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Abstract
Recently emerged novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the resulting corona virus disease
2019 (COVID-19) led to urgent search for methods to prevent and treat COVID-19. Among important disciplines that were
mobilized is the biomaterials science and engineering. Biomaterials offer a range of possibilities to develop disease models,
protective, diagnostic, therapeutic, monitoring measures, and vaccines. Among the most important contributions made so far
from this field are tissue engineering, organoids, and organ-on-a-chip systems, which have been the important frontiers in
developing tissue models for viral infection studies. Also, due to low bioavailability and limited circulation time of conventional
antiviral drugs, controlled and targeted drug delivery could be applied alternatively. Fortunately, at the time of writing this paper,
we have two successful vaccines and new at-home detection platforms. In this paper, we aim to review recent advances of
biomaterial-based platforms for protection, diagnosis, vaccination, therapeutics, and monitoring of SARS-CoV-2 and discuss
challenges and possible future research directions in this field.
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1 Introduction

Infections may result in pandemics, and they had a major
impact on human life and health throughout history [1].
Among important infections are those caused by
viruses. Many of viral infections are now controlled through
the development of appropriate prevention measures and vac-
cination programs [1]. Others still pose a major challenge,
e.g., the recently emerged severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) which led to high mortality
rates so far worldwide [2]. World Health Organization
(WHO) has declared a pandemic just a few months after its
emergence [1]. Our knowledge about this novel virus has been
growing ever since, but it is still not enough. Besides, the
possibility of spreading the SARS-CoV-2 from asymptomatic
individuals makes it more important to develop a rapid and
user-friendly diagnosis method. Critical need for new diag-
nostic and treatment approaches to stop its transmission
should be considered. Regarding diagnostic platforms, devel-
opment of rapid, precise, and lab-independent home-test
point-of-care devices should be considered to quarantine in-
fected people quickly and control the spread of the virus [3].

* Nureddin Ashammakhi
n.ashammakhi@gmail.com

1 Department of Biomedical Engineering, Erciyes University,
Kayseri, Turkey

2 ERNAM-Nanotechnology Research and Application Center, Erciyes
University, Kayseri, Turkey

3 Department of Bioengineering, Henry Samueli School of
Engineering, University of California, Los Angeles, CA, USA

4 Department of Biomedical Engineering, Yazd Branch, Islamic Azad
University, Yazd, Iran

5 National Cell Bank of Iran, Pasteur Institute of Iran, Tehran, Iran
6 Skin Research Center, Shahid Beheshti University of Medical

Science, Tehran, Iran
7 Biomedical Engineering Division, Faculty of Chemical Engineering,

Tarbiat Modares University, Tehran, Iran
8 Department of Chemistry, Eskisehir Technical University,

Eskisehir, Turkey
9 Department of Chemistry, Faculty of Engineering, Istanbul

University-Cerrahpasa, Avcilar, Istanbul, Turkey
10 Department of Biomedical Engineering, College of Engineering,

Michigan State University, East Lansing, MI, USA

Emergent Materials
https://doi.org/10.1007/s42247-021-00165-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s42247-021-00165-x&domain=pdf
http://orcid.org/0000-0003-0181-6055
mailto:n.ashammakhi@gmail.com


Thanks to intensive research, a vaccine that completed
phase III clinical trials has recently been introduced [4].
There is, however, a long way to go to control this pandemic
and treat new infections and possible accompanying compli-
cations of corona virus disease 2019 (COVID-19). This re-
quires an interdisciplinary effort that involves various fields
of science including biomaterials.

Biomaterials science can contribute to the development of
new and efficient personal protective equipment, vaccines,
drug delivery, and new therapeutics that can be used to pre-
vent or treat SARS-CoV-2 infection, its sequelae, and compli-
cations. In addition, engineered tissues and cell culture models
can have a major impact on investigating the disease, testing,
and developing new therapeutic agents and vaccines [5]. This
requires committed and sustained effort. Thus, biomaterials
science can result in the design of a range of diagnostic and
therapeutic tools for the management of COVID-19 that may
include rapid and accurate diagnostic platforms, effective anti-
viral drugs, novel vaccines, and efficient laboratory models
for assessing the infection [1, 6].

Therefore, in this review, we discuss reported results, cur-
rent challenges and future directions.

2 Applications/indications

Biomaterials in their different forms and origins (syn-
thetic or natural) have been explored for use in the
diagnosis and management of COVID-19. Most of stud-
ies on the use of biomaterials were in the domain of the
development of rapid, ultra-sensitive field-effect transis-
tor (FET)-based biosensing, antiviral platforms, vac-
cines, and nano-based materials [7]. In the next sec-
tions, details of biomaterial application areas are given.

Earlier, most research in exploiting biomaterials for
the treatment of infections has been devoted to fungi
and bacteria. Further, with the rising prevalence of
Middle East respiratory syndrome (MERS), influenza,
and novel coronavirus, more virus-related research is re-
quired to be conducted [1]. In the recent COVID-19 out-
break, biosafety problems such as inadequate protective
equipment, the lack of transportation equipment for in-
fected patients, and difficulty in fast detection of
virus have emerged as important challenges. In this re-
gard, a wide variety of materials with unusual qualities
to tackle the challenge of biosafety issues have been
sought [8].

Protection (biosafety) materials Recently, the notion of bio-
safety materials has been suggested to produce materials that
include disinfection, and detection of COVID-19 along with
drug delivery systems [9]. In the COVID-19 pandemic, safety
biomaterials are applied for protective equipment, such as

protective clothing, masks, and goggles which are considered
as important tools to contain the COVID-19 infection
[10–13]. Various polymers including polypropylene [14],
polyvinylidene fluoride (PVDF), and polytetrafluoroethylene
(PTFE) have been utilized for the production of shields and
face masks. In addition, polypropylene is used for the
manufacturing masks such as FFP2, FFP3, N95, and surgical
masks, while poly (ethylene terephthalate) (PET) and polycar-
bonate (PC) have been utilized in the face shields [15, 16].

2.1 Biomaterials for studying COVID-19 and SARS-
CoV-2 virus

2.1.1 Tissue engineering

Tissue engineering provides engineering principles for biolog-
ical applications [17], including the investigation of COVID-
19 [18–20]. Pertinent tissue engineering work in combating
the Coronavirus can be categorized as in vitro models to eval-
uate the proposed treatment efficiency, drug delivery ap-
proaches, and vaccines [18]. Among various tissue engineer-
ing techniques, 3D bioprinting [21–23], organoid engineering
[24, 25], and microfluidic organ-on-a-chip systems [26–28]
are accepted to be the best approaches to design and develop
effective in vitro tissue models [29].

Although several types of cells can be used for tissue engi-
neering, stem cells represent an important source. In particu-
lar, pluripotent stem cells are of major importance because
they are able to differentiate into different cell types [30].
Lately, induced pluripotent stem cells (iPSCs) were developed
and they are important for generating personalized disease
models [31] and can be utilized for investigating the patho-
genesis of COVID-19 [32, 33]. For example, the use of 3D
human lung organoid models that are derived from iPSCs
were differentiated into the endodermal lung tissue to study
the SARS-CoV-2 infection severity and infectivity [34]. The
generation of lung models using pluripotent stem cells em-
ploys also biomaterials such as alginate, Matrigel, collagen,
gelatin, poly dopamine, and hydrogels. For instance, Chen
et al. created a 3D model of human lung by using human
iPSCs (hiPSCs) of lung bud organoids, which were subse-
quently encapsulated in Matrigel and incubated afterwards
[35]. After the solidification of Matrigel and the formation
of branching airway and alveolar structure the lung disease
model was then exposed to viral infection. In another study,
Wilkinson et al. [36] generated a personalized lung disease
model composed of iPSCs cultured on collagen I and
polydopamine functionalized alginate beads to study the dis-
ease mechanism and drug testing. An electrostatic droplet
generator was used to fabricate alginate beads and they were
then soaked in high-concentration collagen I solution.
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In recent studies, mesenchymal stem cell (MSC)-based
strategies have been used for treatment of viral infection
[37]. MSCs contain specific cytokines that could be powerful
in treating COVID-19 patients. MSCs can help to regenerate
damaged tissues and prevent cytokine storm [19]. MSCs are
ACE2-negative at the gene level and due to their immuno-
modulatory effect [38–40], anti-inflammatory properties [41,
42], and regenerative capacity [43, 44] can inhibit the release
of unwanted cytokines [45]. Moreover, MSCs can reduce in-
flammation and acute lung injury induced by viral infections
[46]. Therefore, MSCs can be a useful method for
the treatment of COVID-19 [37, 47, 48]. Gardner et al. [49]
used the rotation wall vessel bioreactor to evaluate the effect
of low physiologic shear stresses as well as co-culturing hu-
man mesenchymal bronchial tracheal cells and bronchial epi-
thelial cells on SARS-CoV-1. Their findings demonstrated
that the complex 3D tissue-like aggregates formed in rotation
wall vessel bioreactor to promote productive viral infection
and physiological host responses. Ling et al. [50] cultured
human pulmonary epithelial progenitor cells on a collagen
matrix in combination with mesenchymal stroma as an
in vitro model, and exposed them to SARS-CoV-1. In this
study, it was shown that angiotensin-converting enzyme 2
(ACE-2) receptor, which is the target for SARS-CoV-1 infec-
tion can be expressed in in vitro models, and can be used to
support active virus replication. MSCs also secrete extracellu-
lar vesicles (EVs) [51–53], which have immunomodulatory
effect and they can be applied in the treatment of lung injury
and inflammation [54]. EVs could be encapsulated in
hydrogels and can be applied for anti-inflammatory therapeu-
tic purposes [55, 56]. Such research can be generalized to treat
the acute respiratory syndrome resulting from infection by
SARS-2 [57].

For the developments of a vaccination platform against
pathogenic agents, the existence of antigens as well as specific
elements that can stimulate the immune system should be
considered, to enable being saved into memory cells [18].
Researchers may potentially use tissue engineering and bio-
materials to stimulate host immune responses to develop strat-
egies for vaccination [58], where the behavior of immune cells
can be influenced by the size, shape, and physico-chemical
properties of biomaterials [59, 60]. The motivation of
using such systems is to target antigen-presenting cells and
to stimulate specific immune response [18].

Several tissue-engineered in vitro human lung models have
been introduced to study viral infection [61, 62]. But, these
models must be developed further, and the 3D scaffolds
should be fabricated to mimic native pulmonary architecture.
Also, researchers should design the culture methods to allow
the generation of extracellular matrix (ECM) before viral in-
oculation [18]. Tissue engineering can be used to develop a
better understanding of the COVID-19 disease mechanisms
and evaluating the effectiveness of drugs, antiviral agents

[63] and vaccines [64]. To provide an ideal tissue/organ mod-
el and exposure to virus is essential for the analysis of molec-
ular pathways of COVID-19 pathogenesis and treatment .
Also, design and fabrication of a 3D bioprinted multi-tissue
platforms adapted for viral infection can be excellent tools for
the study and development of treatment for COVID-19. 3D
tissue models can be better than 2D models for studying
COVID-19 due to their native tissue biomimicking character-
istics [29]. 3D-engineered tissues can either be: (1) scaffold-
based or (2) scaffold-free using methods such as 3D
bioprinting [65] and cell self-organization to produce spher-
oids and organoids [29]. In 3D bioprinting method, bioink
composed of cell-laden hydrogels are deposited in a controlled
fashion. The use of hydrogel-based scaffolds provides a 3D
microenvironment for studying cell responses to viral infec-
tion and test drugs [68, 69]. Hydrogels are usually used in
bioink for 3D bioprinting and they include materials such as
alginate, hyaluronic acid, fibrin, polyethylene glycol, gelatin,
cellulose, and gelatin methacryloyl [70–74]. Accordingly, tis-
sue engineering strategies can be useful tools to investigate the
infection with SARS-CoV-2 and host-pathogen interactions.
They require a multidisciplinary approach and offer the op-
portunity to develop novel ideas and methods to improve our
knowledge, identify therapeutic targets, and develop novel
drugs.

2.1.2 Organoids (biomaterials-based)

Organoids are clusters of organ-specific cells, such as those
of the stomach, liver, intestine, and bladder [75]. They are
derived from progenitor cells or stem cells, and they exhibit
represented organ properties [75]. Cell self-organization tech-
niques or 3D organoid cultures are effective models to inves-
tigate viral infection as well as possible interaction between
host and pathogenic agents [76, 77]. Organoids have
already been utilized to examine SARS-CoV-2 infection
[78]. The results demonstrated that human recombinant solu-
ble angiotensin-converting enzyme 2 (hrsACE2) can block
SARS-CoV-2 infections [78, 79].

Hydrogel matrices were also used for organoid culture and
supporting organoid growth [80]. There is a range of synthetic
and natural hydrogels [81] that can potentially be used in
organoid production. Synthetic hydrogels have generally
higher mechanical strength than natural hydrogels, but they
lack important bioactive moities needed to support cell adhe-
sion and proliferation [82]. Natural hydrogels contain
moities like arg-gly-asp (RGD) sequence and laminin
that provide cell anchoring means and biological signals for
organoid growth [81]. Synthet ic hydrogels such
as polyethylene glycol (PEG) [83], modified PEG using
RGD and laminin [84], PEG-based hydrogels [85], alginate
[86], hyaluronic acid, collagen, gelatin, and fibrin [81] can
also be used to support the survival of organoids.
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The development of 3D organoids using bronchial tran-
sient epithelial cells that are usually attacked by SARS-CoV-
2, can be useful to study and understand COVID-19 [34].
Tindle et al. [25] created a complete adult stem cell-
derived lung organoid model . In vitro model was formed by
adult lung organoids, primary airway cells, and human-
induced pluripotent stem cells (hiPSC)-derived alveolar
type-II (AT2) pneumocytes. Organoids were immobilized on
aMatrigel and infected with COVID-19 patient-derived respi-
ratory sample. Figure 1a shows lung organoids that were
grown in 3D cultures followed by single cell harvesting for
creating 2D monolayer cultures to study infection by SARS-
CoV-2. In Fig. 1, primary airway epithelial cells and hiPSC-
derived alveolar type-II (AT2) pneumocytes are shown as
in vitro lung models of SARS-CoV-2 infection. In step 4,
transcriptomics datasets were applied to cross-validate
SARS-CoV-2-infected ex vivo lung models of human
COVID-19 autopsy lung specimens to objectively vet each
model. In this study, researchers proved that the human lung
model of COVID-19 could be employed for studying of
COVID-19 pathogenesis, drug testing, and vaccine develop-
ment. Also, their findings demonstrated that organoids have
the potential to provide in vitro models with extra components
such as immune and stromal cells in a physiologically related
spatially segregated manner. Recently, Salahudeen et al. pre-
sented an approach based on organoids for modeling COVID-
19. To reach this goal, they used a 3D organoid in vitro model
to simulate distal human lung in which basal stem cells and
AT2 cells were cultured. After 26 days of culture , the lung
organoid demonstrated the differentiation, and proliferation of
different cell types including ACE2 receptor expressing cells

[88]. Further, Yang et al. designed an in vitro platform using
hPSCs, islets, and hepatocyte cells through which they found
a relation between diabetes and SARS-CoV-2 infection. For
evaluation, the proposed organoids containing pancreatic
cells, which were derived from hPSCs were transplanted into
the kidneys of SCID mice. Cellular components were evalu-
ated 2 months after xenograft transplantation using immuno-
histochemistry. Figure 1b shows the confocal microscopy im-
ages of the α and β cells, as well as ACE2 receptors [80].

Researchers reported a model of pulmonary fibrosis
for the evaluation of the effect of drugs on lung fibrosis.
3D in vitro tissue models were produced by using collagen
hydrogels, decellularized fibroblast-derived and lung matri-
ces, lung spheroids and organoids, and precise-cut slices of
lung [89]. Mykytyn et al. [90] demonstrated the inhibition of
SARS-CoV-2 entry to cells by hindering serine protease
activity using drug camostat mesylate in an organoid-
derived human airway cells model. They seeded the
organoid-derived human airway cells onto collagen-coated
transwell to investigate the effect of the drug on SARS-
CoV-2. Porotto et al. [91] reported a 3D lung organoid de-
rived from human pluripotent stem cells. Lung organoids
were seeded on Matrigel to study human parainfluenza virus
infection using an in vitro model. Accordingly, stem cell-
derived lung organoids can provide a useful model to study
viral infection and host-pathogen interaction in the lung. In
another study, Giobbe et al. [92] examined the susceptibility
of the stomach to SARS-CoV-2 infection in gastric
organoids model. In this study, gastric organoids were
burried in Matrigel and infected with viral suspension to
study the viral infection of the stomach. This gastric

Fig. 1 Human organoid models for COVID-19 studies. a Schematic
showing the procedure for creating lung organoids (steps 1 and 2),
supplemented with proximal and distal airway components in-a-dish
model of COVID-19 (step 3) and cross-validation of in vitro lung models
of SARS-CoV-2 infection (step 4). Adapted from [25]. b Confocal

microscopy of immunohistochemistry, two months post-xenograft of
hPSCs-derived pancreatic cells as in vitro model of COVID-19. In addi-
tion to alpha and beta cells, ACE2 receptors related to SARS-CoV-2
could be observed. Reproduced from [78] with permission from Elsevier
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organoid system provides a unique microenvironment to
grow the virus and study gastric SARS-CoV-2 infection.

2.1.3 Organ-on-a-Chip systems

The assessment of enterovirus infection using animal models
is limited due to the expression of different receptors in ani-
mals as compared to those in humans [93]. Also, the use of
static cell culture systems do not imitate the natural complex-
ity of the in vivo environment [94]. Therefore, testing of novel
drug molecules and compounds using microfluidic organ-on-
a-chip (OoC) systems can lead to results that can better antic-
ipate clinical outcomes [95]. Microfluidic OoC systems pres-
ent unparalleled opportunity to investigate various key molec-
ular, biological, chemical, cellular, andmechanical parameters
in a biomimetic microenvironment . OoC systems can reca-
pitulate human organ physiology, disease states, and therapeu-
tic responses to drugs with high accuracy [96, 97]. Also,
microfluidic-based 3D models and organ-on-a-chip systems
provide biomimetic environment with air and fluid flows
typical of what normally occurs in the lung, and can be useful
for studying viral infection [29]. Therefore, the development
of OoC-based technology to study the response of
human tissues and organs to SARS-CoV-2 is urgently needed
[98].

For example, gut-on-a-chip systems represent an attractive
tool to study health and disease states [99], and they can be
used to study SARS-CoV-2 infection. Recently, Guo et al.
[98] reported the development of a SARS-CoV-2 infection
in vitro using a biomimetic human intestine-on-a-chip device
for studying of COVID-19. The intestine-on-a-chip device
contained two parallel, cell culture microchannels, an upper
epithelial cell-lined channel (co-cultured human intestinal
epithelial cells and mucin secreting cells) and a lower vascular
endothelial cell-lined channel separated by a thin flexible
polydimethylsiloxane (PDMS) membrane which was coated
with ECM. Thus, they provided a rapid and low-cost intestine-
on-chip infection model for studying human reaction to
SARS-CoV-2 infection. In another application, Zhang et al.
[100] created a biomimetic human disease model of SARS-
CoV-2-induced lung injury-on-a-chip and evaluated immune
responses to viral infection. The chip device was coated with
collagen type I and seeded with cells. They utilized this chip
to study Remdesivir inhibitory effect on viral replication.

In another lung disease-on-a-chip model, Huh et al.
investigated pulmonary edema [101]. They also used this
model to study the effect of drug and mechanical breathing
motions on pulmonary toxicity of IL-2 . In conclusion, latest
progress in tissue engineering applied to COVID-19 demon-
strates that mesenchymal stem cell therapy, exosomes,
organoids, and on-chip disease models can be very useful
for investigating SARS-CoV-2 viral infection, host-
pathogen interaction, and testing drugs to treat COVID-19.

2.2 Biomaterials for the diagnosis of COVID-19
infection

Researchers have been working to develop rapid diagnostic
approaches to help in stopping the spread of the COVID-19
infection. For the detection of target sequences related to
SARS-CoV-2, real-time reverse-transcription polymerase
chain reaction (RT-PCR) method has been widely employed
as a reliable method for screening infected people.

Further, computed tomography (CT) scan of the chest is
identified as another technique for rapid and reliable diagnosis
of SARS-CoV-2 infection. Detection of interstitial changes
and small patchy shadows in the lung may be a sign of the
infection [102]. It was reported that CT confirmed 97% of
patients with positive PCR, while positive chest CT was ob-
tained for 75% of patients with negative PCR [103]. However,
it was recommended that chest CT can be reserved for symp-
tomatic and hospitalized patients, while PCR is the first-line
tool to identify patients at the early stages of infection [104].
The limitations are CT scans include the need for high-quality
imaging tools and skilled medical staff to accurately diagnose.

Immunoassay is another diagnostic technique that has been
used to assess the levels of IgG and IgM in blood samples
of patients who had SARS-CoV-2 infection. It is usually con-
ducted by using enzyme-linked immunosorbent assays
(ELISAs). Further, antibodies in plasmas can be donated to
other infected patients [105]. However, ELISA is a time-
consuming approach due to several pre-test stages such as
signal amplification and many washing steps that may cause
an error [1]. Additionally, high antibody levels take several
days to 3 weeks from the occurrence of first symptoms to
appear, which is not acceptable as an early diagnostic method,
[106].

To overcome these challenges, researchers have been
work ing to deve lop a rap id , low-cos t , r e l i ab le
and portable device [107]. Alternatively, biomaterial-based
tools have shown potential for use in virus detection [6,
107]. In the following section, point of care (POC) systems,
their mechanism are introduced, and their potential use for the
management of recent pandemic is discussed.

2.2.1 Genetics- and biomaterial-based infection detectors

The aim of genetics-based detection is the design of
specific strategies for rapid diagnosis of target RNA/
DNA of the virus. Upon exposure, the interaction of
the designed biomaterials and the target sequences leads
to gene expression and cleave detectable reporter as a
signal that can be measured using relatively simple de-
vices. So far, several tools have emerged for this pur-
pose and they can be adapted to the diagnosis of SARS-
CoV-2 infection.
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2.2.2 Nanobiomaterial-based biosensors for the diagnosis
of COVID-19

Biomaterial-based strategies can be utilized in the develop-
ment of biosensor-based diagnostics, which may provide an
effective approach for rapid, and sensitive diagnosis [1]. In
this regard, the application of nanoparticles for the isolation
of ei ther RNA or DNA from biological samples
using magnetic field may be performed as an alternative meth-
od for rapid diagnosis. A further contribution of biomaterials
field can be in the fabrication of nucleic acid biosensors, im-
munoassays for the assessment of viral antigens, and antibody
detection, which enable enhanced COVID-19 detection in
both symptomatic and asymptomatic infected individuals.

Nanomaterial-based biosensors are based on the use of
specific binding as either singleplex or multiplex for diagnosis
of infection [3]. The goal in designing biosensors is to develop
a high-precision, rapid, low price, and portable platform that
selectively binds to the target and reports the result as a signal.
For instance, gold nanoparticles (AuNP) are widely used
in diagnostic platforms due to their ability to electrostatically
bind to antigen/antibody and present localized surface plas-
mon resonance shift [108]. In one study, Kim et al. reported
the use of colorimetric readout bioassay focusing on the opti-
cal feature of AuNP via salt-induced aggregation for
the diagnosis of Middle East respiratory syndrome coronavi-
rus (MERS-CoV) in 10 min [109]. Similarly, Moitra et al.
designed a platform based on the use of AuNP for naked-
eye detection of SARS-CoV-2. As displayed in Fig. 2a, col-
lected sample after RNA extraction is mixed with oligonucle-
otides (ASOs) capped AuNPs. In the presence of target RNA,
RNA strand is separated from DNA/RNA hybrid by the addi-
tion of RNaseH, followed by precipitation, which results in a
change in color due to surface plasmon resonance [110].

Colloidal gold nanoparticle-based lateral flow strips
(AuNP-LF) assay is a simple immunochromatographic strip
platform made of cellulose membrane as carrier and anti-gene
labeled colloidal gold nanoparticle as a tracer for detection of
target antibody (Fig. 2b). Recently, AuNP-LF was employed
for the detection of Influenza A and B virus [114], Rice stripe
virus (RSV) [115], Newcastle disease virus (NDV) [116],
H7N9 avian influenza virus [115], avian leukosis virus
[117], and laryngotracheitis virus (ILTV) [118]. Following
SARS-CoV-2 infection, IgM appears in blood samples a few
days after the onset of initial symptoms . For this reason,
Haung et al. produced a rapid platform based on the use
of AuNP-LF for early detection of IgM, and the results were
entirely consistent with PCR results [111]. Further, Zhang
et al. fabricated a multiplexed assay based on AuNP-LF strat-
egy for the detection of IgM and IgA against the Zika virus.
The proposed structure is highly sensitive and it can be used
with volumes as low as 1 μl of human serum [119]. AuNP
seems an accessible platform that makes it promising for the

diagnosis of SARS-CoV-2, and it needs to be explored fur-
ther. Recently, a rapid qualitative immunoassay based on the
use AuNP-LF for the detection of IgM and IgG against SARS-
CoV-2 was commercialized [120].

Synthetic multi-component deoxyribozyme (MNAzyme)
biosensors were introduced as another DNA detection tech-
nique. This platform is assembled on exposure to target se-
quences and then with the catalytic activity, leads to the pro-
duction of a detectable reporter, which can then be read out
[121, 122]. It was reported that MNAzyme modification with
a cationic copolymer could increase its selectivity and activity
by 250- and 2700-fold, respectively [123, 124]. Considering
the singleplex limitation mentioned earlier, Safdar et al. devel-
oped a multiplexed DNA detection platform based on the use
of MNAzyme strategy [125].

One of the challenges in detecting SARS-CoV-2 is its mu-
tation in some regions of the world during this pandemic. For
example, it was reported that 382 nucleotides of the SARS-
CoV-2 genome had been deleted in Singapore, which was
caused by false-negative reports when target sequences were
defined based on deleted region [126]. Recently, single-
molecule nanopore (SMN) sequencing or third-generation
platform was developed by Oxford Nanopore Technologies
(ONT), which makes it possible to sequence long-size frag-
ments of DNA/RNA [127]. SMN technique can detect chang-
es in the nucleotides of DNA and RNA strand by passing
them through a nanopore protein, which results in the produc-
tion of a detectable electrical signal. Recently, SMN sequenc-
ing for detecting Hepatitis C [128], Hepatitis A [127], and
Influenza virus A [129] were reported. However, because
SMN is more time-consuming than other POC platforms,
it is not currently considered a primary method for detect-
ing SARS-CoV-2. Still, it can be applied for people who
have a negative PCR test. Wang et al. employed the SMN
technique for the diagnosis of SARS-CoV-2 infection,
and the outcome was positive in 22 of 61 patients with
suspected infection and negative PCR [126]. However,
improvements still need to be made in the future.

2.2.3 Label-free biomaterial-based biosensors

As another platform, ultra-sensitive, label-free, and rapid
nanowire field-effect transistor (NW-FET) devices provide
an electrical platform for the detection of specific DNA se-
quences or a proteins. As shown in Fig. 2c, the change in the
conductivity of antibody coated nanowires is due to the sur-
face connection/disconnection of target molecules, leading to
rapid analyte detection [112]. Cho et al. presented a platform
based on the use of Silicon (Si) NW-FET to detect specific
oligomers corresponding to the hepatitis C virus (HCV) [130].
Since the design of Si NW-FET has been proposed for detect-
ing target sequences in the virus, DNA/RNA extraction
followed by amplification should be performed before sample
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use in this platform [131]. To prevent additional steps, Uhm
et al. suggested that as POC biosensor, the detection of viral
surface protein can be a more sensitive infection diagnostic
tool. To achieve this purpose, they employed a functionalized
SiNW-FET platform to detect hemagglutinin (HA) surface
protein secreted by Swine flu (H1N1) virus [132].

Further, Malsagova et al. fabricated an aptamer-modified
SiNW-FET for biospecific binding to the Hepatitis C protein
marker (HCVcoreAg), leading to real-time detection of low
marker concentrations (0.3 pg/mL) [133]. Also, Generalov
et al. developed a rapid diagnosis tool (200–300 s) for the
detection of Ebola virus VP40 protein, employing an SiNW-
FET platform for specific antigen/antibody interaction [134].
Graphene is a candidate for use in fabricating biosensors be-
cause of its electrical conductivity, high carrier mobility, and
optical properties [135]. Seo et al. introduced a field-effect
transistor composed of coated graphene sheets, which have
immobilized antibodies against spike protein of SARS-CoV-
2. The proposed device (Fig. 2d) exhibited a highly sensitive

platform for selective spike detection at concentrations of 100
fg/ml [136]. Instead of evaluating conductivity changes, NW-
based platform can be utilized to detect specific molecules
through the electrochemical impedance spectra (EIS). The de-
velopment of DNA impedance-based label-free biosensors
based on the use of tin-doped WO3/In2O3 [137] nanowires
and ellurium-doped ZnO nanowires [138] for the detection
of Hepatitis B virus has been reported. Interestingly,
Chowdhury et al. proposed pulse-triggered ultrasensitive
impedance-based biosensor composed of graphene quantum
dots and gold-embedded polyaniline nanowires in which an
external pulse was applied, during the hepatitis E virus accu-
mulation phase, to increase expansion and sensitivity conse-
quently [139]. This strategy can be adapted for FET-based
diagnostic platform used for SARS-CoV-2.

On another frontier, microfluidic devices have been exten-
sively investigated in recent years [140]. Based on the pres-
ence of the virus in the solution, it can be detected through
virus receptor-coated device [141]. As mentioned earlier,

Fig. 2 Nanomaterial-based platform, a Selective colorimetric readout
detection procedure of SARS-CoV-2 using AuNP. Reproduced from
[110]. According to the journal: “This article is made available via the
ACS COVID-19 subset for unrestricted RESEARCH re-use and analyses
in any form or by any means with acknowledgement of the original
source. These permissions are granted for the duration of the World
Health Organization (WHO) declaration of COVID-19 as a global pan-
demic.” b Explanation of AuNP-LF protocol in detection of a secreted
antibodies in response of infection. Reproduced from [111], with permis-
sion from the American Chemical Society. cNW-FET platform; binding/

unbinding of an indicator to receptor coated NW leads to alter conduc-
tivity and rapid detection. Reproduced from [112], with permission from
the National Academy of Sciences. d Field-effect transistor composed of
coated graphene sheets which was introduced for the detection of SARS-
CoV-2. Reproduced from [113]. According to the journal: “This article is
made available via the ACS COVID-19 subset for unrestricted
RESEARCH re-use and analyses in any form or by any means with
acknowledgement of the original source. These permissions are granted
for the duration of the World Health Organization (WHO) declaration of
COVID-19 as a global pandemic”
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ELISA technique could be applied for the detection of anti-
bodies. To this end, the microfluidic platforms in combination
of ELISA can lead to a rapid detection of the virus
using small-volume samples [142]. In this relation,
an immunoassay-based microfluidic device was used for the
detection of Hendra virus IgG [143], influenza virus H5N1
[144], and avian influenza virus (AIV) [145]. Tripathi et al.
reported the use of semi-automated on-chip ELISA for the
detection of IgG/IgM antibodies against SARS-CoV-2
[146]. In another study, Xia et al. developed a label-free
MD-coated SiNW for the detection of H5N2 avian influenza
viruses [147]. It is expected that more progress will be made
on this issue in the future.

In addition, biomaterial-based surface biosensors such as
quantum dot (QD)-mediated biosensing or gold nanoparticles-
mediated biosensing have been shown to detect specific DNA
sequences [148, 149]. These methods can be utilized to design
biomaterials-based RNA detection. In this regard, RNA-
toehold detection strategies in combination with ribosome or
isothermal amplification have been utilized for the detection
of viral RNA, based on enzymatic reporter and RNA convert-
ed to cDNA [150]. From the COVID-19 perspective, viral-
biosensors such as CRISPR-based biosensors may provide
quick and on-site testing of clinical samples (Fig. 3a) [151].
Recently, CRISPR-chip was established in combination with
a graphene-based field effect transistor (FET) allowing for fast
amplification-independent detection of nucleic acids within
15 min [154]. In addition, Mahari et al. developed gold nano-
particles (AuNPs)-based fluorine-doped tin oxide (FTO)
immunosensor for the detection of the COVID-19 spike anti-
gen. The device displayed results within 10–30 s (Fig. 3b)
[152]. Surface plasmon resonance (SPR)-based biosensor
has also been used in antibody detection application. Djaileb
et al. utilized SPR-based biosensor coated SARS-CoV-2 nu-
cleocapsid’s recombinant protein for testing anti-SARS-CoV-
2 antibodies. This biosensor is a human serum-based label-
free rapid testing of the SARS-CoV-2 for antibodies. It
takes 15 min to show results (Fig. 3c) [153].

2.3 Biomaterials for developing prophylaxis and
treatment for COVID-19

A few drugs have been reported to reduce the duration of stay
of COVID-19 patients in the hospital and intensive care unit
and provide a reduction in the need for intubation and venti-
lation. Depending on the stage of disease, various drugs can be
administered. Usually, supportive therapy treatment is given
to patients to sustain adequate caloric intake, water, and elec-
trolyte balance. The treatment methods such as immuno-, ox-
ygen, and antiviral therapy, and organ support prevent and
control cytokine storms, acute respiratory distress syndrome,
organ failure, and secondary hospital infections [155–157].

2.3.1 Theraputics

The most widely used drugs for the treatment of COVID-
19 patients comprise antiviral drugs [158, 159], anti-
inflammatory drugs [160], and monoclonal antibodies [161].
The antiviral drugs’mechanism of action range from targeting
viral proteins to cellular proteins and increasing the immune
response to the viral infection [157]. Some of the clinically
used drugs are Ribavirin [162], Lopinavir/Ritonavir [163],
Remdesivir [164], Darunavir [165], Favipiravir [166],
Sofosbuvir [167], Dexamethasone [168], and Chloroquine
[164]. These drugs are commercially available in the form of
tablets, capsules, oral suspensions, eye drops, topical creams,
intravenous injections, or nasal ointment [169].

Unfortunately, most antiviral drugs are not suitable for oral
or intravenous administration due to their low bioavailability
and limited circulation time. Further, short half-life of antibod-
ies, cytokines, and other protein-based drugs usually hinder
their delivery to target sites [170]. Biomaterials offer various
possibilities to solve the shortcomings of current therapeutic
platforms. For example, advances in biomaterials for drug
delivery will enable the development of new approaches
[169, 171]. Different biomaterials are used as drug carriers
in viral diseases in the form of micro- or nanoparticles, or
capsules [172–175]. Biomaterial-based drug delivery systems
can also be useful to address the challenges related to the of
administration of recently-developed therapeutics [176].

Using drug carriers capable of targeting the lung is very
promising. In addition, because of the high surface area of the
alveoli, systemically acting drugs can readily be delivered by
inhalation[177]. Also, pulmonary carriers that encapsulate
drugs or vaccines can be functionalized with specific antibod-
ies to target certain cell types. Thus, the risk of drug side
effects can be reduced. There are some examples of
biomaterials-based drug delivery systems in the
literature that were applied in the treatment of several disor-
ders such as lung cancer and influenza [178–180]. Drug-
encapsulating natural biodegradable polymers, including cy-
clodextrin, albumin, alginate, chitosan, gelatin, collagen, and
synthetic polymers including polylact ide (PLA),
polyglycolide (PLGA), polyacrylates, and polyanhydrides
are suitable for the development of pulmonary therapeutic
molecule delivery systems [181, 182].

2.3.2 Vaccines

There is an intensive research to develop vaccines for the
prevention and management of COVID-19 [183]. To achieve
this, it is essential to understand the pathogenesis of COVID-
19 and the effect of SARS-CoV-2 virus on infected patients
[184].

Materials science and engineering mainly in the field of
nanotechnology have suggested different strategies to inhibit
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viral surface receptors by using nanoparticles. For instance,
Langellotto et al. fabricated a biomaterial vaccine which was
based on the use of mesoporous silica rods (MSRs). After the
effects of the preparedMSR vaccine were evaluated in vivo, it
was shown that it can lead to strong protection against SARS-
CoV-2 [185]. Another example, is the use of lipid nanoparticle
(LNP)-encapsulated mRNA vaccine [186].

Different methods have been used in vaccine studies thus
far. The time taken for the preparation, preclinical tests, and
clinical applications of vaccines have been improved with
employing technological advances [187]. While conventional
approaches use live attenuated viruses or vaccines conjugated
with proteins, today recombinant proteins and viral vectors
come to use [188]. Dai et al. presented a design containing
CoV spike receptor-binding domain (RBD) for use
in different beta-coronavirus vaccines, especially COVID-
19. Here, the RBD dimer design was prepared using MERS-
CoV. Studies on mice with the prepared MERS-CoV (RBD)
showed a protective effect against infection. Also, a signifi-
cant increase in neutralizing antibody (NAb) titers was ob-
served [189]. In the future, the immunopathogenic nature of
COVID-19 should be investigated in detail, especially by de-
veloping characterization studies to assist in the development
of COVID-19 vaccines. The development of different vac-
cines should continuewith both preclinical and clinical studies
[190]. Indicatively, two companies, ©Pfizer and ©Moderna,
currently have been able to develop an mRNA-based vaccine

that encodes critical parts of the protein related to SARS-CoV-2,
allowing the stimulation of immune system [191, 192].

It should be noted that employing a vaccine adjuvant as a
non-specific immune promoter can elevate immunogenicity
and lead to a better response to the antigen used. For further
details, readers are referred to a recently published review
of various biomaterial-based adjuvant options which have
been developed for the control of SARS pandemic [193].

2.4 Biomaterials for targeting consequences of viral
infection

Antithrombotic materials SARS-CoV-2 infection can cause
acute respiratory distress syndrome (ARDS) and several
extrapulmonary indication that result from direct and indirect
effects of viral infection such as cardiovascular, hematologic,
and thrombotic sequelae [194, 195]. ARDS is related to in-
flammatory dysfunction and coagulation; thereby it increases
the risk of venous thromboembolism (VTE), thrombocytope-
nia, and bleeding [196]. Moreover, thrombosis has been im-
plicated in patients who died of COVID-19, mainly due in part
to widespread endothelial activation [197].

Although, limited data is available pertinent to thrombotic
effects in COVID-19-infected patients, the prevalence of ve-
nous thromboembolism may be estimated between 25 and
30% in critically infected patients who were under mechanical
ventilation [198, 199]. Current data on antithrombotic therapy

Fig. 3 Biosensors for the detection of SARS-CoV-2. a CRISPR-RNA
based platform. Targets are detected by RNA-bound Cas protein, via
complementary sequence. When the tertiary complex of Cas-crRNA-
RNA was formed, fluorescent signal switches on. Reproduced from
[151], with permission from Elsevier. b Gold nanoparticle (AuNPs)-
based fluorine-doped tin oxide (FTO) immunosensor. FTO electrode

composed of AuNPs conjugated with COVID-19 antibodies.
Reproduced from [152], with permission from Author (S Gandhi). c
Surface plasmon resonance (SPR)-based biosensor for the detection of
the nucleo-capsid protein of SARS-CoV-2. Adapted from [153], with
permission form the Author (Jean-Francois Masson)
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to improve the result obtained from patients with COVID-19
as well as administering agents with an optimum dose and
agent for thromboprophylaxis is still confined. It is notewor-
thy that targeted drug delivery strategy to the local sites of
damaged vascular endothelium may enhance the local effect.
Microbubble carrier delivery coated with dextrose and albu-
min enable binding to sites of vascular injury with no addi-
tional effect on vessel injury [200]. The anticoagulant heparin
can be administered directly to the lung by inhalation in cases
of COVID-19 [201].

Recently, bioinert synthetic polymers such as poly(2-
methoxyethyl acrylate) (PMEA) with antithrombotic
properties have been developed. PMEA is a water-insoluble
polymer, thereby PMEA can be applied as a blood compatible
surface to be used on various materials for the treatment of
patients with heparin-associated disorders [202]. In addition,
PMEA coating has been utilized in extracorporeal membrane
oxygenation (ECMO) devices, which are used for the treat-
ment of acute respiratory failure [203], and SARS-CoV-2 (the
COVID-19) [204]. Unfortunately, its use as a coating bioma-
terial led to only temporary antithrombotic effect [202].
Therefore, Nishimura et al. developed a novel hybrid polymer
silsesquioxane (SQ) and PMEA hybrid to enhance the stabil-
ity of coated PMEA polymer (Fig. 4) [202]. The hybrid coat-
ing polymer exhibited excellent antithrombotic properties
[202].

2.5 Antiviral therapy and biomaterials for drug
delivery

The critical role of biomaterials for the development
of various treatment methods of COVID-19 involves antiviral
drug delivery and immunization systems. Various therapeutic
strategies have been adopted from the viral lifecycle steps. An
example of direct modality to neutralize SARS-CoV-2 is
blocking the angiotensin-converting enzyme 2 (ACE2) recep-
tors that virus uses to enter cells, e.g., lung, intestine, or kidney
[205]. Recently, different antiviral components have been in-
vestigated for their efficiency. Among these, antiviral drugs,
e.g., Lopinavir, Ritonavir, exhibited an inhibitory effect on the
action of proteases in human infected cells [206]. After
the virus enters the host cells, it has to replicate and produce
many copies of itself. It was obvious from previous studies on
SARS-CoV virus that some nonstructural proteins (Nsp) such
as Nsp1-11 and Nsp1-16 have a central role in virus replica-
tion. These proteins are linked to the replication of the
viral RNA. Therefore, Nsp proteins can be proposed as anoth-
er possible target to stop the replication of SARS-CoV-2 virus
[207].

Cytokinesis may occur due to the activation of various
pathways and it can lead to a cytokine storm [208]. Hence,
the prevention of the cytokine storm has been proposed as
another therapeutic goal to combat the effects of SARS-

CoV-2 by using IL-1 blocker. In this context, promising drugs
including anakinra, tocilizumab, steroids, and immunoglobu-
lins have been proposed to regulate the immune response. The
application of nucleoside analogues, such as Remdesivir,
which targets the RNA-dependent polymerase, caused the
suppression of the synthesis of viral RNA. As a result,
the use of drugs that interact with the viral genetic material,
directly or indirectly, can be used to lower the production of
pro-inflammatory cytokines. Currently, this strategy is under
clinical study [209].

A further target of SARS-CoV-2 therapy is the c-Jun
N-terminal kinase (JNK) pathway, which enhances the
production of pro-inflammatory factors that result in lung
damage. Thus, the application of specific biomaterials and
drug delivery systems addressing different stages of the
viral lifecycle can be used as specific therapeutics for the
treatment of COVID-19 patients. Unfortunately, these
drugs have side effects. For example, Lopinavir and
Ritonavir may lead to vomiting, nausea, and hepatic dam-
age [210]. Therefore, their use was limited to only severe
cases.

Biomaterial-based delivery combined with nano-systems
can be used to increase the local delivery of drugs while re-
ducing the chance of undesired side effects. Moreover,
biomaterial-based delivery systems might extend the half-life
and decrease the immunogenicity of drugs [211, 212].

In fact, the development of an appropriate delivery system
is necessary for achieving better outcomes. Controlled release
formulation of drugs could minimize the risk of adverse side
effects through a drug release at the target site [213]. Targeted
delivery of drugs can lead to additional improvement of effi-
ciency and reduced toxicity [1]. Although different drug de-
livery systems have been suggested, polymer-conjugated
drugs provide a new prospective delivery system for
COVID-19 therapeutics. The reason is that polymer drug de-
livery systems can provide protection against enzymatic deg-
radation [214]. Another possible strategy would be the use of
mucoadhesive drug delivery systems that can increase
the presence of long-lasting drugs in the mucus layer, and
this should be taken into consideration. For example, a cation-
ic polymer such as chitosan has been used as mucoadhesive
polymer due to the formation of electrostatic bonds with sialic
acid residues on the glycoproteins in the mucosal fluid [215].

To take targeted delivery into consideration, the design
of the delivery system should be in accordance with the natu-
ral route of virus entry and infection. For example, SARS
virus is transmitted through the respiratory system, thus mu-
cosal dendritic cells (DCs) in the respiratory tract might be an
ideal target for the uptake of targeted nanoparticles. DSs rep-
resent antigen-presenting cells (APCs), which have effective
role in the development of the response of the immune system
[216]. Obviously, the choice of biomaterials in the delivery
system is of paramount importance. Chitosan as a cationic
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polymer supplies appropriate binding affinity with nucleic
acids, thus chitosan and its derivatives can be used as excellent
nucleic acid delivery vehicles through nasal route [217]. In a
study conducted by Raghuwanshi et al., functionalized chi-
tosan nanoparticles with bifunctional fusion protein (bfFp)
vector were used to increase the selective targeting of re-
spiratory DCs. Plasmid-encoding N protein of SARS
(pVAXN) was used as a selective antigen for the DNA
delivery using chitosan. The outcome of the study showed
better boosting of both mucosal and systemic immune re-
sponses, as compared to the intranasal delivery of naked
plasmid DNA [216].

Recently, smart materials have been introduced as biolog-
ically responsive materials for different purposes [218, 219]
including the sensor-based detection of analytes [220], to in-
terface with synthetic DNA constructs [221]. For
example, English et al. developed a CRISPR-mediated hydro-
gel by utilizing the enzymatic properties of Cas12a, which
only relied on the sgRNA molecule to diagnose fragment of
mecA antibiotic-resistance gene of methicillin-resistant
Staphylococcus aureus (MRSA). Having selected MRSA,
the hydrogel responds to a defined sequence of DNA. They
reported various applications of CRISPR-responsive
hydrogels such as tissue engineering and bioelectronic inter-
faces for diagnostic applications. The latter was designed as a
microfluidic paper-based analytical device (μPADs) with
electronic monitoring systems through hydrogel actuation
with CRISPR/Cas technology reaction. The system was
implemented by triggering the cleavage of the DNA linker
by the Cas12a in the presence of targets, thus preventing
the cross-linking of polyacrylamide hydrogel in the

channel, enabling buffer flow in the channel. Moreover,
the CRISPR-μPAD device was equipped with an
isothermal application step to use the reverse transcription
(for the detection of genomic RNA). In this context, Ebola
genomic RNA was detected by buffer flow through the
device in samples incubated with Cas12a (Fig. 5) [222].

Furthermore, the introduction of biomaterials as innovative
targeting agents provide a safe way for the delivery of thera-
peutic molecules. A recent therapeutic strategy that has been
suggested for use in COVID-19 patients is the monitoring of
NETosis . Elevated levels of NETosis markers such as cfDNA
have been found in critically infected patients, thus represent a
possible therapeutic target for the treatment of virus-induced
sepsis [223]. In this regard, Lee et al. fabricated a long-acting
nanopa r t i cu l a t e DNase -1 by coa t i ng o f PLGA
nanoparticles with polydopamine (PD). The bio-adhesive
PLGA-PD NPs were then coated with poly(ethylene glycol)
and recombinant DNase-1 to prepare DNase-1-coated
polydopamine-poly(ethylene glycol) nanoparticulates.
Following intravenous administration of these NPs, they have
confirmed an effective suppression of NETosis factors such as
cell-free DNA (cfDNA) in blood samples of COVID-
19 patients (Fig. 6). The results of this study revealed an im-
proved survival in sepsis mouse model because of inhibited
NETosis factors [224].

It can be seen that biomaterials derived from designed pep-
tide and protein sequences have captured much attention over
the last two decades. Recently, coiled-coil hydrogels were
generated from the most studied protein motifs. In one study,
coiled-coil nanoparticles with antiviral properties against
SARS were fabricated [225].

Fig. 4 Schematic illustration representing the synthesis of the SQ/PMEAhybrids. Reproduced from [202], with permission from theAmerican Chemical
Society
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3 Advantages and limitations of biomaterials
applied for COVID-19 diagnosis and therapy

Following the emergence of the COVID-19 pandemic, several
laboratory-based diagnostic techniques were introduced.
Longer times and the need for equipped devices are the limi-
tations of this diagnostic methods. To overcome this, it is
critical to have a powerful POC biomaterial-based platform
capable of rapid and accurate diagnosis using throat swabs or
blood samples. It will be interesting to provide self-testing kits
like the home pregnancy test. Very recently, such kits have
been introduced [226, 227]. This makes it possible to become
aware of the infection quickly and quarantine. Additionally,
the COVID-19 crisis has led to limitations to travelling. Thus,
developing a POC platform with accurate detection of SARS-
CoV-2 at the airports will allow people to return to normal
conditions. To date, biomedical researchers tried to use engi-
neering approaches for the processing of a biological cascade,
resulting in virus detection. To this end, Joung et al. commer-
cialized the POC platform based on SHERLOCK strategy,

which made it possible to detect SARS-CoV-2 using lateral
flow strips [227]. Further, Shan et al. introduced a multiplexed
biosensor with high accuracy for the diagnosis of SARS-CoV-
2 infection by detecting specific volatile organic compounds
in exhaled air [226]. In an interesting pilot study, Torrente-
Rodriguez et al. designed wireless multiplexed laser-engraved
graphene immunosensors (COVID Rapidplex) by which
the level of specific biomarkers such as IgG and IgM,
SARS-CoV-2 antigens, as well as C-reactive protein (CRP)
in serum and saliva samples can electrochemically
be quantified. Authors also suggested that this platform can
be considered as ultrasensitive, rapid, and selective home-
based diagnosis test [228]. Jiao et al. presented DNA
nanoscaffold which is made by the self-assembly of long
DNA strands and self-quenching probes (H1) as a sensing
element for the detection of RNA corresponding to SARS-
CoV-2 within 10 min at 15–35 °C [229]. Despite recent prog-
r e s s i n t he deve lopmen t o f b ioma t e r i a l - b a s ed
diagnostic platforms, most of them are not yet in wide
clinical use.

Fig. 5 Schematic illustration showing the μPAD design combined with
CRISPR gel and electrical readout. Layers 1 to 4 form a continuous
channel on folding terminate into in a lateral flow channel in layer 5.

The channel in layer 5 was covered with conductive tape to read buffer
flow as an electric signal, adapted from [222]

Fig. 6. Fabrication of DNase-1-coated polydopamine-poly(ethylene glycol) nanoparticles. The surface of the PLGA nanoparticles was coated with
polydopamine to immobilize DNase-1. Reproduced from [224], with permission from Elsevier
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Following COVID-19 crisis, researchers have been explor-
ing the the virus in terms of genome sequencing and surface
proteins, making it possible to figure out the development
of broad-spectrum effective therapeutic agents . To date, some
(i) antiviral drugs such as Ribavirin, Remdesivir, and
Chloroquine; (ii) immunomodulatory agents; and (iii) viral
protease inhibitors have been tested on infected patients,
and some of them had positive results. However, it is not
possible to use some specific treatments such as anti-
inflammatory cytokines and antibodies (for blocking specific
ligands) based on conventional administration routes such as
oral or intravenous ways, due to their short half-life [1]. Many
of the introduced small molecules have short circulation time
due to high hydrophobicity and low stability. Further, a pos-
itive effect on SARS-CoV-2 infection by some agents has
been reported, but their clinical application has failed due to
adverse off-target effects [230, 231]. With this in mind, the
design of biomaterial-based targeted drug delivery systems
combined with sustained hydrophobic drug delivery and co-
delivery of effective agents that consider virus receptors can
be an interesting approach [6, 232]. For instance, the use of
Azithromycin and antiviral drugs was proved effective, and it
was reported that its release from PLGA nanoparticles can
be sustained over 60 days [233]. However, sequential muta-
tions that occur in the virus limit the use of specific targeting
agents [232]. Nevertheless, an intelligent delivery system
should be designed for viruses with the fewest mutations.

Further, designing drug systems and even vaccines for pre-
clinical tests requires the use of laboratory models that can
mimic human physiology to reduce clinical trials’ error rate.
Because animal models cannot fully recapitulate human phys-
iology, in vitro microphysiological models such as organoids
and organ- and lab-on-a-chip systems have been
developed, with the ability to scale up and allow for a more
accurate evaluation of drugs and vaccines [6, 18]. To date,
human organoid platforms including those of the small intestine
[234, 235], gut [236], kidney [79], and lung [25] for investigat-
ing SARS-CoV-2 were developed. For creating a reliable and
biomimetic in vitro model, the multicellularity of organs such
as the lung is a daunting challenge. For more details, readers are
referred to a comprehensive review by Miller et al. [61]. The
development of a reliable in vitro lung model for SARS-CoV-2
studies allows the (i) use of specific human instead of
animal cells, (ii) co-culture of variety types of pulmonary cells,
and (iii) mimicking pulmonary architecture. To achieve suc-
cess, all of these approaches require close cooperation of med-
ical scientists and biomedical engineers [18].

To date, some biodegradable biomaterials have been used
for the development of various preparations such as PLGA
nanoparticles [237] [238], mesoporous silica rods [239], and
chitosan [240] were employed as vaccine platforms, which
can be extended to SARS-CoV-2 vaccine development. Of
note, the size, shape, and other physicochemical features of

the proposed platform should be carefully designed to achieve
required effects on the immune system. However, most of the
introduced preparations are still in the preclinical testing phase
and have not reached clinical application yet [18].

4 Current challenges and future

After the COVID-19 outbreak, engineers in the field of bio-
materials have been actively working to develop newmethods
for diagnosis and treatment of the disease. For instance, re-
searchers developed 3D-printed nasal swabs for sample col-
lection. However, there are still challenges facing some
nanoparticle-based preparations in terms of biocompatibility.
Perhaps the most crucial challenge is the high mutation rate in
the virus, which causes diagnostic, therapeutic, and vaccine
targets to fail to function correctly [108]. For example, since
RBD is a variable sequence in the CoV genome, the use of
RBD-based vaccines may not be satisfactory [241]. Also, the
scale-up of the biomaterials-based structures requires exten-
sive research and studies to minimize the risk of side effects
[108]. On the other hand, multidisciplinary approach is re-
quired for the design of robust biological systems and to
fabricate novel therapeutics and devices.

Another major challenge, which is related to SARS-CoV-2
virus is its different behavior in different hosts. This requires
the design of highly biomimetic organoids and organ-on-a-
chip systems in which behavioral variability can be assessed
[108]. In vitro models should mimic the dynamic interactions
between the virus and the host tissue/organ components.
Lately, researchers have been able to design mini-organoids
(called alveolospheres) that can be used to examine how alve-
olar cells respond to SARS-CoV-2 infection. However,
there remains the challenges related to the development of
robust organoid models. Also, there are big gaps between
the current organoid models and how organs function in the
body. To bridge these gaps, researchers have been
exploring the combination of organoids and organ-on-a-chip
devices to better mimic native organ structure and function
[242].

Depending on the stage of infection with SARS-CoV-2
virus, certain drug delivery systems need to be used.
Because of viral illness, several extrapulmonary problems
are manifested, thus successful application of biomaterial-
based drug delivery strategies is dependent on profound
understanding the pathophysiology of COVID-19. This
would also enhance the effectiveness of therapy and reduce
the risk of side effects. The initial targeting of receptors such
as ACE-2 and TMPRSS2 that the virus utilizes to enter the
cells is a paramount issue, thereby it could disrupt SARS-
CoV-2 and its interaction with receptors [196]. In addition,
the interaction between the S protein and heparin sulfate
chains of proteoglycans found in human lung tissue
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presents a potential target for tackling by using
an antithrombotic agent such as heparin. It is also
thought that combination delivery system might mitigate
acute symptoms in patients.

Collectively, it can be concluded that various aspects
are involved in advancing the utilization of biomaterials
as a practical option for diagnosing, vaccinating against
and treating SARS-CoV-2 infection. To improve
our knowledge of COVID-19, predict virus behavior,
develop effective medications and vaccines, the integra-
t ion of dif ferent discipl ines is required. I t is
anticipated that we will see increasingly more
biomaterial-based products for the diagnosis, treatment,
and vaccination of COVID-19. The good news at the
time of writing this review is that the two vaccines
deve loped by Pf ize r and Moderna were very
effective for the vaccination against SARS-CoV-2,
which is a big step in the fight against this pandemic.

5 Conclusions

Biomaterials represent an important and advancing area of
science that can contribute to our capabilities of prevention
and treatment of serious infectious diseases such as COVID-
19. Biomaterials science has been already mobilized in this
direction and successful examples include the development
of nucleic acid (RNA/DNA) and protein (antigen/antibody)
biosensors, vaccine delivery, antiviral delivery, and organoids
used for the study of SARS-CoV-2 infection, its sequelae and
complications. There are still many areas that can potentially
benefit to a large extent from the surge of new and smart
materials such as CRISPR-based biosensors, FET-based tran-
sistors, protein-based vaccines, metallic and self-assembled
nanovaccines, and organoid technology. In the case of diag-
nostic platforms, the development of a very high-precision
lab-independent POC biosensors is required. However, while
much progress has beenmade in the use of biomaterials for the
development of diagnostic biosensors and vaccines, there is
still a need for more extensive studies to develop therapeutics
for the treatment of COVID-19. Since viruses have weak ther-
apeutic targets and they have successive mutations, it is chal-
lenging to develop targeted antiviral delivery systems.
Therefore, the development of a smart antiviral system based
on biomaterials will make significant impact. It is predicted
that the development of organ-on-a-chip systems will be very
useful for the study of COVID-19 infection and drug testing in
t h e f u t u r e . Nev e r t h e l e s s , t h e c oop e r a t i o n o f
different disciplines is required to develop novel biomaterial-
based strategies for the prevention, treatment and monitoring
of COVID-19.
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