cerebrovascular diseases than
patients with mild disease (about 6% vs. 1%) [62]. Those who
progress to critical condition, including those who develop



emergent mater. (2021) 4:293-312

295

acute respiratory distress syndrome (ARDS) and those who
need intensive care unit (ICU) admission, are more likely to
have an intracerebral hemorrhage [64].

2 Biomaterials for the CNS and COVID-19:
mechanisms and implications

Multiple barriers, including the blood-brain barrier (BBB),
blood—CSF barrier, the blood—retinal barrier, and the blood—
spinal cord barrier, encircle the CNS without which neural
circuits would never be able to play the flute peacefully [66].
However, at the therapeutic level, they are a primary concern
for CNS drug delivery. There are common approaches to the
problem of drug delivery to the brain, including BBB disrup-
tion, biotechnology-based delivery, chemistry-based delivery,
intracerebral delivery, intrathecal delivery, intranasal delivery,
and non-invasive delivery [66], but with the advantages and
disadvantages as summarized in Fig. 1.

Biomaterials for the CNS include CNS shunts, cortical
neural prosthetics, drug delivery strategies, hydrogel scaffolds
for CNS repair, and neural stem cell encapsulation [67]. In
particular, therapeutic biomaterials for the brain are of natural
and synthetic types. Extracellular matrix (ECM) components,
e.g., hyaluronic acid (HA), collagen, fibrin, laminin, heparin,
peptides, proteins, and xenobiotic elements, e.g., alginate, chi-
tosan, Matrigel, silk, and methylcellulose (MC), are essential
ingredients in the backbone of naturally occurring biomate-
rials. Synthetic polymers are the main components of synthet-
ically derived biomaterials, e.g., polyethylene glycol (PEG),
poly(D,L-lactic acid), polyglycolic acid (PGA), poly(D,L-lactic
acid co-glycolic acid) (PLGA), poly(D-lysine), poly(sebacic
acid) (PSA), and polycaprolactone (PCL). Different forms of
biomaterials used in brain therapy and repair are injectable
hydrogels, NPs, microparticles, and electrospun fibers.

2.1 Biomaterials, stroke, and COVID-19
2.1.1 Stroke in COVID-19

As reported by The American Heart Association/American
Stroke Association, on average, approximately 6% of patients
with COVID-19 will experience stroke at 10 days after onset
of the disease [62]. Meta-summary reports the pooled inci-
dence of acute ischemic stroke (AIS) as 1.2%, of whom about
40% died [68]. These estimates, coupled with the incidence of
stroke in young patients with no risk factors for cerebrovas-
cular diseases and no source of thrombosis identified, pro-
vides partial support for the pro-coagulopathy state due to
COVID-19 [69-71]. Moreover, coagulopathy is a process as-
sociated with inflammation [72, 73]. Therefore, another rea-
son for the large rise of developing thromboembolic events of
both venous and arterial and macro and microvascular types in

patients with COVID-19 [74] is because an inflammatory re-
sponse develops in almost all cases of COVID-19, and this
inflammation will develop with varying degrees dependent on
the genetic background [75-77] and pre-existing condition
[78] and corresponds to immune dysregulation occurring at
both the local and systemic levels [79-81]. Thrombolytic ther-
apy using recombinant tissue plasminogen activator (rtPA)
looks promising in terms of improving a neurological and
respiratory condition as represented in the reduction of hyper-
capnia, alveolar dead space, and ventilatory ratio [82].
However, it increases the risk of hemorrhage.

2.1.2 From the storm of cytokines to the development
of stroke in COVID-19

Cells and pattern recognition receptors (PRRs) sense invading
pathogens and release cytokines as part of the development of
the first line of immune defense, i.e., innate immunity, arrang-
ing a mixture of proteins, including chemokines, adhesion
molecules, and transcription factors, that mediate the transi-
tion to the specialized immune responses, i.¢., adaptive immu-
nity [83, 84]. Cytokines are functionally diverse messengers.
They can interact with many immune and non-immune cells,
including being involved in biological activities and signaling
pathways, namely inflammation and thrombopoietic activities
[85, 86]. Cytokines can affect endothelial cells in the CNS
with various pro-coagulant effects and contribute to the devel-
opment of coagulopathies and subsequent in the cause—
consequence loop.

A storm orchestrated by elevated levels of pro-
inflammatory cytokines causes vital organs and systems to fall
down. Such is often easy to find in patients with COVID-19
pneumonia [79, 81, 87-91]. Following this storm, a systemic
inflammatory response syndrome (SIRS) and multiple organ
dysfunction syndrome MODS are what we expect to see with-
in a few days from symptom onset [89]. More than 10 cyto-
kines contribute to COVID-19-associated cytokine storm
[90], although interleukin-6 (IL-6) is the key player. Patients
with severe to critical disease have significantly higher con-
centrations of IL-6 [92], and the use of monoclonal antibodies
targeting this cytokine could provide a better survival. Such
findings explain the ideas about the elaborate implementation
of multiple immunomodulatory strategies, corticosteroids, im-
mune checkpoint inhibitors (ICIs), intravenous immunoglob-
ulin therapy, and plasmapheresis [40].

Strokes occur due to blood flow obstruction caused by
thrombosis (ischemic stroke) except for about 15% of cases
associated with hemorrhage (hemorrhagic stroke). Following
tissue ischemia, disruption of the BBB integrity initiates infil-
tration of peripheral leukocytes into the brain and activation of
the glial population. Also, it will stimulate the injured cells to
release intracellular molecules known as damage-associated
molecular patterns (DAMPs). This will cause the activation
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Fig. 1 Approaches for drug delivery to the brain: advantages and disadvantages (Prepared with data from [66])

of immune cells and promote their reaction by producing in-
flammatory and cytotoxic factors [93]. Accordingly, post-
stroke is a condition predisposed to immune dysregulation,
laying down in the peri-infarct region composed of glial cells,
which then critically contribute to the processes that re-
establish homeostasis of the CNS. In the CNS, glial cells are
of four main types: oligodendrocytes, astrocytes, ependymal
cells, and microglia. Microglia cells are brain-resident macro-
phages that can sense pathological changes in the CNS envi-
ronment, serving as the cornerstone of immunity in the CNS.
Following tissue ischemia, activated microglial cells respond
to ischemic stroke by an inflammatory response, which will
mount injury to neuronal tissue within the first one to two
hours. In contrast, when microglia cells undergo alternatively
activation, an anti-inflammatory reaction occurs correspond-
ing to neuronal injury improvement. Macrophage/microglial
activation response determines the degree of damage to the
@ Springer QHPDD @ @""l" +bd dools
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brain. Similarly, astrocytes also become activated by ischemic
injury and play a dual function; the release of inflammatory
markers and glial scar formation on the one hand, and on the
other hand, the control of glutamate excitotoxicity and con-
servation of function of the brain waste clearance system.
Figure 2 is a timeline indicating inflammatory mecha-
nisms that occur early or late in patients with ischemic
stroke. Six hours after the tissue ischemia, there may be
several factors that can exacerbate neuronal injury
avoiding the activity of recoverable cells tracking their
mother, ECM, in motion. There is thus little time for us
to refigure the CNS after an ischemic stroke and no time
for neurons to recall their previously established functions
[94]. Challenges with cell and cytokine therapies for
strokes are poor viability of transplanted cells, uncon-
trolled cell differentiation, cell engraftment failure, and
lack of controlled growth factor delivery [95]. For this,
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Fig. 2 Timeline of early (pink)

Neuronal injury

and delayed (blue) inflammatory exacerbation
mechanisms in the post-stroke
brain (Prepared with data from 24
[93D .--~\_hours " ~-.
Vascular 4-6 24 Tissue
inflammation hours hours ischemia

Microglial Microglial

activation hours Bays switch

Tissue . Neurogenesis

Sehania Minutes Months Angiogenesis

stroke remains the third leading cause of disability in
adult people, while many restoration approaches have
emerged [94].

2.1.3 Endogenous and exogenous modulation of synaptic
plasticity after stroke

The brain inherits the habit of dynamic modeling in response
to the internal and external environment, and by aggregation
of this process, also known as neuroplasticity, makes changes
at different levels of neural systems, neural and glial cells, and
even non-cellular components, i.e., ECM, usually inhabiting a
new structural and therefore functional land. The injury pro-
gression, reactive astrocytes, the glial scar, and brain-derived
neurotrophic factor (BDNF) make up an endogenous response
to stroke, along with other factors, mainly including EPO,
VEGF, and IGF-1. Serotonergic drugs, dopaminergic drugs,
NMDA receptor antagonists, Sigma-1 receptor agonist,
niacin-associated compounds, chondroitinase ABC
(ChABC), anti-Nogo A, and BDNF can exogenously act as
plasticity-modulating biomolecules. The transplantation of
cells is another method of exogenously modulating plasticity
(Fig. 3).

Angiogenesis refers to generating new blood vessels on a
pre-existing vasculature [96]. Unwanted angiogenesis is the
underlying mechanism of pathological conditions, like cancer,
diabetic retinopathy, and psoriasis [96], although angiogenesis
critically contributes to embryonic development and the men-
struation cycle in a physiologically well-regulated manner
[96]. Angiogenesis results in the formation of a vascular net-
work, providing a local environment rich in nutrients and

p Post-stroke neuro- 4
inflammation

oxygen required for wound healing and the recovery of in-
jured tissues [96] while serving as a “supervisor” that helps
neural progenitor cells navigate to their targets [97]. In this
manner, the post-stroke brain under the influence of angiogen-
esis and its impact on the phenomena of neurogenesis as
forming new neurons will achieve functional recovery in a
better and more rapid way [98].

Noted that the strength of angiogenesis and its amenability
to alteration in the brain is relatively low and its network’s
complexity remains less understood [98], the delivery of ex-
ogenous modulators of synaptic plasticity, angiogenesis, in-
flammation, and neurogenesis to the brain would be the most
effective of all delivery ways, and this is challenging unless
biomaterials of the finest shape and highest quality bridge the
distance between systemic circulation and CNS to reach the
target, i.e., the site of injury. The site of the cavity of its own
lacks ECM, poses a barrier for cell infiltration and tissue re-
generation after stroke, and can evolve into a scar within days.
However, it is highly favored for biomaterial administration
because the peri-infarct area, where cavity formation occurs,
supports great neurovascular plasticity, and a large volume
injection can be administered.

2.1.4 Biomaterials: an endless source of synaptic plasticity
for the post-stroke brain

Biomaterials can cross the BBB to exert synaptic plasticity-
promoting effects, alone or in combination with drugs and
cells [97]. The use of a biomaterial approach would allow
controlling drug release in a more accurate and sustained man-
ner, without unwanted side effects stemming from the need
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Fig. 3 Endogenous and exogenous modulators of synaptic plasticity after stroke (Prepared with data from [68])

for higher doses, multiple injections, and invasive procedures
for implant placement [97]. Beyond the BBB, it is more pos-
sible for drugs to protect neural cells, stimulate endogenous
stem cells, and induce plasticity. Biomaterials for cell delivery
are an efficient tool to improve cell retention, survival, differ-
entiation, and integration. For some, biomaterials alone can
support synaptic plasticity [97].

In stroke treatment, biomaterials exist, operating with both
systemic and local delivery of exogenous factors and serving
as scaffolding vehicles and encapsulating neural stem cells
[97]. Therapeutics delivered to the brain include BDNF,
CsA, EGF, VEGF, EPO, anti-Nogo-A, EGF combined with
EPO, VEGF combined with Angl and anti-Nogo-A, BDNF
combined with AMPAkine or GDNF, NT-3, and HGF or
IGF1.

Systemic and local delivery of exogenous factors NP bioma-
terial formulations, including liposomes and polymeric NPs, help
systemic and local delivery to the CNS, especially when the
integration of systems mediating receptor-mediated transcytosis
(RMT) across the BBB and the methods guiding CNS molecular
delivery is relevant [97, 99, 100]. The potential advantage of
nanoliposomes, including dipalmitoylphosphatidylcholine
(DPPC), dipalmitoylphosphatidylserine (DPPS), and ganglioside
GM1, is the delivery of higher levels of citicoline to the brain so
the pace and amount of functional recovery and synaptic plastic-
ity after stroke would be higher than expected in intravenous use
of citicoline. Furthermore, the formation of nano-assemblies
from the lipid squalene might support the nucleoside adenosine
that extends into circulation and contributes to the potential
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neuroprotective treatment of stroke. To achieve greater liposomal
stability is the advantage offered by surface coatings available to
protect liposomal bilayers from the sequestration by the reticulo-
endothelial system (RES). Such PEGylated liposomal formula-
tions (PEGylated liposome 1-Palmitoyl-2-oleoyl-sn-glycerol-3-
phosphocholine (POPC), didodecyl dimethyl ammonium bro-
mide (DDAB), and polyethylene glycol) help in functional re-
covery after stroke by acting as carriers for plasmids related to
VEGF. When conjugated with transferrin in the formulation of
distearoylphosphosphatidylethanolamine (PEG2000-DSPE),
maleimide-derivatized PEG2000-DSPE (Mal-PEG2000-DSP),
they could be of further support by allowing the VEGF-related
plasmids to be better fitted for the purpose, BBB targeting.
Studies illustrate that neutral and negatively charged particles
can produce a beneficial effect on such fitness with regard to
simvastatin, a medication involved in lipid-lowering activities,
neurogenesis, synaptic plasticity and transmission, and axon
growth. Examples of these biomaterials are 1,2-didodecanoyl-
sn-glycero-3-phosphocholine (DLPC), cholesteryl—polyethyl-
ene, glycol 600 sebacate (CHOL-PEG), 1,2-dioleoyl-sn-
glycero-3-phosphoric acid, monosodium salt (DOPA-),
cholesteryl 3{3-N-(dimethylaminoethyl) carbamate, hydrochlo-
ride (CHOL+), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE). Also, polymeric NPs used for
the systemic and local delivery of therapeutics to the CNS in-
clude chitosan (bFGF, z-DEVD-FMK), PLGA and PLA
(camptothecin), polyethylene glycol-poly(L-glutamate) diblock
copolymer (BDNF), and gelatin (osteopontin, IGF, HGF).
Chitosan is a kind of semisynthetic, mucoadhesive material that
can penetrate the BBB and form hydrogels [101]. Chitosan-



emergent mater. (2021) 4:293-312

299

based biomaterials serve to function as carriers for delivering
drugs, cells, and genes into the CNS and provide porous scaf-
folds paving the way for neuroregeneration [101]. Chitosan leads
to an increase in the stability of bFGF, as for camptothecin with
PLGA and PLA. Both polyethylene glycol-poly(L-glutamate)
diblock copolymer and gelatin improve the bioavailability of
therapeutics delivered, e.g., BDNF, osteopontin, IGF, and
HGEF. Antibodies to transferrin and custom peptides promise to
develop functionalized polymers chitosan, PLGA, and PLA, pro-
viding them with increased fitness for BBB targeting.

Scaffolding biomaterials To provide an infarcted brain with
both structural and functional support, the biomaterial ap-
proach made scaffolds baked especially for this double pur-
pose when acting as carriers for the cells themselves and for
the exogenous factors that can underlie increased cell survival.
Scaffolds are 3D structures designed to develop a microenvi-
ronment favorable for endogenous neural stem cell stimula-
tion (neurogenesis) and exogenous stem cell transplantation.
An effective scaffold needs to be non-toxic, injectable, bio-
compatible with transplanted cells and tissues, biodegradable,
biomechanical competent, work in a particular place, and
maintain stemness [102]. Biomaterial scaffold structures in-
clude hydrogels, microspheres and microparticles, and poly-
mers (natural and synthetic) and can develop with the incor-
poration of growth factors, namely, VEGF and FGF-2.

The ECM itself'is not a cellular compartment, but the point
is its relations to cell and tissue biology, by the effects like
physical scaffolding to direct cellular systems and biochemi-
cal and biomechanical cues for the control of tissue morpho-
genesis [103]. The composition of the ECM varies across
tissues and organs. For example, the brain ECM may consist
of laminin, fibronectin, type IV collagen, hyaluronan, heparan
sulfate proteoglycan, chondroitin sulfate proteoglycan, and
tenascin R that occur in the three major sites of the basement
membrane, perineuronal nets, and neural interstitial matrix
[104]. Changes in the composition of the brain ECM have
an important role in neuropathologies [104]. Tissue engineer-
ing and biomaterials attempt for the ECM to be in equilibrium
[105].

HA is a polysaccharide component of the ECM produced
by hyaluronan synthases. In the CNS, while structurally local-
ized to myelinated fibers, HA secreted from neurons and as-
trocytes affects tissue homeostasis by taking part in the for-
mation of perineuronal nets, functionally controlling
neuroplasticity and brain development and maturation. A bio-
compatible, linear structure enables HA to bind to many cell
surface receptors, bringing cells into response [106]. HA
mostly engage the CD44 receptor, a glycoprotein on the sur-
face of glial and neuronal cells. This receptor then triggers Rac
1-dependent PKN (protein kinase N-) pathway, allowing as-
trocytes to undergo cytoskeletal activation. HA can also bind
at the RHAMM (Receptor for Hyaluronan Mediated Motility)

expressed on the cell surface and also floated in the cytoplasm
and nucleus of cells. In this way, Src family kinases (SFKs),
focal adhesion kinase (FAK), and Ras signaling come to cast
cell-specific behaviors, e.g., cell migration, proliferation, and
differentiation. HA regulates molecular mechanisms that con-
tribute to cell responses in a molecular weight (Mw)—depen-
dent manner. For instance, low Mw HA promotes the release
of inflammatory mediators. In contrast, high Mw HA does
seem to prevent this. It is not surprising then that the accumu-
lation of HA and CD44 positive astrocytes is a neuropatho-
logic hallmark of demyelinated lesions, white matter disease,
and glioblastoma. They upregulate the expression of toll-like
receptors (TLRs), importantly TLR2 and TLR4. Activation of
these TLRs and their downstream signaling cascade would
promote intracerebral injuries (Fig. 4) [107].

Using cross-linking mechanisms, including covalent and
non-covalent mechanisms, HA-based biomaterials achieve a
high degree of stability and a better biomechanical structure
suited to different kinds of applications in the CNS for regen-
eration and repair (Fig. 5) [106]. HA-based biomaterials in-
clude hydrogels, granular hydrogels and microgels, and com-
posite material systems [106].

When HA undergoes modifications using covalent cross-
linking mechanisms such as the addition of a thiol functional
group, adipic acid dihydrazide, and a protease-degradable
peptide (notably matrix metalloproteinases, MMP2 and
MMP9, which function in processes that contribute to the
modulation of neuroinflammation [108]), the resultant bioma-
terials, i.e., thiol-modified HA, dihydrazide-modified HA, and
3D HA scaffolds can exhibit cytocompatibility and degrad-
ability and improve cell viability, survival, and migration even
more than non-chemically modified HA. Using guest—host
chemistry, thermally induced gelation, ionic and hydrophobic
bonds, and interactions between proteins and their ligands,
non-covalent cross-linking mechanisms, one can produce
cross-links between HA polymer chains that are reversible
and dynamic (unlike permanently cross-linked HA provided
by covalent mechanisms) in response to many stimuli, includ-
ing temperature, pH, shear stress, and ion concentration.
These could be key features of an HA-based material designed
to provide shear-thinning and rapidly self-healing, biochemi-
cal criteria that any material for regenerative application to the
CNS must address. Cross-linking mechanisms may introduce
a problem: decreased affinity binding of HA. Biomolecule
tethering may help resolve this concern by simply incorporat-
ing biomolecules into the HA-based scaffolds. Proteins and
peptides capable of surface bonding (adhesion), e.g., laminin
and peptides derived from laminin (IKVAV and LRE) and
fibronectin (RGD) and binding to growth factors, e.g., hepa-
rin, are available for this purpose. HA-based scaffolds lead to
enhanced cell migration and infiltration, angiogenesis, and
neurite outgrowth and promote the production of growth fac-
tors, mainly nerve growth factor (NGF) and brain-derived
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Fig. 4 Hyaluronic acid and its receptors and signaling pathways in neural and glial cells. Physiologically, they contribute to cell-specific behaviors,
although by upregulation of TLR2 and TL4 signaling pathways they may play role in neuropathologies (Prepared with data from [106])

neurotrophic factor (BDNF), by the administration of laminin
and laminin-derived peptides. HA-based scaffolds incorporat-
ing fibronectin-derived peptide are more able to support viable
neural stem/progenitor cells. Heparin has its advantage for
binding to growth factors, a clear sign of a reduction in deg-
radation of these proteins that are necessary for neural growth.

HAMC is an injectable hydrogel containing over 90%
water and offers an effective way for local delivery of
EPO to the brain [95]. EPO critically contributes to
neurogenesis and post-stroke recovery [109]. In a rat
model for an ischemic stroke model induced by middle
cerebral artery occlusion (MCAO), alginate hydrogel
combined with VEGF could confer protection in terms
of the reduced ischemic lesion and functional recovery
[95]. Alginate is a natural polysaccharide of high chem-
ical stability and biocompatibility.

Hybrid biomaterials, e.g., gelatin and 3-(glycidoxypropyl)
trimethoxysilane (GPSM) and polydimethysiloxane and
tetracthoxysilane (PDMS-TEOS), become more purposeful.
The ability to make a surface with a higher degree of hydro-
philicity, which will be needed in cell adhesion and growth,
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favors PDMS-TEOS over GPSM. VEGF appears to increase
neural regeneration, and so is a potential candidate for com-
bination with PDMS-TEOS [110]. Synthetically derived
VEGFs (low, medium, and high) bound to nH promoted en-
dothelial cell differentiation.

Biomaterials for cell delivery Natural biomaterials apply to the
delivery of cells, including iPSC-derived neural progenitor
cells (hyaluronan/methylcellulose (HAMC), HA, fibrin, and
self-assembling peptides), ESC-derived progenitor cells
(Matrigel and collagen), primary rodent NPCs (HA and self-
assembling peptides), and adult neural stem/progenitor cells
(HAMC), to the brain.

Heparin nanoparticles (nH) combined with HA hydro-
gel led to a reduction in macrophage/microglial activation
and brain concentrations of the pro-inflammatory cytokine,
TNF-«, along with increased vascularization occurring at
the site of the stroke cavity in the distal middle cerebral
artery occlusion (MCAo) [98]. Also, nH diminished over
the region of reactive astrocytes; without any significant
effect on lesion size.
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When a Matrigel matrix used as scaffolding biomaterial for
human ESC-derived NPCs was implanted into the infarct cav-
ity, adult rats revealed improvements in terms of cavity size
reduction, increased survival and differentiation of
transplanted cells, electrophysiological properties presented
by some of these transplanted cells, and better behavioral out-
comes. The effect on cell survival when NPCs were used
alone was not as good as that for cells cultured on Matrigel
[111]. Moreover, no effect on cavity size occurred when each
of Matrigel and NPCs used alone. Aged rats developed the
infarcts of larger sizes, but they could reduce infarct size com-
parable to that for young adult rats, even when delivery of
NPCs cultured on Matrigel was delayed for 3 weeks. This
observation seems to be due to immunosenescence, corre-
sponding to a decreased risk of acute rejection in aged rats
[111]. Such would be a clear advantage to the current condi-
tion of COVID-19, in which older people are the most vulner-
able population [80].

In a mouse model of photochemically induced cerebral
ischemia, a hyaluronan—heparin—collagen hydrogel seeded
with stem cells could diminish macrophage/microglia infiltra-
tion and increase survival of NPCs. Collagen is present in the
ECM appreciated for the role in cell adhesion and migration.
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Using collagen type I combined with NSCs, the survival and
differentiation of NPCs were improved along with synapto-
genesis and functional recovery in a rat model of cerebral
ischemic injury induced by MCAO.

2.1.5 Biomaterials for modulation of inflammation
in the post-stroke brain

Pre-clinical studies have found that injection of PEG-MeNPs,
PEG-HCCs, MAP hydrogels, HA-PLGA that incorporates
VEGF and Angl, HA gel plus heparin nanoparticles (nH)
bound to VEGF, and amine-modified single-walled carbon
nanotubes (a-SWNTs) and transplantation of HP carbon nano-
tubes impregnated with subventricular zone neural progenitor
cells (SVZ NPCs) yielded a satisfactory reduction in post-
stroke brain inflammation induced by MCAO in animals (rats
and mice). They could accomplish such a task by inhibiting
the expression of pro-inflammatory markers and the activation
of microglia and astrocytes. Also, the safety and efficacy of
perflutren lipid microspheres are subjected to study for use as
an ultrasound enhancer for acute ischemic stroke. However, it
could get approval from the U.S. Food and Drug Association
(FDA) to be used as an ultrasound contrast agent. These NPs

ool

QATAR UNIVERSITY @ Springer




302

emergent mater. (2021) 4:293-312

and hydrogels are a few of the strategies regenerative medi-
cine uses to minimize neuroinflammation in the post-stroke
brain. Regenerative medicine has uncovered a range of thera-
peutics suing cell therapy and gene therapy with anti-
inflammatory effects for ischemic strokes [93] and COVID-
19 [27].

2.2 Biomaterials, olfactory dysfunction, and COVID-19
2.2.1 Olfactory dysfunction in COVID-19

People with COVID-19 frequently report smell loss.
Occurrences range from 5% to 85% [112]. Interestingly, hav-
ing anosmia would predict a milder course of the disease. It
can be attributed to earlier immune responses induced by ol-
factory epithelia.

2.2.2 Olfactory sensory neurons: an immune-sensory interface
between the SARS-CoV-2 and host

Olfactory sensory neurons (OSNs) constitute a tiny popu-
lation of neurons in the nasal cavity that work on the inside
and outside of the body simultaneously. In humans, air
enters the respiratory system via the nose, travels through
the pharynx, larynx, and trachea, and eventually terminates
into bronchi and air sacs, the so-called alveoli. OSNs are in
close contact with the external environment and therefore
can provide detection of environmental pathogens. These
neurons can convert odorant-encoded signals into electri-
cal ones. The olfactory nerve carries electrical signals and
conducts them to the olfactory bulb (OB), from where they
can hit the central nervous system (CNS) and other nerves
in the body. Moreover, OSNs stand nearly enough to en-
able the nasopharynx-associated lymphoid tissue (NALT)
to bring about anti-viral immune responses upon stimula-
tion. In the study of crypt OSNs in rainbow trout, neuronal
apoptosis occurred following intranasal administration of
rhabdoviruses. OSN apoptosis, in turn, gives rise to in-
flammatory responses while paving the way for infiltration
of CD8+ T cells, which vitally play a role in anti-viral
immunity, in the olfactory organ (OO). It results from the
viral glycoprotein interacting with the host OSN
tropomyosin-related kinase A receptor (TrkA), as reflected
in the loss of TrkA reactivity (and therefore, its internali-
zation increases). In contrast, olfactory bulb neurons
(OBN) displayed decreased inflammatory responses.
NALT-mediated immunity would be ultra-rapid in a
TrkA-dependent manner and possible to avoid subsequent
infection stages [113]. TrkA conservation with high values
suggests anti-viral immunity in OO by a similar mecha-
nism in mice, humans, and rainbow trout.
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2.2.3 Biosensing surfaces for the generation of accelerated
anti-viral immunity

With the recent emergence of olfaction-inspired biomaterials,
each bioelectronic nose can detect an odor in the environment
wherein odorous substances exist at the nanomole or lower
levels. Biological elements used in chemical sensors to create
biosensors include whole animals, insect antennae, olfactory-
related proteins, olfactory tissues, olfactory cells, odorant-
binding proteins, synthetic polypeptides, and olfactory senso-
ry neurons, each with advantages and disadvantages described
in [114]. In addition to these elements that can stimulate the
biological olfactory system and perceive a wide range of
odors, some biomaterials exhibit cell-cell interactions
directing immune responses’ activation. Elastomeric surfaces
are solid materials utilized in microstructured and nanostruc-
tured forms with reversible cell adhesion [115]. With the use
of antibody-coated arrays of microscale elastomer pillars,
mouse CD4+ T cells respond by infiltration into the pillars
and interaction with antigen-presenting cells (APCs) [116].

Moreover, poly (ethylene-co-vinyl alcohol) (EVAL) is a
biocompatible polymer that, when added to human olfactory
neuroepithelial cells (HONCs), mature olfactory sensory neu-
rons (OSNs) were able to grow further, possibly via neuro-
peptide Y (NPY)-mediated signaling upregulation [117].
CD4+ T cells are a director of anti-viral immunity [118], while
NPY and receptors help modulate inflammation and autoim-
munity [119]. Designing biohybrids that enhance anti-viral
immunity and reduce inflammation and are applicable at the
first sensory interface between the pathogen and host may be
useful in combating COVID-19 (Fig. 6).

2.3 Biomaterials, neural degeneration, and COVID-19
2.3.1 Neurodegeneration in COVID-19

The relation of COVID-19 to neurodegeneration is an impor-
tant relation. Despite heterogeneous data avoiding us to arrive
at a definite conclusion [120], there is evidence of worsening
the severity of neurological diseases such as multiple sclerosis
and myopathies with COVID-19. Moreover, COVID-19 has
been shown to cause symptoms mainly comprising cognitive,
motor, and non-motor symptoms and conditions, including
ischemic stroke, Guillain-Barré syndrome, polyneuropathy,
encephalitis, meningitis, and parkinsonism [121], suggestive
of inflammatory, degenerative, and demyelinating processes
taking place during the disease in the CNS, along with sys-
temic inflammation and ischemia. Accumulation of higher
concentrations of ferritin frequently occurs in COVID-19.
Therefore, ferrosenescence, which refers to the more replica-
tion of the virus in cells containing a high amount of iron, is a
mechanism proposed to underlie dysregulation of immunity
and subsequent neurodegeneration in COVID-19 [122]. Also,
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Fig. 6 Pro-sensing biohybrids for
the generation of accelerated anti-
viral immunity applicable to the
first sensory interface between the
host and SARS-CoV-2

for noses against
COVID-19

neurotropism is a direct path for the virus to cause neurode-
generation [123]. Neurons and glial cells express ACE2 [124],
known to mediate virus entry into the cells [38, 125-128].
Activation of ACE2 by the virus leads to inflammation in
the CNS. Aberrant protein folding is another mechanism pro-
posed for neuroinflammation in COVID-19 [129]. Potential
therapies include immunotherapy with natural killer cells,
targeting angiotensin II receptor (sartans), iron chelators, and
dipeptidyl peptidase 4 inhibitors (gliptins) [122].

2.3.2 Extracellular vesicles-based biomaterials for neural
regeneration

Biomaterials commonly used in neurodegenerative diseases
mainly comprise metal elemental (gold nanoparticles, silver
nanoparticles), metal oxide (iron oxide nanoparticles, cerium
oxide nanoparticles, zinc oxide nanoparticles), inorganic com-
pound (quantum dots), metalloid elemental (silica nanoparti-
cles), lipids (liposomes, micelles, solid lipid nanoparticles,
extracellular vesicles (EVs)), and polymers (polylactic acid,
PLGA, PEG, hydrogel). Especially, biomaterials based on
EVs could assist drug loading with several promising charac-
teristics, e.g., BBB penetration, biocompatibility, stability,
low toxicity, low immunogenicity, and a non-invasive proce-
dure of administration [130]. Moreover, EVs on their own
hold biological activities, notably immunoregulatory and
pathogen suppressive activities and regenerative capacity.
For this, the use of EV-based drug delivery seems very inter-
esting to Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, and traumatic brain injury. In the case of COVID-
19-associated brain damage, it is of particular importance for
anti-inflammatory agents and small RNA to deliver their ther-
apeutic effects. Also, there is pre-clinical and experimental

The potentail of pro-
sensing biohybrids

Olfaction-inspired
biomaterials

Biomaterials with anti-
viral activities

Electrical signals

Nasopharynx-
associated lymphoid
tissue

evidence for the effectiveness of mesenchymal stem cells
(MSC)-EVs in stimulating endogenous neural stem cells,
neurite remodeling, and synaptic plasticity following ischemia
and hypoxia. Clinical studies provide evidence for the role of
MSC-EVs in attenuating autoimmune features in patients with
GVvHD, a condition to which COVID-19 resembles analogi-
cally. EL-4-derived exosomes allow curcumin, a natural poly-
phenol, to have a higher degree of solubility and exert protec-
tion against tumorigenesis, inflammation, oxidative stress,
and more interestingly, against neurodegeneration and motor
problems as demonstrated in models of PD. Exosomes can
also effectively contribute as carriers of microRNAs
(miRNAs), small non-coding RNAs helping with the post-
transcriptional gene regulation [131]. The computational ap-
proach has depicted several pathways that serve as targets for
miRNAs in COVID-19 [132]. Exosomes carrying relevant
miRNAs are a promising therapeutic for damage associated
with COVID-19.

2.3.3 Conductive biomaterials for neural regeneration

The electrical conductivity is the force allowing ion channels
at the surface of neurons to engage an array of signaling path-
ways (ERK-dependent pathways, cAMP pathway, PTEN
pathway, MAPK pathway, STAT3 pathway) and growth fac-
tors (NGF, BDNF) in the neuronal growth, axonal elongation,
and axonal regeneration in the mammalian brain.

The electrical conductivity of biomaterials, such as poly-
pyrrole, polyaniline, poly(3,4-ethylene dioxythiophene),
multi-walled carbon nanotubes, single-wall carbon nanotubes,
graphene, and graphite oxide, reflects the intrinsic surface
properties [133] stepping over obstacles in the path of tissue
regeneration in the CNS, which mainly consist of myelin-
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associated proteins, myelin-associated glycoprotein, neurite
outgrowth inhibitor (Nogo-A), oligodendrocyte/myelin gly-
coprotein, ephrins, chondroitin sulfate proteoglycans, and
semaphorin 3A (Sema3A) along with activated microglia
and macrophages and glial scar, and providing guidance cues
to neural stem cells (NSC) by different mechanisms that con-
tribute to the regulation of NSC differentiation [133].

2.4 Biomaterials, neuropathies, and COVID-19
2.4.1 Neuropathies in COVID-19

COVID-19-associated nerve injuries mostly rooted in the ul-
nar nerve and the cords of the brachial plexus are presented by
neuropathic pain and muscle wasting and affect the upper limb
[134]. In addition to the effect of prolonged prone positioning
[135] and related nerve compression injuries and vascular
suppression and hematoma and related entrapment of the
nerve(s) [136], neuroinflammation plays a role in nerve dam-
ages due to COVID-19. Using autografts and allografts deals
with several challenges due to lack of appropriate efficiency,
cost-effectiveness, and the need for a second operation and
related increases in death.

2.4.2 Biomaterials for neuropathies

Engineering artificial nerve conduits permit the improvement
of either motor or sensory (or both) function. However, tuning
the conduit microenvironment is of primary significance
achievable by optimizing cues and vehicles, e.g., channels,
cells, drugs, fibers, growth factors, and hydrogels, applied
intraluminally [137].

2.5 Biomaterials, intracerebral hemorrhage, and
COVID-19

2.5.1 Intracerebral hemorrhage in COVID-19

Studies report a broad range of incidence for ICH in patients
with COVID-19 from less than 1% to about 8% [138], with
being more common in older and non-Caucasian people and
in those with respiratory failure who need mechanical venti-
lation and anticoagulation therapy [139].

2.5.2 Biomaterials for intracerebral hemorrhage

Extensive cell death in the hematoma area is the main charac-
teristic of a hemorrhagic stroke. When applied intranasally,
RADA16-I self-assembling peptide (SAP) could reduce brain
edema, necrotic cell death within the hematoma, and the peri-
hematomal area, and cavity volume along with functional re-
covery improvement in a rat model of ICH induced by
intrastriatal collagenase injection [140].
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2.6 Biomaterials, spinal cord injury, and COVID-19
2.6.1 Spinal cord injury in COVID-19

It does occur very rarely, but recent reports of neuromyelitis
optica, in which the immune system attacks the spinal cord
and optic nerves, paraplegia due to an epidural abscess, and
cervicothoracic myelopathy, in patients with COVID-19 from
that we can confirm that COVID-19 affects the spinal cord are
available in the literature [141-144].

2.6.2 Biomaterials for spinal cord injury

There is a sequence of events following spinal cord injury
similar to that in stroke, i.e., neuroinflammation, damage to
and death of different kinds of glial cells, including neurons,
microglia, astrocytes, and oligodendrocytes, cavity formation,
disruption of spinal cord circuitry, and neuronal activity. The
biomaterials approach can act within the previously discussed
context of delivering drugs to the CNS that serve a protective
function [145]. Also, the ECM-like scaffolding biomaterials,
such as hydrogel-based scaffolds, can support stem cell trans-
plants within the context of a planned neural regeneration in
the spinal cord, thanks to which they contain immunomodu-
latory and regenerative factors allowing the cells within the
spinal cord to communicate with each other successfully [146,
147]. In addition to biomaterials, stem cells, growth factors,
drugs, and exosomes can regenerate the injured spine [148].
However, neurorchabilitation through exercise training, elec-
trical stimulation (ES), and brain—computer interfaces (BCls)
are necessary to re-establish functionally appropriate neural
connections [149].

2.7 Biomaterials for modeling COVID-19-associated
brain damage

Since February 2020, a surge of animal models for COVID-19
has spread internationally. As reviewed in [150], these models
fall into six main aspects of investigating virus replication in
upper and lower respiratory tracts and other organs, clinical
signs (fever, nasal discharge, and difficult breathing), pneu-
monia involving both lungs, and leading to ground-glass
opacities, focal edema and inflammation, and ARDS, trans-
mission, host responses (T-cell immunity, seroconversion,
neutralizing antibody titers, and pro-inflammatory cytokines),
and demographics of SARS-CoV-2 infection. Mice, hamsters,
ferrets, non-human primates, mink, cats, dogs, pigs, chickens
and ducks, and fruit bats are the animals used for modeling
COVID-19. However, the need for modeling the
immunopathogenic mechanisms of COVID-19-associated lo-
cal CNS disease as well as COVID-19-associated systemic
disease is still great [151, 152]. Decellularized tissues, used
for modeling diseases of the brain, heart, kidney, large
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intestine, liver, lung, skeletal muscle, skin, and tongue [153],
can help us as biomaterial platforms to meet this need.
Engineering in vitro tissue models, for example, using
hPSC-derived neural organoids (hNOs), is necessary to realize
the effect of small molecules, drugs, and vaccines on the
neuropathogenesis of COVID-19 [154]. Also, glial interfaces
might enlighten us on precisely how COVID-19 behaves in
the brain for the purpose of predicting its behavior in reality
[155, 156].

3 Biomaterials to surpass COVID-19-related
immunological disorders at all games

The non-linear behavior of the immune system calls for the
solution of non-linear materials. On the one side, infectious
diseases and cancer rise due to immune responses of not ade-
quate quality and quantity, while autoimmune diseases rooted
in the heightened immune system are on the other side.
Biomaterials science can approach poor immunity by immu-
nogenic or antigen-loaded or coated microneedles and bring
us better immune responses, as by tolerogenic or self-antigen-
loaded nanoparticles to modulate inflammatory responses in
the case of autoimmunity [157].

The COVID-19’s face is strange; on the one hand, it man-
ifests itself as a multi-system disease characterized by auto-
inflammatory and autoimmune features [88, 91, 158-162],
and on the other hand, are people with immunodeficiency
who also appear susceptible to infection and lethal complica-
tions [163—166]. Therefore, engineering biomaterials to selec-
tively target the immune system components has the potential
of inducing tolerance; for instance, toll-like receptors (TLRs)
and APCs, which respectively mediate innate immune re-
sponses [167] and antigen-specific adaptive immune re-
sponses [166, 168—171]. Also, biomaterials offer tools to help
cell-mediated immune responses against viral vaccines and
gene delivery for vaccines against viral infections, such as
HIV.

3.1 Biomaterials for modulation of inflammation

Biomaterials with intrinsically anti-inflammatory effects
mainly include polysaccharides naturally derived from shells
of crustaceans (chitosan) and plants (such as mushrooms and
seaweed) and synthetic polymers (PEG) [172]. When study-
ing chitosan through the chitosan—gelatin hybrid materials and
chitosan-based materials, there could be an inhibitory effect
on the NO/iNOS pathway and mRNA expression of COX-2
and IL-6 along with reactive oxygen species (ROS) scaveng-
ing properties responsible for such anti-inflammatory effects
[172]. Moreover, it was possible to achieve the needed anti-
inflammatory properties by hybridizing PEG and peptides,
such as GRGDSPG and the interleukin-1 receptor inhibitory

peptide (IL-1RIP) FEWTPGWYQPY-NH2, in the mouse is-
let cells [172]. Besides, some biomaterials simply integrate
anti-inflammatory properties over their characteristic function.
For our example are 2-methacryloyloxyethyl
phosphorylcholine (MPC) and HA hydrogels that tend to re-
duce inflammation in the gingival epithelium and myocardial
tissue, respectively.

Biomaterial developments resting upon the idea of con-
trolled inflammation include agents and reservoirs for deliv-
ering anti-inflammatory therapeutics, such as the chemokine
stromal-cell-derived factor-1 (SDF-1 aka CXCL12), ibupro-
fen, dexamethasone, and triptolide-micelles and bone mor-
phogenic protein-2 (BMP-2). At this level of research, the
emphasis is on the interaction of anti-inflammatory agents
and incorporating materials, leaving these materials as the
one ideal for protection against inflammation while serving
to promote repair and regeneration mechanisms [172].

3.1.1 Biomaterials for potential anti-viral activity

Some nanomaterials exhibit antimicrobial and anti-viral activ-
ities. Of particular interest are silver nanoparticles (AgNPs)
and gold nanoparticles (AuNPs) for their activities against
viral infections, including HIV (AgNPs, glucose-coated
AuNPs, AuNPs conjugated with peptide triazoles, sulfated
ligands-coated AuNPs, fluorescein-labeled oligomannoside
AuNPs, mercaptobenzoic acid-coated AuNPs, and quantum
rods), HBV (solid lipid nanoparticles), HSV-1 (PVP-stabi-
lized AgNPs, mercaptocthanesulfonate-capped AgNPs, and
mercaptoethane sulfonate-capped AuNPs), HPV (PVP-stabi-
lized AgNPs), HIN1 influenza (AgNPs/chitosan composites),
and Tacaribe virus (polysaccharide-coated AgNPs). In addi-
tion to these nanomaterials, tannic acid is a naturally driven
phenolic acid that provides defense against influenza A virus,
papillomaviruses, noroviruses, HSV, and HIV [173].

3.1.2 Biomaterials for delivery of anti-viral agents to the brain

Polymeric NPs possess a tremendous brain-targeting ability
because of retention in brain capillaries [174]. For this, some
anti-viral agents are available in the formulas of biomaterials.
An example is acyclovir-coated solid lipid nanoparticles
(ACV-SLNs) used for the brain in rabbits with herpes enceph-
alitis. With the application of chitosan, particle changes in
terms of size (increased) and charge (positive), residence time
(increased), sustained-release, and stability and adhesive prop-
erties (better) provided ACV to have the higher ability to
target the brain cells [175]. Also, poly L-lysine is a naturally
derived biomaterial used for scaffolding in tissue engineering.
The antimicrobial effects of poly L-lysine enable it to provide
hydrogels for the delivery of drugs. Poly-L-lysine-coated
nanoparticles help improve the efficacy of DNA vaccines
against viral infections [176]. Some biomaterials, in particular,
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supramolecular self-assembled peptides, can be a part of vac-
cine development, and biomolecular engineering,
microfabrication techniques, and nanotechnology support this
idea [177, 178].

4 Precautions

Non-degradable biomaterials, e.g., silicone, PVA, P(AN/VC),
PSU, PES, PET, and PP, can maintain an acceptable level of
stability. However, due to limited regenerative capacity, their
CNS applications are less than those of degradable biomaterials,
mainly including guidance channels and macroencapsulation de-
vices. Biodegradable biomaterials used for the nervous system
include PGA, PLLA, PDLLA, PLGA, and PLGA-PLLA [179].
PLGA is a degradable biomaterial with the capacity of structural
support for cells. In a mouse model of ischemic stroke due to
MCAO, tissue infarction and brain edema were decreased with
PLGA-PEG encapsulating T3 (thyroid hormone).
Bioincompatability reactions are the main problem with bio-
materials, mainly including inflammation, infections, and down-
regulation or loss of biomaterials’ function [180]. For modulation
of inflammation, anti-inflammatory drugs can be loaded, bioma-
terials can be coated with biocompatible surfaces, and designs
need to adopt finer and more flexible shapes. Dexamethasone
retrodialysis and systemic minocycline could reduce neuroin-
flammation. However, caution should be paid in the administra-
tion of resveratrol, an anti-oxidant drug that caused a hemorrhage
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in chronic use [181]. Dissociation of a chemical element from the
implant is another source of concern. For example, gallium phos-
phide (GaP) nanowires offer implantable devices with the capa-
bility to induce the growth of neurons that express
synaptophysin, a protein contributing to activity-dependent syn-
apse development and remodeling in the CNS. At week 12, after
implantation, increased levels of Ga in the brain are proof of
dissociation of Ga from the implant, paving the way for
implant-induced immune responses in the brain [182].

5 Conclusion

COVID-19 can involve the CNS and cause a range of neuro-
sensory manifestations, including olfactory dysfunction, neu-
ropathies, ischemic stroke, intracerebral hemorrhage, and spi-
nal cord injury. Here, the potentials of the biomaterials ap-
proach for the CNS in COVID-19 were discussed. It included,
but not limited to, promotion of synaptic plasticity, modula-
tion of inflammation, and enhancement of functional recovery
after stroke, biosensing surfaces for the generation of acceler-
ated anti-viral immunity applicable to the first sensory inter-
face between the host and the virus, biomaterials for delivery
of anti-viral drugs to the brain, biomaterials for the facilitation
of neural regeneration, and biomaterials for treatment of neu-
ropathies and intracerebral hemorrhage. Biomaterials can also
provide effective tools for modeling COVID-19-associated
brain damage (Fig. 7).
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