Published on 10 February 2021. Downloaded by Y unnan University on 7/22/2025 9:37:07 AM.

Biomaterials

Science

REVIEW

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Biomater. Sci., 2021, 9,
2804

Received 8th December 2020,
Accepted 8th February 2021

DOI: 10.1039/d0bm02077j

SARS-CoV-2 and tissue damage: current insights
and biomaterial-based therapeutic strategies

Himadri Shekhar Roy, Rupali Singh and Deepa Ghosh (2 *

The effect of SARS-CoV-2 infection on humanity has gained worldwide attention and importance due to
the rapid transmission, lack of treatment options and high mortality rate of the virus. While scientists
across the world are searching for vaccines/drugs that can control the spread of the virus and/or reduce
the risks associated with infection, patients infected with SARS-CoV-2 have been reported to have tissue/
organ damage. With most tissues/organs having limited regenerative potential, interventions that prevent
further damage or facilitate healing would be helpful. In the past few decades, biomaterials have gained
prominence in the field of tissue engineering, in view of their major role in the regenerative process. Here
we describe the effect of SARS-CoV-2 on multiple tissues/organs, and provide evidence for the positive
role of biomaterials in aiding tissue repair. These findings are further extrapolated to explore their pro-
spects as a therapeutic platform to address the tissue/organ damage that is frequently observed during
this viral outbreak. This study suggests that the biomaterial-based approach could be an effective strategy
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1 Introduction

SARS-CoV-2, a potent and highly contagious virus, is posing a
major health threat and affecting the global economy.'™ An
outbreak of “pneumonia of unknown origin” in Wuhan was
confirmed to be associated with coronavirus,” and the disease
was named coronavirus-induced disease 2019 (COVID-19) by
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for regenerating tissues/organs damaged by SARS-CoV-2.

the WHO. Coronavirus primarily targets the respiratory
system.” Previous outbreaks of coronaviruses include severe
acute respiratory syndrome (SARS) and Middle East respiratory
syndrome (MERS). Globally, by 26th November 2020 a total of
61308 613 confirmed cases of COVID-19, including 1437 840
deaths, had been reported by the WHO.®

Coronaviruses are the largest known RNA viruses, with a
diameter in the range of 65-125 nm and a nucleic acid
genome that is 26-32 kb in length.” Like other similar viruses,
COVID-19 has multiple hosts, including natural, immediate
and final hosts, which pose a major challenge to its prevention
and effective treatment. Compared with SARS and MERS,
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COVID-19 has high infectivity and transmissibility and low
mortality.® Most COVID-19 patients are asymptomatic or
display mild symptoms, such as sore throat, mild fever and dry
cough. While majority of the infected patients recover, some
patients develop complications such as pulmonary oedema,
septic shock, pneumonia, acute respiratory distress and mul-
tiple organ failure, which can be fatal.” Notably, older patients
with multiple comorbidities, including cerebrovascular,
cardiovascular, digestive, endocrine and respiratory disease,
need intensive care support.*’

To date, the efficacy of the few vaccines that have been
approved against COVID-19 as preventive measures is yet to be
determined against mutating strians. An understanding of
the mechanism of infection and of the impact of the virus
mutations on host immunity is essential, both to facilitate the
development of efficient vaccines as well as its detection tech-
niques.'’™® In addition, there is an urgent need to develop
therapeutic options for preventing and/or replacing damaged
cells and tissues in patients severely affected by the virus.
Biomaterials provide a wide-ranging therapeutic opportunity
to induce the repair of damaged tissues in such conditions.
The use of these biomaterials at the damaged site can attract
the surrounding cells and provide the necessary conditions for
normal growth of the cells, leading to tissue regeneration and
preventing further organ damage. The present study aims to
briefly consider biomaterials as a therapeutic opportunity for
tissue regeneration to prevent further cell damage caused by
SARS-COV-2.

2 Genetic structure of SARS-COV-2

Coronaviruses are classified into four types: o coronavirus, p
coronavirus, y coronavirus and & coronavirus.'® SARS-COV-2,
like MERS and SARS COV, is a p coronavirus. There is 96%
genomic similarity between SARS-COV-2 and SARS coronavirus
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derived from bats, which suggests that SARS-COV-2 may have
originated from bats. SARS-COV-2, like SARS COV, uses angio-
tensin-converting enzyme 2 (ACE2) as its receptor,”® but its
affinity is 10-fold higher than that of SARS-COV.'® The viruses
recognize the host receptors with the help of the S proteins
located on their surface to gain entry into host cells.
Considering the fact that SARS-COV-2 has a very high affinity
for ACE2, ACE2 may be a considered as a promising target for
the treatment of COVID-19.

3 Clinical characteristics of
SARS-COV-2 infection

In humans, an acute infection is observed within a median
incubation period of 3-4 days."” The most common character-
istics of COVID-19 are cough, fever and fatigue. Although
many patients have dyspnoea, the symptoms are more pro-
nounced in adults.'® In severe cases, patients display compli-
cations such as acute heart injury, respiratory distress syn-
drome and secondary infections.’ Most of the severely affected
cases have comorbidities such as acute heart injury, arrhyth-
mia, abnormal liver function, impaired renal function, neuro-
logical manifestations etc. at the time of admission."*°

4 Pathophysiology

The pathophysiology of COVID-19 is not yet fully understood.
As ACE2 receptors are ubiquitous in the alveolar epithelial type
2 cells of lung tissue and other extrapulmonary tissues such as
the heart and kidneys, they are considered to play a central
role in multi-organ susceptibility to COVID-19 infection.”*
SARS-CoV-2 affects the lower respiratory tract and causes
severe pneumonia.'® Following its binding to ACE2, the cellu-
lar transmembrane protease 2 mediates the S protein, allowing
the virus to enter the host cell via endocytosis. Following its
entry into the host cells, the virus exploits the cellular machin-
ery to replicate itself and spread throughout the host.>>** The
S protein mediates the fusion of viral and host membranes
and contains a receptor-binding domain (RBD) that attaches
to cells during virus entry.** The virus alters the behaviour of
the host cell by utilizing the endogenous transcriptional
machinery and disrupting the cell’s normal functioning
(Fig. 1). When infection with SARS-CoV-2 occurs, it initiates
the primary innate and adaptive host immune responses in
the body. A failure of the host immune response results in
inflammation.>®> The innate immune response is observed in
the initial stage, and is followed by the adaptive immune
response, which occurs during the early stages of incubation
to prevent the progression of the infection. However, when the
immune response becomes ineffective, the virus propagates
and causes massive destruction of the affected tissues, leading
to further uncontrolled inflammation. Significant increases in
blood levels of chemokines and pro-inflammatory cytokines
have been reported in COVID-19-infected patients.’ It has been

Biomater. Sci, 2021, 9, 2804-2824 | 2805


https://doi.org/10.1039/d0bm02077j

Published on 10 February 2021. Downloaded by Y unnan University on 7/22/2025 9:37:07 AM.

View Article Online

Review Biomaterials Science
3l dni 2l
*28p g5 dent, o5 “g SARS-CoV-2
B - N T4 \I/
A Nucleocapsid protein I,,:::,,I A
o Fusion
=+ Envelope glycoprotein (E)
ANA | Uncoating
RNA (
Splke proteiﬂ (S) l Translation of ORF1a / ORF1b
2 Solotom
Membrane glycoprotein (M) &
Replication / Translation
J L
3 I { 5
Lipid bilayer ! ! Eﬂ;[:'m N
s st
2 ls Lll : ‘? /Assemb!vnnd
T M s
s =i 6 ' A
s [ 7a/70 5 le
s 8 [
s N /% yd R"' e
/ oug|
== /‘ 0 3 (positive) - s @ngVie
9 Spikes protein Envelope protein % Membrane protein ¥ Nucleocapsid
Fig. 1 (A) Structure of the human coronavirus causing respiratory syndrome. (B) Life cycle of SARS-CoV-2 in host cells. Reproduced from ref. 7 with

permission from [Elsevier], copyright [2020].

hypothesized that the virus spreads through the respiratory
mucosa and infects other cells, resulting in a cytokine storm
that induces necrosis or apoptosis of T cells and generation of
multiple immune responses.’ In several acute cases, patients
with acute respiratory distress syndrome and septic shock have
succumbed to multiple organ failure.>®

5 Therapeutic opportunities to use
biomaterials for tissue repair in
COVID-19

As a result of the ongoing second wave of COVID-19 infec-
tion, addressing tissue damage caused by SARS-CoV-2 has
become an important area of biomedical research. As sum-
marized in Fig. 2, COVID-19 leads to tissue damage and mul-
tiple organ failure, which ultimately results in the patient’s
death. In view of the observed tissue damage in COVID-19
patients, a promising approach to supporting tissue repair is
by employing biomaterials as scaffolding materials.
Biomaterials have been used as a component in the engineer-
ing of a range of tissues, such as tendons, ligaments,
bladder, kidneys, liver, heart, bone, cartilage, pancreas, vas-
cular tissue, skin etc®” The following sections provide an
overview of the various biomaterials that have been used for
tissue regeneration.

5.1 Biomaterials for pulmonary tissue engineering

There is increasing evidence that the lung is the most vulner-
able target organ of SARS-CoV-2, with type II alveolar epithelial
cells expressing 83% of the total ACE2 receptors. During the

2806 | Biomater. Sci, 2021, 9, 2804-2824

initial stages of COVID-19 infection, the symptoms are non-
specific, which is typical of multiple respiratory illnesses.
While most cases are mild, with recovery occurring within 2
weeks, patients with severe infection display symptoms that
closely resemble those of SARS and/or MERS infections.”®
Patients with severe pulmonary problems, such as lung
cancers, cystic fibrosis and pulmonary hypertension, are con-
sidered to be at high risk in view of their compromised status.
The treatment options that are currently available are limited
to mechanical support systems such as ventilators and extra-
corporeal membrane oxygenators (ECMO).”*>° Although these
provide effective support for the majority of such patients, in
some cases they merely provide a temporary means of sustain-
ing the patient until lung transplantation is possible. With
limited availability of organ donors, progress in the area of
tissue engineering and regenerative medicine appears to offer
a promising alternative.”’ Biomaterials can play an essential
role in providing the same niche and microenvironment for
tissue regeneration.’” Biomaterials that are used for lung
tissue regeneration should be biocompatible, porous and bio-
degradable, and have mechanical properties that match those
of native, healthy lung tissue.’?

5.1.1 Polymers. Polymers are extensively used as a bioma-
terial for supporting tissue repair and regeneration.**?’
Polymers that are used in lung tissue regeneration include the
following: (a) natural polymers, such as collagen, fibrin, hya-
luronic acid, alginate, chitosan, gelatin, silk, fibronectin,
growth factors etc.; (b) synthetic polymers, such as poly(glyco-
lic acid), poly(e-caprolactone), poly(lactic-co-glycolic acid), poly
(ethylene glycol), poly(vinyl alcohol), poly(acrylic acid) poly
(lactic acid) etc.; and (c) their hybrids, such as elastin fibres in
combination with a mixture of polyglycolic acid/polylactic

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Effect of SARS-CoV-2 on organs.

acid,*® and commercial benzyl ester in combination with hya-
luronic acid.>” Hydrogels composed of polyvinyl alcohol (PVA),
poly(ethylene glycol) and elastomers®® such as poly(glycerol
sebacate) (PGS)*® have been used to mimic the native lung
architecture. Despite studies that have reported the use of
albumin from various sources (including porcine, human and
bovine),*®*" collagen-based hydrogels are the most popular
biomaterial reported for in vitro respiratory tissue engineering.
In one of these studies the use of collagen hydrogel reportedly
led to the formation of alveolus-like structures.*” A collagen
concentration of 2-3 mg ml™' was able to prevent excessive
fibroblast-induced contraction in a co-culture model.*®
Collagen in combination with glycosaminoglycan was used for
the construction of alveolus-like structures.** The immuno-
compatibility of a chitosan—gelatin hydrogel was demonstrated
using macrophages, and the material supported the growth of
human respiratory epithelial cells.*> The addition of elastin to
a collagen hydrogel increased the stiffness and mechanical
properties of the hydrogel, leading to improved differentiation
and proliferation.>®*® Recent studies have revealed a signifi-
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cant link between COVID-19 and chronic obstructive pulmon-
ary disease (COPD)."”*® It has been shown that deregulated
angiogenesis is a major pathological condition in COPD.*’
Therefore improving lung-specific angiogenesis would be ben-
eficial for the development of more efficient methods for lung
tissue engineering.’® To improve angiogenesis, fibrin fibrils
with the ability to trap angiogenic factors such as vascular
endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) have been utilized (Fig. 3).”° It has been shown
that prolonged COPD can be associated with tracheobroncho-
malacia (TBM).”' To address this disorder, Hollister et al.
implanted a biodegradable 3D-printed bio-resorbable airway
splint that underwent natural cartilage remodelling.>® This
splint was later successfully tested in the treatment of TBM
(Fig. 4).>%°*

Scaffolds prepared with synthetic materials have been
tested for tracheobronchial tissue regeneration. PGA and
pluronic F-127 hydrogels seeded with adult lung progenitor
cells (SLPC) are reported to express lung-specific markers.>” In
another approach, epithelial cells, fibroblasts and dendritic

Biomater. Sci., 2021, 9, 2804-2824 | 2807
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Fig. 3 (A) (a) Fibrin gel prepared before implantation. (b) Fibrin gel implanted over the scraped visceral pleura of the left lung (arrowheads). (c)
Implanted fibrin gel (arrowheads) incorporated into the host lung 7 days after implantation. Scale bars: 1 mm. (B) (a) Fluorescence micrographs
showing formation of vascular networks (CD31 positive; green) and recruited type | (AQP5-positive; magenta) or type Il (SP-B positive; magenta)
lung epithelial cells inside the fibrin gel supplemented with different concentrations of VEGF and bFGF (0, 10 and 100 ng ml™) 7 days after implan-
tation. Dashed lines indicate the interface between implanted fibrin gel and host lung. Scale bar: 20 um. (b) Light micrograph of H&E staining
showing infiltration of host cells into the fibrin gel 7 days after implantation. Arrows indicate the interface between the gel and host lung. Scale bar:
20 pm. (c) Graph showing projected areas of newly formed blood vessels in the fibrin gels that are supplemented with different concentrations of

VEGF and bFGF (0, 10 and 100 ng ml™%) 7 days after implantation. Reproduced from ref. 50 with permission from [Jove], copyright [2014].

cells were seeded on electrospun polyethylene terephthalate
(PET) mats before being assembled to create an immunocom-
petent triculture system with appropriate cell localisation.”®
Besides individual natural and synthetic biopolymers, there
are many hybrid polymers that are used in lung TE.
Radhakumary et al. reported an interesting hybrid scaffold
composed of hyaluronic acid and poly(HEMA). The latter, used
in biological processes, is permeable to metabolites, has a
high water content and is non-degradable. The hybrid matrix
supported the growth of multiple cell types, including alveolar
cells.’” A cryogel prepared using a combination of alginate,
gelatin and hydroxyethyl methacrylate (HEMA) was used for
lung tissue regeneration.>® Due to the biodegradability of the
alginate and gelatin components of the cryogel, the need for
surgical intervention to remove the implanted hydrogel was
avoided.”®®° The cryogel could recruit cells from the surround-
ing tissues, leading to successful growth of lung cells. In
another approach, a biocompatible hybrid scaffold comprising
poly(e-caprolactone) (PCL) and gelatin exhibited increased
mechanical strength with increased cellular proliferation and
cellular metabolic activities.®® An implant consisting of
t-lactide and e-caprolactone supported cell migration and
degraded within 2-3 months following its in vivo
implantation.®>®

As well as such modifications, the use of nanotechnology in
polymer science has provided greater opportunities for
advances in biomedical science. The most common nano-
structures used in TE are fullerenes, dendrimers, hydrogels,
aerogels, nanorods, nanocomposites, nanowires, nanofibers,

2808 | Biomater. Sci, 2021, 9, 2804-2824

nanoparticles, quantum dots etc.*>**®® Nanofibers exhibit

better physical and mechanical properties. They have improved
cell adhesion properties due to their high porosity which simu-
lates the extracellular matrix (ECM) and makes them suitable
for tissue regeneration, drug delivery, wound dressing and
medical prostheses. Biocompatible nanofibers made with PCL/
chitosan retain their structural and mechanical integrity.®®
The tensile strength of PCL/chitosan is reported to be much
higher than that of PCL-based composite scaffolds for tracheal
bioengineering.”®

5.1.2 Bioceramics. Bioceramics prepared from calcium
phosphates, glass-ceramics, etc. are used for the reconstruction
and repair of tissues. Previously, these biomaterials were used
to repair hard tissues, such as dental and bone defects.
Recently, however, they have been used to repair soft tissues
such as skin, pulmonary tissue and nerve tissue.”" Bioceramics
are reported to support cell proliferation and differentiation,
enhance angiogenesis, and exhibit antibacterial/anti-inflamma-
tory activity. In addition, these materials improve the mechani-
cal properties of the implant when embedded in a soft matrix.
The efficacy of bioceramics in the healing of skin wounds has
been confirmed in pre-clinical trials.”

Bioactive glass (BG) used in soft TE showed promising
results with regard to supporting cell growth of vital organs
such as the heart and lungs.”>”7® BG is composed of boro-
silicate, silicate-based glasses, phosphate-based glasses and
borate-based glasses. Doping of BG with metallic ions elicits
specific therapeutic effects. In the first study on the use of BG
for lung tissue repair, scaffolds made with 58S (58 Si02-36

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Pre- and postoperative imaging of patients. Black arrows in all figures denote the location of the malcic segment of the airway. White arrows
indicate the location/presence of the tracheobronchial splint. Asterisk denotes focal degradation of the splint. All CT images are coronal minimum
intensity projection (MinlP) reformatted images of the lung and airway on expiration. All MRI images are axial proton density turbospin echo MRI
images of the chest. (A) Preoperative (top) and 1-month postoperative (upper middle) CT images of patient 1. Postoperative MRI (lower middle)
demonstrated the presence of the splint around the left bronchus in patient 1 at 12 months, and focal fragmentation of the splint due to degradation
at 38 months (bottom). (B) Preoperative (top) and 1-month postoperative (upper middle) CT images of patient 2. Postoperative MRI (lower middle)
demonstrated the presence of splints around the left and right bronchi in patient 2 at 1 month. Note that the patient had bilateral mainstem bronch-
omalacia and received a tracheobronchial splint on both the left and right mainstem bronchi. (C) Preoperative (top) and 1-month postoperative

(bottom) CT images of patient 3. Reproduced from ref. 53 with permission from [Science], copyright [2015].

Ca0-6 P205) were reported to support the proliferation and
growth of murine lung epithelial cells (MLE-12).””
Subsequently, a porous BG composite made of poly(pr-lactic
acid) (PDLLA)/45S5 Bioglass® was shown to support lung cell
proliferation, which confirmed its cytocompatibility.”® A
porous composite made with PDLLA/45S5 Bioglass® sup-
ported proliferation of the lung carcinoma A549 cell line, with
a dose-dependent increase in cell adhesion observed within
2 h with increasing content of Bioglass® (0, 5, and 40 wt%).”®
5.1.3 Extracellular matrix. SARS-CoV-2 causes severe illness
in 20% of patients. This could also be due to the uncontrolled
immune response to SARS-CoV-2 infection triggering a sys-
temic hyper-inflammatory response — the so-called “cytokine
storm”. The reduction of this inflammatory immune response
could be considered as a potential therapeutic target against
severe COVID-19. To control the cytokine storm, many immu-
nomodulators or immunosuppressors have been investi-
gated.” In this context, ECM-based biomaterials are a possible
option for inducing immunosuppression with simultaneous
tissue repair. It has been shown that scaffolds prepared with
ECM can modulate the behavior of immune cells toward an
anti-inflammatory phenotype.®® Scaffolds made with xeno-

This journal is © The Royal Society of Chemistry 2021

geneic-ECM are reported to promote a Th2-restricted response
through the release of anti-inflammatory cytokines such as
interleukin (IL)-4, IL-10 following their implantation in a
murine host.®" Implantation of ECM scaffolds has been
reported to elicit a favorable host innate immune response,
which is required for tissue regeneration.®” The immunomo-
dulatory effects of ECM are exerted not only by directly influen-
cing macrophage phenotype, but also through paracrine
factors that mediate macrophage cross-talk with endogenous
stem/progenitor cells.**®* Coating of ECM proteins on poly-
propylene mesh has mitigated the chronic inflammatory
response and associated downstream scar tissue formation
after implantation. Similarly, the addition of an ECM hydrogel
coating on polypropylene fibers resulted in a decrease in the
number of pro-inflammatory CD86+/CD68+ macrophages in
the vicinity of the material 2 weeks after implantation. Six
months later, a remarkable decrease in collagen deposition
was observed, indicating reduced fibrosis.*® Hybrid hydrogels
have also been evaluated for their ability to modulate the
immune response. A poly(ethylene glycol) (PEG) hydrogel con-
taining a peptide mimic of the TNF-a recognition loop was
evaluated as a cell encapsulation material. Since the hydrogel

Biomater. Sci, 2021, 9, 2804-2824 | 2809
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could sequester TNF-a, the encapsulated cells were protected
from the pro-inflammatory cytokines.®® Based on these
studies, ECM can be used as an immunomodulator in
COVID-19 patients.

Besides its role as an immunosuppressor, ECM can be used
in cell growth and TE. The lung’s unique ECM provides the
cells with structural support, which is critical for the regu-
lation of developmental homeostasis, organogenesis and
tissue-repair responses.’” The ECM, via biomechanical and
biochemical cues, regulates the cell’s fate as well as its pheno-
type and diverse cellular functions. The function and compo-
sition of ECM in the lungs are disrupted under pathological
conditions.*® For ECM to be used as a scaffolding material, it
should be as porous and elastic as normal lung tissue in order
to provide the optimum environment for cell growth.®® Natural
materials that have been used to grow lung tissue include
collagen,*>** Matrigel®>®" and Gelfoam.*"** In vivo studies
using these scaffolds have demonstrated their potential to
support tissue growth, although the development of lung
tissue using these materials has not been substantial.*>*" It is
well known that the elasticity of the matrix influences stem
cell differentiation. Matrix elasticity influences the differen-
tiation potential of MSCs to a particular cell lineage.’?
Similarly, the influence of ECM on cell differentiation was con-
firmed by the differentiation of mouse embryonic stem into
airway epithelial cells.”* Thus ECM-based therapy and bioengi-
neering approaches could be a promising strategy for the rapid
regeneration/repair of lungs that have been damaged by
SARS-CoV-2. In a study using stereolithography, a hydrogel
made of tartrazine or curcumin was used to print a vascular-
ized alveolar model. Studies indicated that it could function
like a human lung, by demonstrating its ability to mix oxygen
with red blood cells (RBCs) when the air sac was ventilated
with oxygen.’>%°

Recently, 3D self-organized tissue structures (organoids)
that mimic the structural, chemical and physiological charac-
teristics of organs have been developed in vitro as a promising
approach for tissue regeneration.”” These organoids are
obtained from various cell types, such as embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs) and adult stem
cells. To develop the organoids, the cells are seeded on bioma-
terials.”® The most commonly used biomaterial for formation
of lung organoids is Matrigel.’>'°° Using the latter, human
alveolar epithelial progenitors (AEPs) together with lung fibro-
blasts have been co-cultured to form functional alveolar epi-
thelial cells.'®" Similarly, lung organoids have been developed
in Matrigel following the culture of lung fibroblasts together
with human somatic primary bronchial epithelial cells and
lung microvascular endothelial cells.'”

5.2 Biomaterials for urological tissue engineering

Besides its effect on the pulmonary tract, SARS-CoV-2 reaches
other organs where it causes cell and tissue damage that
results in impaired functioning of those organs, leading to
organ failure. Initial reports from Wuhan, China showed that
approximately 3-9% of hospitalized COVID-19 patients showed

2810 | Biomater. Sci,, 2021, 9, 2804-2824
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acute kidney injury (AKI). The rate of AKI in COVID-19 patients
that require dialysis treatments has now increased from 15%
to 30%.'°® AKI has been found to be a symptom of COVID-19
infection with a higher severity and mortality rate. On infect-
ing the renal tissue, COVID-19 causes AKI, which includes
kidney tubular injury (acute tubular necrosis) with septic
shock, increased blood clotting and micro-inflammation.'®
Other effects include mild proteinuria, haematuria and elev-
ated creatinine levels as a consequence of kidney tropism of
the virus and multi-organ failure. Patients who have recovered
from COVID-19 have shown impaired kidney function as a
result of AKI and chronic kidney disease (CKD).'**'%*
Biomaterials have been tested for their potential application in
tissue repair in many renal failure scenarios, and can be used
to induce tissue repair in COVID-19 patients.

5.2.1 Acellular matrix. Classical methods employed to
induce kidney regeneration include coating of polymers with
growth factors.'® To encourage tubular cell regeneration,
growth factors were delivered directly in the damaged renal
tissues. The growth factors have included, among others, epi-
dermal growth factor (EGF), transforming growth factor
(TGF)'*° fibroblast growth factor (FGF).'”etc. Later, bio-
degradable scaffolds that incorporated growth factors such as
VEGF, FGF and platelet-derived growth factor-BB (PDGF-BB)
were used to promote smooth muscle regeneration and accel-
erate neovascularization of the bladder.'”®* """ Composites
were made with poly-i-lactic acid (PLLA) combined with col-
lagen obtained from de-cellularized matrices. These composite
scaffolds with good mechanical properties facilitated cell
attachment and growth.''>'*? The cell-free approach is ideal
for bladder reconstruction, as this strategy is simple and does
not require cell incorporation. With respect to the scaffolds,
bladder acellular matrix (BAM) is widely used in bladder recon-
struction. After implantation of BAM in a rabbit, the results
showed that the regenerated bladder possessed similar histo-
logic and functional properties to the native tissue.''®> The
combination of a silk fibroin biolayer with BAM promoted vas-
cularization and nerve regeneration.'*® In a study reported in
2016, various amounts of kidney-derived ECM were incorpor-
ated in poly(lactic-co-glycolic acid) (PLGA) scaffolds to evaluate
kidney tissue regeneration in partially nephrectomised mice.
The results indicated that scaffolds with just 10% ECM were
effective for the regeneration of blood vessels and glomerulus.
These results suggested that ECM can potentially be used in
the treatment of kidney diseases such as AKL.'**

5.2.2 Polymers. Several hybrid polymer hydrogels have
been used for cell delivery to support kidney repair.'*>''® A
hydrogel made with hyaluronic acid/collagen crosslinked with
PEGDA was loaded with stromal cell-derived factor-1
(SDF-1).""” When tested as a cell delivery system for endo-
thelial progenitor cells (EPCs), the hydrogel appeared to
protect the cells from cytotoxic insult. SDF-1 loaded in the
hydrogel stimulated increased cell engraftment and prolifer-
ation in kidneys.''”'*® In a formation in which PLGA matrix
was coated with Mg(OH), and ECM, it was found that Mg(OH),
was able to prevent the acidic environment caused by the
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decomposition of PLGA, leading to a reduced inflammatory
effect. ECM favored cell attachment and proliferation."*®

The use of nanofibers has also proved beneficial both for
cell delivery and for kidney repair and regeneration. In one
study, McManus et al. used electrospun fibrinogen mats to
support human bladder smooth muscle cell (HBSM)-induced
scaffold remodelling. In vitro studies demonstrated migration
of cells into the scaffold and initiation of its remodelling
through collagen deposition. These initial findings revealed
the potential of electrospun fibrinogen for applications in uro-
logical tissue engineering.'*® Pokrywczynska et al. developed a
five-layered poly(r-lactide-co-caprolactone) (PLC) nanofibrous
membrane along with a small intestinal submucosa (SIS)
membrane cultured with adipose-derived stem cells (ADSCs).
The implanted scaffolds revealed the formation of various
layers of a normal urinary bladder wall."*" In another study, a
polymer made with a nanomaterial was developed to treat IR-
induced AKI and renal fibrosis. Poly(lactic-co-glycolic acid)
(PLGA) NPs were loaded with Oltipraz (PLGA-Oltipraz NPs).
The NPs displayed improved cell viability and had a stronger
antioxidant effect. When AKl-affected mice were treated with
PLGA-Oltipraz NPs, there was a reduction in collagen depo-
sition and tubular necrosis, and improved renal function and
renal fibrosis. These results demonstrated the potential of
PLGA-Oltipraz NPs for the treatment of AKI and fibrosis."**

5.2.3 Extracellular matrix. AKI is also related to urethral
damage leading to trauma, inflammation, blockage -etc.
Urethral reconstruction has been a challenge for many
decades, even for skilled urologists. The factors that determine
the type of urethroplasty include the structure length, its
location, and the number of previous urethral surgeries.
Urethral reconstruction is successful when no additional surgi-
cal interventions, such as optical urethrotomy or dilatation,
are required. Classical approaches used for the treatment of
severe urethral strictures include full-thickness skin grafts, vas-
cularized skin flaps, buccal mucosa grafts, etc., with mixed
results.’*® Acellular matrix proved to be a simple, effective and
ideal biomaterial for urethral repair. In a study by Nuininga
et al., a cross-linked collagen and compressed collagen struc-
ture was used for the regeneration of urethral lesions in
rabbits.’*® In another study, an injectable collagen-based
hydrogel was administered into the kidney of animals with
sustained ischemia/reperfusion injury, and the kidneys were
examined after 4 weeks for host tissue response. Expression of
renal stem/progenitor cell markers such as CD24, PAX-2 and
CD133, as well as MSC marker in the infiltrating cells, indi-
cated the regenerative potential of the hydrogel. The results
showed that injectable collagen hydrogel promoted both the
recruitment of host renal stem cells or progenitors, and the
in situ regeneration of glomerular structures and renal
tubules.'”® Many in vivo studies on mice as well as clinical
trials have demonstrated successful urethral regeneration
using these matrices."*® In 1999, Chen et al. reported the first
successful urethral reconstruction in rabbits using matrix
grafts composed of porcine acellular bladder submucosa.
Histological and radiographic analyses indicated its function-
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ality, with the acellular matrices revealing a normal cellular
organization that was indistinguishable from the native
tissue.'®” In 2002, a study reported the use of a porcine small
intestine submucosa (SIS) in wurethral reconstruction in
humans. Urethral patency was reported in all subjects at
6 months follow-up.'*® The results were further confirmed in a
clinical trial using 40 subjects and reported good long-term
results."*® Human cadaveric acellular matrix grafts have been
used for the last 10 years."**'*" Fiala et al. and El Kassaby
et al. demonstrated successful urethral reconstruction in
humans (Fig. 5)."**"'** These encouraging data indicate that in
the future both cell-seeded and cell-free biomaterials may be
extensively used to promote tissue repair and regeneration.

5.3 Biomaterials for liver tissue engineering

The current COVID-19 pandemic, caused by SARS-CoV-2, has
become a major public health crisis over the last 12 months.
Recent reports and patient case studies have shown that about
2-11% of patients with COVID-19 also develop chronic liver
disease. During the previous SARS epidemic, around 60% of
patients were reported to develop chronic liver damage.’** In
the current pandemic, similar hepatic dysfunction has been
observed in 14-53% of patients with severe COVID-19. Cases of
acute liver injury have been confirmed by the liver function
tests of COVID-19 patients, which included increased levels of
alkaline phosphatase (ALP), aspartate, alanine aminotransfer-
ase (AAT), total bilirubin and gamma glutamyl transferase
(GGT)."*>*¢ previous studies have shown that the virus could
be a cause of liver tumors, and many immunotherapy
approaches have been used in an attempt to overcome the viral
effects on liver tissue.">” The severe prolonged hepatic effects
observed in post-COVID-19 patients could be attributed to the
direct cytopathic effect of the virus on liver cells. Other associ-
ated conditions, such as pneumonia-associated hypoxia,
sepsis or drug-induced liver hepatoxicity, might also contrib-
ute to the chronic liver damage.'*® The ability of SARS-CoV-2
to infect the liver is due to the expression of ACE2 receptors
found in cholangiocytes in the liver,"*® which indicates that
the virus could directly bind to cholangiocytes and disrupt
liver function,'***?®

In view of the current pandemic, patients with liver disease
need special attention and continuous follow-up.
Hepatologists and transplant surgeons are still evaluating the
implications of this disease.'*® Based on previous findings,
tissue engineering can once again provide a valuable opportu-
nity to induce liver tissue repair in subjects suffering from
chronic liver damage as a consequence of SARS-CoV-2 infec-
tion. In this context, biomaterials that have previously given
successful results in liver tissue regeneration can be used.

5.3.1 Extracellular matrix. The use of de-cellularized
tissues and organs is evolving as a promising approach for
application in tissue regeneration, in view of its ability to
retain the native ECM matrix in addition to the preserved vas-
cular integrity."*'**> De-cellularized splenic scaffolds with a
well-preserved 3D ultrastructure have been reported. These
scaffolds displayed similar structures and had the same
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Fig. 5 (A) Urethral mucosa and SIS are anastomosed with a running suture; (B) SIS on lay patch is sutured in place without bulbar closure; (C) distal
urethroplasty and meatoplasty. Reproduced from ref. 132 with permission from [Elsevier], copyright [2007].

mechanical properties as native liver tissue, indicating that
they could be used as a liver substitute when liver donation is
not feasible."**"** Uygun et al. used an antegrade perfusion
method to develop the first de-cellularized whole-organ rodent
liver, and obtained a translucent acellular tissue within a few
days."*® Successful decellularization of a human liver was per-
formed using a novel retrograde two-step perfusion method-
ology. The de-cellularized organ was shown to retain the archi-
tecture, the 3D hepatic environment and the liver ECM
(Fig. 6).'*° Baptista et al. demonstrated efficient differentiation
of fetal hepatoblasts into hepatic and biliary lineages using
decellularized matrix (Fig. 7)."*” The use of ECM has also
proved to be another promising approach for tissue regener-
ation. The incorporation of lumican in a hydrogel matrix
resulted in faster differentiation of HSCs into a myofibroblastic
lineage.'*® ECM composition is reported to influence the fate
of stem cells and progenitor cells. A combination of fibronec-
tin and collagen 1V facilitated the differentiation of cholangio-
genic cells into liver progenitor cells.'*® The use of human
liver progenitor-derived acellular matrix resulted in hepatic
commitment of induced pluripotent stem cells (iPSC).**°
Ogiso et al. showed that in the absence of pro-differentiation
signals, organ-specific cell-derived ECM alone could promote
the maturation of engrafted fetal hepatocytes into hepatic and
biliary lineages."” Co-culture liver systems developed with

2812 | Biomater. Sci,, 2021, 9, 2804-2824

microfluidic confinement using porcine liver-derived collagen
hydrogels expressed liver-specific markers such as CYP3A4,
CYP2C9 and glucuronidation activities in the cultures.">>">?

Vyas et al. used acellular liver ECM scaffolds to culture fetal
liver cells, and showed the formation of complex hepatobiliary
organoid structures in vitro.">* Several other studies also used
Matrigel to develop similar liver organoids.">>">¢

5.3.2 Polymers. Apart from ECM, various natural polymers,
such as alginate, cellulose, etc., and synthetic polymers such
as poly(vinyl alcohol) (PVA), poly(i-lactic acid) (PLLA), poly-
ethylene glycol (PEG), poly(N-isopropylacrylamide), polycapro-
lactone (PCL) and poly(lactic-co-glycolic acid) (PLGA) have also
been used.’>”'*® In one such study, HepaRG cells were cul-
tured in various commercial hydrogels, such as ExtraCel,
MaxGel, etc., and were then compared with collagen hydro-
gel.’*® Another study demonstrated the potential of a macro-
porous alginate scaffold to significantly improve the differen-
tiation and maturation of newborn liver cells compared with a
collagen scaffold.'®® An implanted alginate scaffold in partially
hepatectomized mice showed improved survival compared
with the untreated group.'®" Porous sponges composed of a
combination of alginate and galactosylated chitosan (AL-GC)
promoted hepatocyte growth to a greater extent than alginate
sponge due to the presence of the asialoglycoprotein receptor
(ASGPR), a ligand specific to hepatocytes. Hepatocytes cultured
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Fig. 6 Perfusion—decellularization of human liver. Macroscopic appearance of a decellularized left lobe showing preservation of the vascular tree
(a), translucent color (b) and a complete human liver (c). Histological comparison (10x and 40X magnification, left panel and right panel, respect-
ively) of fresh liver (FL) and decellularized liver (DL) by Hematoxylin and eosin (H&E) (d), Sirius red (SR) (e) and Elastin Von Gieson EVG (f) staining
demonstrating removal of cells and preservation of collagen and elastin in DL. Scale bar for 10x magnification: 200 pm and 40x: 50 pm. DNA
quantification demonstrated significant DNA reduction from 1425.23 (g). Collagen significantly increased from 5.860726 + 1.417547 ug mg ™t in FL to
90.85345 + 14.16523 ng mg™* in DL scaffolds (h). Elastin quantification demonstrated a significant decrease from 34.56827 + 5.102387 ug mg™* to
7.073619 + 0.434233 ug mg ™t in DL scaffolds (i). Reproduced from ref. 146 with permission from [Naturel, copyright [2015].

in AL-GC foams formed large cell aggregates, expressed con-
nexin-32 and E-cadherin as markers for cell-cell contact, and
showed enhanced liver-specific functions.'®

As well as these natural polymers, many synthetic polymers
are also used. In one study, Hayward et al. developed a galac-
tose-functionalized polyHIPE hydrogel for routine hepatocyte
culture.'®® PLLA-PLGA-based biomaterials used in a flow bio-
reactor promoted spheroid formations of human and rat hep-

This journal is © The Royal Society of Chemistry 2021

atocytes. Such pre-cultured rat hepatocytes, when transplanted,
showed initial cell loss but regained 100% of their cell mass
within 6 months when implanted in syngeneic rats.’®* Kasuya
et al. demonstrated the use of PLGA membranes for the
culture of hepatocytes, which improved the liver-specific func-
tions compared with monolayer culture.'®® The PCL scaffolds
modified with galactosylated chitosan exhibited improved
hepatic functionality over a period of 7 days.'®® In another
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Fig. 7 Preparation and ultrastructural analysis of the acellular vascularized bioscaffold. Whole ferret livers were decellularized as described under
“Methods”. (A) Macroscopic view of a ferret liver at 0, 20, and 120 minutes of the decellularization process. (B) A decellularized lobe of the liver
demonstrating clear parenchyma, defined liver capsule and vasculature. (C) Scanning electron microscopy (SEM) image of a cross-section of the
decellularized bioscaffold at 120x magnification showing an intact Glisson’s capsule (GC), intact lobules and vascular structures of the portal triad
(PT) (see cartoon in Fig. 4A). (D) A higher magnification image of C demonstrating intact ‘portal triad’ with portal vein (PV), hepatic artery (HA) and
biliary duct (BD), and parenchymal matrix mesh (PM). (E) SEM image of a cross-section of the liver bioscaffold at the liver hilum at 40x magnification
showing blood vessels constructed of woven collagen fibers and no cellular material visualized. (F) A higher-magnification image of (E) further
demonstrates the details of a woven structure of a blood vessel. (G) H&E staining of decellularized liver sections showing no cellular staining and
pink eosinophilic staining expected from proteinous extracellular matrix. (H) Mason's trichrome staining of decellularized liver sections shows blue
staining indicative of extracellular matrix proteins without any cellular material observed. (I) Movat-Pentachrome staining of decellularized liver sec-
tions demonstrates yellow staining for collagen with periarteriole dark staining for elastin. Reproduced from ref. 147 with permission from [Wiley],

copyright [2011].

approach, an in situ photo-polymerized cell-laden PEG-based
hydrogel was used for the construction of micro tissue struc-
tures. When hepatocytes were suspended in a pre-polymer
solution and photo-immobilized locally, it supported the for-
mation of functional 3D hepatic constructs with complex
internal features.'®” Methods such as electrospinning and
nano-imprint lithography have been used for the formation of
nanofibers, nanopillars which have been used to control cell
shape, and for suitable cell-cell interactions. Cell shape tran-
sitions have been observed when cultured on these nanopat-
terned substrates.'®%*°

Hybrid polymeric biomaterials are also used to promote
hepatic tissue regeneration. The adhesion peptides RGD and
YIGSR enhanced the attachment of hepatocytes on PCL and
PLA surfaces compared with pure polymers."””® A hydrogel was
developed by Lee et al. using poly(ethylene glycol) diacrylate
(PEGDA)/hyaluronic acid, and was coated with the synthetic

2814 | Biomater. Sci., 2021, 9, 2804-2824

peptide Gly-Arg-Gly-Asp-Ser (GRGDS). The differentiation of
hepatocytes was observed on this hydrogel for 16 days.'”*
Using a 3D sandwich culture with GRGDS-modified polyethyl-
ene terephthalate (PET) on the top and galactosylated PET as
the bottom layer, with hepatocytes sandwiched in between, the
cells were reported to maintain their functional state for a
period of 14 days. This model was shown to be superior to con-
ventional sandwich collagen cultures."’”> A thermosensitive
hydrogel made with poly(ethylene glycol)-b-poly(r-alanine) sup-
ported efficient hepatogenic differentiation of tonsil-derived
mesenchymal stem cells."”

5.4 Biomaterials for neurological tissue engineering

COVID-19 is also associated with a range of neurological dis-
orders, including headache, anosmia, impaired consciousness,
loss of smell and taste, and stroke.””*'”> A growing number of
case reports and brain imaging data describe a wide array of
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neurological manifestations in COVID-19 patients."’® The
common clinical features include anosmia, ageusia, ischemic
stroke, intracranial hemorrhage, hypoxic-ischemic encephalo-
pathy, encephalitis, and acute hemorrhagic necrotizing ence-
phalopathy.’”” Many reports have shown that patients with
severe COVID-19 can have a cytokine storm syndrome which
may lead to ischemic strokes.'”® MRI scans showed that 47%
of patients had acute neuroimaging abnormalities, which
included acute ischemic infarcts (31%), intracranial hemor-
rhage (6%), multiple sclerosis (MS), plaque exacerbation
(10%), cerebral venous thrombosis (12%), Guillian-Barre syn-
drome, nonspecific encephalopathy (10%), Miller-Fisher syn-
drome (10%) and posterior reversible encephalopathy syn-
drome (PRES) (5%)."”® COVID-19 patients with encephalopathy
have been reported in Wuhan, China and in France.'”® In one
of these reports Helms et al. described neurological compli-
cations in a case study where 58 patients were suffering from
ARSD due to COVID-19 and were admitted to the ICU in
France between 3 March 2020 and 3 April 2020. Some of the
common neurological symptoms observed in these patients
post discharge include agitation, confusion, hyperreflexia,
encephalopathy and dysexecutive syndrome.'””'®® The study
report showed that the virus can cause inflammation of brain
tissue and can lead to cell damage, leading to a number of
disorders.'®""®> Considering these neurological manifes-
tations, it is believed that biomaterials can provide an opportu-
nity to prevent further damage to the brain cells and thus
prevent shock and other disorders.

5.4.1 Extracellular matrix. These biomaterials are widely
used for soft tissue regeneration due to their biocompatibility
and their mechanical properties.'®*'®* To provide an optimal
growth-promoting environment for axonal tissue regeneration,
the physical, chemical and biochemical properties of the
scaffold must be designed in a way that provides guidance
cues to allow substrate remodeling and support the axons that
cross the lesion site.'® The most commonly used natural
hydrogels in neural tissue engineering are collagen®**'®” and
hyaluronic acid (HA).'®¥'%9 Many reports have shown that col-
lagen scaffolds that incorporate nerve growth factor are
capable of improving cell viability in vitro."*® Neurons cultured
in collagen hydrogels have the ability to generate spontaneous
synaptic potentials.'®* Modification of HA hydrogels with poly-
lysine, homopolypeptides and anti-NgR (an inhibitor of the
Nogocomplex myelin-associated proteins)'®®'%> resulted in
increased regenerative capacity of the brain tissue.
Improvement in neural progenitor cell attachment and
neuron-like morphology was observed in primary hippocampal
cells. An HA hydrogel immobilized with argenine-glysine-
aspartate (RGD) peptides/laminin and implanted into rat
cortex lesions resulted in improved angiogenesis and neurite
extension with minimal glial scarring."®*"°* Regeneration after
peripheral nerve injury has been achieved using an injectable
chitosan/HA hydrogel.'*® Fibrin hydrogels also show improved
cell attachment, migration and proliferation of brain cells, and
good neural recovery,'”® and with delayed reactive astrocyte
recruitment and enhanced neuronal migration."®” Neuronal
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cell attachment and growth was observed to increase by
15-fold in chitosan-agarose-blended hydrogels.'*® In vitro,
Matrigel seeded with a co-culture of neurons and astrocytes
promoted the expression of mature neuron-specific cyto-
skeletal proteins and produced a network of functional
synapses.'*°

Several synthetic hydrogels, such as poly(N-2-(hydroxypro-
pyl) methacrylamide) (pHPMA), polyethylene glycol (PEG)**°
and poly(hydroxyethylmethacrylate) (pHEMA),>°* have been
used for tissue repair after brain injury.’”> These hydrogels
were used to enable recovery from traumatic brain injury (TBI).
When the hydrogels were implanted into cortical lesion cav-
ities, growth of axons and astrocytes was observed in both
hydrogels.>®® A photopolymerized hydrogel that had a polyly-
sine backbone with linear PEG branches supported the pro-
liferation of neural progenitor cells in vitro, and also differen-
tiation into mature neurons.’®® A hydrogel composed of
PHEMA was capable of guiding neurite outgrowth, and could
be used in CNS or PNS repair.>** Furthermore, a hybrid hydro-
gel comprising a mixture of HA and a biodegradable synthetic
polymer, such as poly-i-lysine and PLGA, showed great poten-
tial for controlled drug delivery at the site of axonal regrowth
after injury in both in vitro®®> and in vivo studies.**®
Researchers used poly(lactide-co-glycolide) copolymer (PLGA)
fiber as a scaffold which supported the formation of brain
organoid and induced cortical plate formation similar to that
in human brain.?” However, to overcome the limitation of vas-
cularization, Mansour et al. developed a functional and vascu-
larized brain model on a Matrigel which on transplantation
showed neuronal maturation and differentiation, microglial
incorporation and axonal growth in multiple host mouse brain
regions.”®

Another form of hydrogel which is used as a scaffold in
brain tissue engineering is the self-assembling peptide nanofi-
bre scaffold (SAPNS). These hydrogels are composed of various
amphiphilic molecules or oligopeptides that spontaneously
form fibrillar networks in the presence of trigger conditions.>*°
The two types of polymer peptides reported in neural tissue
engineering are arginine-alanine-aspartate-alanine (RADA)16-
I and isoleucine-lysine-valine-alanine-valine (IKVAV). IKVAV
has been reported to selectively induce the differentiation of
encapsulated neural progenitor cells into neurons while down-
regulating astrocyte differentiation.?'®*'" RADA16-1 has been
shown to support neuronal cell survival, differentiation and
neurite outgrowth, and to induce functional synapse formation
with no immunogenic response.”*> Histological analysis of the
brain injury sites post SAPNS application showed fewer macro-
phages and astrocytes, indicating its immunocompatibility
compared with the control exhibiting secondary tissue loss.>"?

5.4.2 Polymers. Natural polymers used in neural tissue
engineering include extracellular matrix (ECM) components
such as collagen, and polymers such as alginate, chitosan and
even silk. Natural polymers are the most efficient type of
polymer used in neural tissue engineering, and they have been
preclinically studied in numerous animal models, including
primates.”’* Among them, collagen is the most prominent bio-
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material used in neural tissue engineering. A small (5 mm)
nerve gap in non-human primates treated with a collagen-
based nerve guide was observed to recover with physiological
resemblance to a graft-induced repair.>'**'® Conduits pre-
pared with collagen and tested as an internal filler to induce
regeneration of peripheral nerve lesions with a gap of more
than 15 mm in a rat sciatic nerve injury model displayed
regeneration.”’” NeuraGen® and Neuromaix® are the two col-
lagen-based biomaterials that are currently approved for clini-
cal testing for neural tissue regeneration, and they have
shown good results in 43% of patients (Fig. 8).”'®>'® The use
of silk fibroin has also shown effective results in neural
tissue regeneration. Benfenati et al used silk fibroin to
induce neurite outgrowth and neuronal functions.>* In
another study, Gennari et al. developed a silk fibroin for
in situ delivery of allopregnanolone (ALLO) and gamma-ami-
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nobutyric acid (GABA), and it showed strong attachment of
Schwann cells and neuronal survival.??! In addition, chitosan
has been successfully used in neural tissue engineering, exhi-
biting cell attachment, cell interaction, cell survival, and
neuronal outgrowth.??*?** Synthetic polymers are also used
in neural TE which includes poly(a-hydroxy acid) polymers
such as PLA, PGA, and their copolymers (PLGA) etc. PLGA
and PLA have been efficiently used to design scaffolds that
provide support for Schwann cells, have a synergistic effect
on neural regeneration, allow elongation of axons, and also
promote vascular growth.'*?2%22% Another synthetic polymer
that is widely used is PEG, which has also been reported to
improve neural cell survival, growth and differentiation in
CNS injuries.>*%>%”

Hybrid polymers have had an important role in neural
tissue repair. One example is the polymer conduit composed

distal
nerve
stump

autograft non-grafted

Fig. 8 (A) Example of a high-resolution ultrasound image of Neuromaix 1 month after implantation in the SN biopsy gap. Neuromaix, consisting of

Epimaix and Perimaix, was clearly detectable between the proximal and distal nerve stumps 1 month after implantation in the SN biopsy gap
(example of patient 001; scale bar: 5 mm). At the right SEM images of the Neuromaix nerve guide. Reproduced from ref. 219 with permission from
[Springer Nature], copyright [2017]. (B) Gross view obtained from dogs immediately (A—C) and 12 months (B—F) post surgery in SF-based neural
scaffold (A and D), autograft (B and E) and non-grafted (C and F) groups. The proximal and distal coaptations are indicated by an arrow and an arrow-
head, respectively. Minimal scale: 1 mm. Reproduced from ref. 240 with permission from [Wileyl, copyright [2018].
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of PCL/gelatin. Gelatin combined with PCL supported both
neurite outgrowth and the proliferation of Schwann cells
in vitro.>*®>*° In another study a PCL/collagen hybrid scaffold
that incorporated a gelatin matrix was used to reconstruct a
15 mm gap in sciatic nerve in rats.>** Other research found
that PCL/chitosan fibres supported PC12 cell attachment and
proliferation, enhancing neurite extension along the fibre
orientation.”*> PLGA/chitosan scaffolds showed neuronal
differentiation both in vitro and in vivo for peripheral nerve
regeneration.””>*** In another study Liu et al. used a hybrid
polymer composed of PLGA/PEG which showed enhanced cell
migration and growth along with improved functional recovery
in rats.>®® Yang et al. developed another biodegradable hybrid
consisting of gelatin crosslinked with genipin and tri-calcium
phosphate  ceramic  particles for peripheral nerve
regeneration.>*®

Nanofibers are also used in neural TE. Gelatin electrospun
nanofibers have been found to support the differentiation of
motor neuron-like cells, demonstrating their potential in CNS
applications.>®” Recently, electrospun PLA/silk fibroin nanofi-
bres were incorporated with nerve growth factor (NGF) which
supported the attachment and differentiation of PC12 cells.>*®
A silk-based electrospun nerve conduit was developed by Dinis
et al. for peripheral nerve regeneration.>** As shown in Fig. 8,
Xue et al. successfully demonstrated the use of electrospun
silk—fibroin scaffold in the regeneration of a 30 mm long
sciatic nerve lesion in dogs.>*°

Recently, the potential use of conducting and semi-con-
ducting materials in neural tissue regeneration has been
widely investigated, as these materials can induce signal trans-
fer and serve as metallic microelectrodes. Commonly used con-
ducting polymers include polypyrrole (PPY) and PANI, both of
which support the development and regeneration of nerve
tissue.>*'>** Composites containing PPY/HA and PPY/collagen
fibres, respectively, showed improved neural adhesion, pro-
liferation and growth.?****> Similarly, scaffolds composed of
poly(3,4-ethylene dioxythiophene) (PEDOT)/chitosan/gelatin
showed improved neurogenesis and cell growth and
attachment.>*®

6 Conclusion

The ongoing pandemic has caused significant mortality and
had a huge social, economic and health impact on society.
Researchers are in pursuit of highly effective drugs/vaccines to
treat/prevent the virus, with mixed success. Moreover, the det-
rimental effects of the virus on multiple organs in COVID
patients, resulting in tissue damage and organ failure, are a
major cause of concern. Biomaterials can be used to stop or
even reverse the effects of virus-induced tissue damage by
serving as a scaffold for growth of cells and thereby facilitating
the process of tissue repair. With ample literature evidence,
this review has provided the multiple prospects of biomaterials
in the repair of various tissues and organs. Since the ability of
many of these biomaterials to repair tissues and organs that
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are susceptible to SARS-CoV-2 has already been demonstrated,
these applications can now be further explored in relevant
models of injury. Given the ongoing pandemic, with no clear
prospect of treatment in sight, there is an urgent need to
develop strategies to address the growing number of COVID-19
patients with tissue and organ damage caused by the virus.
Tissue engineering using biomaterials as scaffolds appears to
be a promising approach to overcome this problem.

7 Future prospects

With the world experiencing a second wave of SARS-CoV-2
infections, there is no evidence that the pandemic will end
soon. Despite promising reports on the development of mul-
tiple vaccines to prevent infection, 100% success is yet to be
achieved. In addition, the high demand, stability issues, high
cost, and massive logistics involved in vaccinating the world’s
population mean that even with the vaccine rollout the virus
would continue to infect a significant number of people.
Furthermore, it is not clear if the vaccine-induced immunity is
long term. According to some case reports, the incidence of
relapse in some infected patients suggests that the life cycle of
the virus in the host is uncertain. While our understanding of
COVID-19 is evolving, and numerous vaccines are being devel-
oped, it is certain that infected patients with damaged organs
require immediate attention. Approaches to for inducing early
repair or regeneration of the damaged tissues or organs can
prevent their further deterioration. With multiple studies both
of animal models and of human subjects having demonstrated
the positive role of biomaterials in tissue regeneration, this
can be explored further in human subjects to evaluate its
efficacy. Moreover, these biomaterials can be further exploited
in many other new emerging technologies, such as 3D bio-
printing in organ-on-a-chip systems, for supporting tissue
regeneration. Such techniques can be used in the formation of
3D simulation models of organs to study the process of virus
entry, replication and its effect on the cellular components.
With advances in biomaterials processing for developing func-
tional tissue/organ substitutes, the possibility of achieving
regeneration of tissues that are hard to heal is becoming a
reality.
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