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Abstract

With the recent COVID-19 pandemic, medical professionals and scientists have encountered an unprecedented trouble to make
the latest technological solutions to work. Despite of abundant tools available as well as initiated for diagnosis and treatment,
researchers in the healthcare systems were in backfoot to provide concrete answers to the demanding challenge of SARS-CoV-2.
It has incited global collaborative efforts in every field from economic, social, and political to dedicated science to confront the
growing demand toward solution to this outbreak. Field of materials science has been in the frontline to the current scenario to
provide major diagnostic tools, antiviral materials, safety materials, and various therapeutic means such as, antiviral drug design,
drug delivery, and vaccination. In the present article, we emphasized the role of materials science to the development of PPE kits
such as protecting suits, gloves, and masks as well as disinfection of the surfaces/surroundings. In addition, contribution of
materials science towards manufacturing diagnostic devices such as microfluidics, immunosensors as well as biomaterials with a
point of care analysis has also been discussed. Further, the efficacy of nanoparticles and scaffolds for antiviral drug delivery and
micro-physiological systems as well as materials derived from human tissues for extracorporeal membrane oxygenation (ECMO)
devices have been elaborated towards therapeutic applications.
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1 An introduction to COVID-19

Corona virus is spherical-shaped enveloped RNA with club
shaped glycoprotein [1]. The human corona virus (HCoV) are
of four types such as alpha (), beta (3), gamma (y), and delta
(8) [2]. The ot and 3 corona viruses are originated from mice,
bat, and swine, and found to be pathogenic. Whereas, birds
and wheal are the intermediate host for y and d corona viruses,
respectively [3]. All four «, 3, v, and & corona viruses have
several subtypes. Among all categories, 3 corona virus affect
human beings, while others influence animals such as, cat,
mice, pigs, and dogs [4]. In 2001, few cases (~500) with flu-
like symptoms were reported. Among them, approximately 20
cases were identified as corona virus strain. It was categorized
as subtype of 3 corona virus and later renamed as severe acute
respiratory syndrome (SARS-CoV) [5]. In 2003, the cases of
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SARS-CoV have been reported in Hong Kong, Singapore,
Thailand, and the United States of America [6]. Worldwide,
around 8200 patients with fatality rate of approximately 11%
were reported as SARS-CoV infected [7]. After a decade (in
2014), a few cases with similar symptoms like SARS-CoV
were detected in Saudi Arabia, and renamed as middle east
respiratory syndrome (MERS-CoV) [8]. The MERS-CoV has
been reported as more infectious than SARS-CoV [9]. The
mortality rate for MERS-CoV has been found to be approxi-
mately 35% [10]. The existing antivirus vaccines such as
lopinavir/ritonavir, and griffithsin were used to control the
infection of both SARS-CoV and MERS-CoV. In December
2019, a novel corona virus has been identified in Wuhan,
China, with similar symptoms of SARS-CoV/MERS-CoV
which was named as SARS-CoV-2 [11]. Later, it was named
as novel coronavirus disease-2019 (COVID-19) by the World
Health Organization (WHO). The source and intermediate
host is still unclear. Bats are reported as the natural reservoir
for COVID-19. While, Zhou et al. [12] reported pangolin as
the host for COVID-19. It has been found that the novel
SARS-CoV-2 is more effective and susceptible to frequent
transmission than SARS-CoV and MERS-CoV. Due to the
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absence of proper vaccine and higher transmission rate, WHO
declared the novel SARS-CoV-2 as “pandemic”. The genome
study of SARS-CoV-2 confirms that it has approximately
79% and 51.2% similarity with the genome of SARS-CoV
and MERS-CoV, respectively [12]. The genome size for
SARS-CoV-2 has been reported to be about 29.9 kb.
Whereas, SARS-CoV and MERS-CoV possess genome of
27.9 and 30.1 kb, respectively [13]. The SARS-CoV-2 has
an enveloped structure with 6-11 open read frames (ORFs)
[14]. The main function of ORF is the translation of proteins.

It was found that COVID-19 has high transmission rate as
compared to SARS-CoV and MERS-CoV [15]. It has been
demonstrated that COVID-19 infection is more hazardous on
old age people and severe illness patients like, cardio and
diabetes [16]. The old age (6575 years old) COVID-19 pa-
tients have about 90 times higher risk of death as compared to
younger (18-29 years old) patients [17]. The COVID-19-
infected patients with cardiovascular diseases has ~37.5%
mortality rate [18]. An American report on 393 patients sug-
gested that about 52% of infected patients have hypertension
[19]. It has been reported that diabetes patients with COVID-
19 infection have higher risk of infection as compared to nor-
mal patients. A Chinese report of 150 patients mentioned that
approximately 16% of infected patients have diabetes [20].
Another study reported that COVID-19-infected patients with
diabetes have three times higher mortality rate as compared to
normal patients [21].

With this perspective, various scientific platforms have
been in rigorous work load to cope up with the current out-
break as well as to immediately provide solutions. Materials
science field is also painstakingly been providing leading edge
technological solutions to the current pandemic. Toward this
end, the present article discusses the in-depth applications and
prospects of materials science to withstand the COVID-19
challenges.

2 Impact of materials science
toward countering viruses

COVID-19 virus infects the human beings through different
routes such as, direct contact, food, blood, air, and water.
Primarily, the virus interacts with the cells through the
interlinking between a specific cell receptor named
angiotensin-converting enzyme 2 (ACE2) receptors and S
protein, present in the virus [Fig.1] [22, 23]. After entering
the host cell, the virus reacts with the intracellular organs,
synthesize RNA, and consequently, generates proteins which
reorganizes and produces new viruses in the host cells which
releases after cell death (Fig. 1) [22, 23]. Therefore, the infec-
tion of corona virus can be reduced by inhibiting the interac-
tion between angiotensin-converting enzyme 2 (ACE2) recep-
tors and viral S protein. The adhesion of host cells and virus
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can be prevented either by managing ACE2 or by inhibiting
cellular proteases which help in the interaction process of S
protein with the host cells [23, 24].

Materials science offers better detection tools especially for
the isolation of the nucleic acids and proteins. For example,
the magnetic particles can isolate the nucleic acid and proteins
from the biological samples [25]. These nucleic acid and pro-
teins can further be separated out using magnetic field [25]. In
addition, microfluidics with the isolation techniques allows
rapid detection of viruses with fewer amounts of reagents
[26]. Magnetic particle-based microfluidics is also suggested
to offer the isolation of viruses [27]. Rapid detection of viruses
hinders its spread and therefore, materials coupled with im-
munoassays and PCR tests for nucleic acid amplification are
reliable for on-site detection of viruses (Fig. 2) [22].

Material science plays an important role in the develop-
ment of engineered small molecules which has a vital aspect
in the development of broad spectrum antiviral drugs and
targeted drug delivery. These small molecules may also be
used to mimic receptors on cell membrane to inhibit viral
entry. The materials science has remarkable contribution in
terms of the development of nanoparticles, acting as entry
inhibitors and replication inhibitors and also helps in antiviral
antigen delivery platforms due to their size. Nanomaterials act
as effective carriers and delivery agents for vaccine and drugs
which play a crucial role in the development of nanomedicine
[28]. Also, material science has a central role in developing
various medical equipments like, ECMO devices and
ventilators.

3 Viral protection

Materials science plays a crucial role in the effective protec-
tion against COVID-19 virus by various means such as isola-
tion, disinfection, and inactivation [23, 29]. Personnel protec-
tive equipment (PPE) kits, such as protective suits, face
shields, masks, gloves, and goggles, helps in physically iso-
lating the human body from viral infection to stop the spread-
ing of COVID-19 virus [22, 30]. Zhang et al. [31] fabricated
an efficient air filter based on ionic liquid polymer (ILP) com-
posite which was distributed on the spongy network of
melamine-formaldehyde (MF). Such type of masks possesses
nanofibrous filter which can filter out even nano-sized partic-
ulates and allow clean air for comfort in breath [Fig. 3 (a)] [31,
33]. These filters can remove particulate matter of PM, 5 with
the removal efficiency higher than 99% [31, 33]. In another
study, a specialized mask was prepared by combining a layer
of cotton along with a layer of chargeable natural silk (chiffon)
[32] where, the removal mechanism involves the combined
action of mechanical and electrostatic filtration (Fig. 3(b)).
Tang et al. [22] suggested that masks should also have a
drug incorporating feature to treat the infected patients and
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Fig. 1 Illustration of various routes for COVID-19 virus transmission and the life cycle of COVID-19 through the host cell-virus interaction [22]

(Reproduced with permission from Springer Nature).

stop the spreading of COVID-19 virus. Recently, we faced the
problem of shortage of PPE kits during COVID-19 pandemic.
Therefore, the development of reusable masks, gloves etc. is
in continuous thrust. The surface treatment or surface coating
provides self-cleaning ability to the masks, gloves, and pro-
tective suits and consequently, made these protective tools
reusable [34, 35]. Atab et al. [34] fabricated a polymeric mem-
brane made of polyamide with intrinsic hydrophobicity which
can easily bounce off the aqueous droplets of virus. Apart
from hydrophobic surfaces, sunlight sterilization feature was
also included in a membrane, as developed by Zhong et al.
[35]. For this purpose, graphene-coated masks have been

Fig. 2 Materials science platform
for application toward virus
detection via PCR (polymerase
chain reaction) and antibody

prepared with highly hydrophobic surface (inclination angle
141°) and excellent photothermal properties. Due to which,
the temperature of the outer layer of mask reached to about 80
°C and consequently, becomes sterilized in sunlight [35].

4 Nanotechnology approach

Nanotechnological tools are well-known for their excellent
physiochemical properties which can be controlled through
flexible chemical functionalization. Nanotechnology has al-
ready been demonstrated as a successful tool to fight against
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Fig. 3 Mechanism of matter removal using mask through various
strategies. (a) Schematic description of ILP-MF-based air filter for re-
moving particulate matter as well as nanoparticles through multiple layer

HIV and other viruses such as herpes and respiratory [36, 37].
The protective tools should be designed in such a way which
do not only filter out the viruses but also should have the
ability to decontaminate easily. Several methods have been
suggested for disinfecting the detection surfaces and develop-
ment of treatment or life-saving devices. Therefore, the poten-
tiality of nano-sized materials for the battle against COVID-19
viruses is briefly summarized in subsequent sections.

4.1 Nanomaterial-based filtration

COVID-19 virus mainly is transmitted through respiratory
droplets, released from the infected patients and preferably
via nose. Therefore, specialized masks with excellent particu-
late matter removal efficiency are needed which can prevent
the entering of smaller sized droplets as well as aerosols in
human body [38]. Nanotechnology can help in fabricating
nanoporous masks, which restrict the transmission of aerosols,
released during sneezing or coughs and consequently, control
the transmission and spreading of COVID-19 virus [39].
Graphene oxide has been reported as an inhibiter of the ATP
activity of SARS [40]. Therefore, the coating of graphene
oxide can be applied to the filter of masks or gloves, protective
gown etc. to disinfect the virus. More recently, it has been
reported that graphene coating improves the hydrophobicity
of'the surface of masks which restricts the viability of the virus
on its surface [35]. In addition, such type of graphene-coated
masks can be reusable due to its excellent photothermal prop-
erties which makes these masks self-sterilized in the exposure
of sunlight [35]. 2D titanium carbide Mxene shows excellent
adsorption capability of amino acids [41]. Due to which, such
type of surfaces not only capture the virus but also inactivate
the captured viruses [23, 41]. Another author reported the
photocatalytic property of Mxenes, which promote the degra-
dation of adsorbate in presence of light and consequently,
provide the self-cleaning ability to Mxene-coated gloves,
masks, and protective suits [23, 42, 43]. The selection of com-
mercially used fabrics at nanoscale, number of layers, and fit
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[31] (Open Access), (b) Multiple-layered filter, used to remove particu-
late matter by synergistic action of mechanical and electrostatic filtration
[32] (Reproduced with permission from publisher).

are also important in designing the masks as the unfit masks
and corresponding leakage results in about 60% of reduction
in the filtration efficiency [32]. The filtration of air in the
nosocomial environment is also important as the droplets or
aerosols of about 1 um size remain in air for up to 12 h and can
travel to 20 feet with strong sneeze [38]. For this purpose,
buildings are generally installed with filter in HVAC
(heating, ventilating, and air-conditioning) unit to limit the
spreading of pathogens [44]. HEPA (high-efficiency
particulate air) filters are commonly used to eliminate the
smoke, dust, etc. in buildings which have also the ability to
filter out the airborne viruses, bacteria, and fungi, present in
the environment [45]. HEPA filters contains fine (dia.: 0.5-2.0
pum) randomly oriented fibers which can remove airborne par-
ticles of size greater than 0.3 um diameter with excellent fil-
tration efficiency (99.99%) [45]. Carbon fiber ionizer,
installed at the upstream of air filter, generates charged parti-
cles through corona discharge and capture the pathogens due
to electrostatic interaction [46]. The viability of airborne vi-
ruses in air can also be controlled by the atomization of anti-
viral silver nanoparticles; however, this method needs further
investigation by considering silver induced health hazards
[47]. Indoor filters with palladium (nanoparticles)-titanium
dioxide and vacuum ultraviolet irradiation—have been devel-
oped to filter and inactivate the filtered pathogens [48].
Similarly, nanofiltration and surface modification have been
adopted for the removal of virus [49].

4.2 Inactivation of viruses and disinfection of
surfaces/surroundings

COVID-19 becomes more contagious due to the contamina-
tion of used masks, gloves, respirators or floor, wall, ventila-
tor, surgical tools, etc. at the hospitals or quarantine centers
from where, these viruses can be easily transmitted via infect-
ed people [50]. Some of the specific metal nanoparticles are
well-known for their excellent antiviral ability such as silver,
gold, and copper oxide [S1-53]. The protective coatings of
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these metallic nanoparticles can be applied on the commonly
used surfaces or PPE equipment to inactivate the virus. Silver
nanoparticles (1-10 nm) can preferably bind with the sulfur
residues, present on the viral envelop and therefore, restrict the
further binding of viruses with the host cells [51, 52].
Similarly, gold nanoparticles also bind with the virus particles
and therefore, block the receptors of host cells [54]. Gold
nanoparticles bind and break the disulfide bonds of the virus
and thereby, inhibit the viral membrane interaction with the
receptor of host cells [Fig. 4 (a)] [52, 54]. Copper oxide nano-
particles have the ability towards oxidative damage of the
enveloped as well as non-enveloped viruses [53]. Although,
the above mentioned metallic nanoparticles are toxic for the
host cells/tissues at a certain level, however, the toxicity can
be reduced by optimizing the particle size, doses, coating
composition/dimension, etc. [56]. Such type of metallic coat-
ings can be applied on the dressing strip, PPE kits, ventilators,
doors, tables, etc. to minimize the spread of COVID-19.
Surfactants are other disinfecting agents for the inactivation
of the viruses [57]. The most common surfactants which can
be used for the protective coatings are N, N-dodecyl methyl
polyethylenimine, cetylpyridinium chloride, n-
lauroylsarcosine, sodium lauryl sulfate, etc [55, 58, 59]. The

Fig. 4 Mechanisms of a
nanoparticles and surfactant-
induced virus inactivation. (a)
Gold nanoparticle interaction
with the virus results in breakage
of their disulfide bonds and con-
sequently, inhibit host cell-virus
interaction or infection [54]
(Open Access). (b) Diffusion,
immobilization, and inactivation
of influenza virus on the N, N-
dodecyl methylpolyethylenimine
(surfactant)-coated surface [55]
(Reproduced with permission
from publisher)
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coating of the N, N-dodecyl methyl polyethylenimine not only
diffused the virus on its surface but also inactivate due to
hydrophobic action (Fig. 4(b)) [55]. The membrane-active
biosurfactant physicochemically interacts with the viruses
and results in the rupture of their capsid and lipid membrane
and thereby, damages the viruses [60]. These surfactant coat-
ings can be applied for the safety of pharmaceutical tools, i.e.,
prevent against COVID-19 virus.

5 Diagnosis of COVID-19
5.1 Nucleic acid based-detection techniques

In the present COVID-19 crisis, rigorous safety measures have
been implemented by various countries to recognize the infect-
ed people, isolate them, and monitor the spread of the virus. In
this perspective, reverse transcription-polymerase chain reac-
tion (RT-PCR), enzyme-linked immunosorbent assay
(ELISA), and lateral flow assays (LFA) have been recognized
as the leading alternatives to the biodetection in the current
pandemic. However, each of these techniques has its limitations
[61]. The latter two clinical testing standards are presently not
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proposed by the World Health Organization (WHO) [62]. The
real-time RT-PCR, which is currently common clinical testing
means for COVID-19, has succeeded among the myriad of
biodetection methods because of its excellent specificity to
pathogens and resolution (limits of detection) [52]. In this tech-
nique, the single stranded DNA/RNA viruses are usually de-
tected. In the current RT-PCR tests, 3 steps are undertaken.
Initially, the biological samples are collected and treated chem-
ically by lysing the membranes of the viruses releasing nucleic
acids. These nucleic acids are then precipitated and are collect-
ed through centrifugation. Second, the collected RNAs are then
transcribed using reverse transcriptase enzymes to form stable
complementary DNA (¢cDNA). The ¢cDNA are then
thermocycled (sequential denaturation, annealing, and exten-
sion) to amplify the target sequences. Third, the target cDNA
sequences are then detected via current/fluorescent probes,
inserted in the reaction mixture through increased fluorescence
which is directly proportional to the accumulation of target
cDNA sequence. Therefore, by amplification of the target
cDNA sequence, high resolution is established in the current
RT-PCR tests. However, such tests have limitation, i.e., it re-
quires infrastructural support for instrumentation set-up for pro-
cessing and detection. The inaccessibility to these regions from
the remote areas often leads to the limited sample collection and
high risk to the spread of the virus. In addition, requirement of
well-trained medical professionals as well as long time duration
to provide the diagnosis are few of the disadvantages, associat-
ed with such tests. In these methodologies, virus isolation is
required which is also a laborious procedure.

Overall, in medical biology, any biomolecule detection meth-
odology (including RT-PCR) is constituted of three major parts
[63]. First, the biosensors which consist of receptors (i.e., for
identification of the biological samples) provide a recognition
signal to the transducer (connected to the receptor). The trans-
ducer, in turn, converts this signal into a measurable electrical
signal. The second part consists of methods to prepare the bio-
logical sample. Sample preparation primarily depends on the
conditions, required for the detection as well as on the scientific
principle, followed by the sensors (e.g., microfluidics, electronic
measurement, temperature dependence, etc.). Finally, the inter-
pretation of the results is carried out. The first and last part pri-
marily belongs to the medical professionals. Medical profes-
sionals examine the validity and conformity of the samples with
specified protocols. The diagnosis corresponding to the final re-
sults is only authorized by a certified medical doctor. This is the
general medical procedure utilizing robust sophisticated instru-
ments with precise measurements of the large number of
samples.

These diagnostic methods are, therefore, time consuming (i.e.,
from sample collection to the interpretation of the results). The
best alternative to these methodologies is a point of care (POC)
systems, which offers accurate and rapid results [52, 63]. Also,
they are useful to provide the diagnosis in the case of emergency
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conditions as compared to conventional laboratory testing pro-
cess. This reduces the risk of spread of the disease. In addition,
access to remote areas becomes feasible. The POC biosensors are
such alternatives.

Recently, a rapid detection methodology (30 min) which does
not require such complex procedures, the loop-mediated isother-
mal amplification (LAMP) has been tested [64], [65]. This test is
similar to PCR tests, except the amplification of target DNA
takes place at same temperature as compared to that in PCR tests.
Therefore, thermal cycler, one of the instruments utilized in PCR
tests, is not required in the LAMP process [65]. LAMP along
with reverse transcriptase enzyme (RT-LAMP) assays can pro-
vide rapid, user friendly, and cheaper tests as compared to qRT-
PCR tests [64]. In addition, tests can be undertaken at wide
temperature and pH ranges along with the acceptance of non-
processed biological samples. The test also provides flexibility,
specificity, and sensitivity equivalent to the current PCR tests.
The amplification and detection steps occur at the similar time in
the same test tube by incubating the samples (target DNA and
RNA) at 60-65°C along with specifically designed biomarkers
and Bst DNA polymerase [65].

Biomaterials also present preferable POC approaches to-
wards diagnosis such as manufacturing of disposables, nasal,
and buccal swabs for collection of DNA samples which can be
preserved over the long duration of time [52]. Recently, 3D-
printed nasopharyngeal swabs (nasal) were developed, tested,
and validated by Formlabs (USA) [66]. In India, Reliance
Industries in collaboration with Johnson & Johnson also
started manufacturing test swabs since, May, 2020, which
was validated and approved by the National Institute of
Virology, Pune [67]. Biomaterials also present POC target
detection of DNA sequences using quantum dots [68]. In the
study, quantum dots were utilized as oligonucleotide probes to
detect target sequences of viral nucleic acids. In addition, bio-
materials are proposed to break the ethos of detection
methods, which require sophisticated instrumentation as an
original methodology, are in progress that can extract the viral
genetic material from complex biological samples and there-
by, amplifying the target sequences which can be viewed sim-
plistically [52, 69—71]. It has been reported that gold nanopar-
ticles and quantum dots are suggested to be excellent optical
probes/biosensors, based on the phenomenon of localized sur-
face plasmon resonance (LSPR) to detect the biomolecules
and their interactions [72, 73]. The surface of gold nanoparti-
cles changes its color, size, shape, and surface chemistry,
based on the characteristic of attached biomolecule which
can be detected via spectral shift. The spectral shift occurs
due to the change in the dielectric property of the surface of
nanoparticles. These shifts can be observed through the calo-
rimetry [74]. Lateral flow assays using colloidal gold nano-
particles for the detection of viral RNAs of COVID-19 have
been approved by WHO [75]. Quantum dots (QDs) are fluo-
rescence semiconductor nanoparticles. They are stable and
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bright as compared to organic dyes. In addition, these quan-
tum dots are excited by single wavelength and reveal different
colors depending on their size. Biocompatible quantum dots
are already being used as biomarkers for cells and tissues.
Magnetic nanoparticles of zinc ferrite, containing functional-
ized surfaces with carboxyl containing polymers, have been
reported to isolate the RNA of COVID-19 [76]. Zinc ferrite is
easy to prepare, biocompatible, chemically stable, and pos-
sesses magnetic properties. The carboxyl group modified on
the surface of zinc ferrite nanoparticles easily attract and ad-
sorb the viral RNA and thereafter, these can be further
employed in RT-PCR tests [75, 76]. Therefore, using this
process, the laborious procedure to extract the viral RNA,
used in PCR tests is not required. Recently, detection kits for
RNA extraction from the biological samples has also been
developed and launched by Sree Chitra Tirunal Institute for
Medical Sciences and Technology, India in collaboration with
Agappe Diagnostics Ltd., India [77]. These detection kits use
magnetic nanoparticles which can easily encapsulate the viral
RNAs from the biological samples.

CRISPR/Cas (clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated)-based detection of viral
nucleic acid has been another sensing methodology. It has
been developed into a more specific nucleic acid detection
methodology, i.e., SHERLOCK (specific high-sensitivity en-
zymatic reporter unlocking) having calorimetric readout based
on fluorescence and lateral flow based assays [78]. In this
methodology, Cas (CRISPR associated) proteins become ac-
tivated upon sensing of target RNA and in turn, they split the
fluorophore-RNA-Quencher reporter molecule into a
fluorophore [Fig. 5 (a)] [52]. Another detection procedure
for COVID-19 is based on the calorimetric method which uses
the RNA toehold switch connected with platform of paper
having cell-free proteins which attaches the target RNAs
(Fig. 5(b)) [52]. The RNA toehold switches are synthetic
RNA molecules along with toehold and regions of coding.
The barrier between the two is hairpin structures that seques-
trate the binding site for ribosome and thereafter, start codon.
The target RNA sequence attaches to the toehold region which
subsequently, unfolds the hairpin to further allow for binding
of ribosome and thereafter, a particular expression for gene is
observed. Overall, CRISPR and RNA toehold detection meth-
odologies utilize the enzymatic reporter system which expo-
nentially amplifies the signal intensity upon accumulation of
target sequence as compared to conventional nucleic acid
probes. Therefore, when these systems are RNA specific, it
can further be suggested to detect very low concentration of
target RNAs, especially in the case of COVID-19.

5.2 Antibody/antigen-based detection techniques

The above detection methodologies directly detect the viral
RNA and DNA. Another strategy is the detection of

antigens/antibodies which are generated by the patient’s im-
mune system against viral diseases. ELISA is one of the tests
to detect the antibodies produced against antigens in blood in
response to the viral infection. In this methodology, the anti-
gens are immobilized on the solid surface containing biolog-
ical sample (i.e., blood) and further the linked enzyme with the
binding of the antigen and antibody is also added. Thereafter,
the incubation is followed giving a suitable product created
due to the antibody—antigen binding which is quantifiable.

Electrochemical immunosensors have been recognized as a
suitable POC device because of their portability, cost effective-
ness, simplicity, user friendliness, and real-time data interpre-
tation (Fig. 6) [80]. These biosensors are basically classified in
the category of the affinity-based biosensors. Immunosensors,
generally, use the antibody and antigen (covalent/non-covalent)
binding mechanism as biological recognition stage which is
further coupled with a transducer to produce a measurable sig-
nal [78, 81]. It is comprised of a solid matrix where the anti-
bodies or antigens are immobilized. The surface of the matrix
contains the optically sensitive materials, piezoelectric materials
or membranes such that they change their physical or optical
properties because of the formation of immunocomplex (anti-
body—antigen complex). These changes in properties can be
conveyed in the form of signals such as optical evanescent
wave, surface plasmon resonance, fluorescence, and
chemilumenescense [82]. Various nanomaterials and nanocom-
posites such as quantum dots [83—85], nanoparticles of metals
[86—89], and conducting polymers [90-93] have been utilized
to develop immunosensors. The use of these materials is pri-
marily due to their highly selective nature to bind the specific
ligands and also due to the amplification of signal generated
due to the formation of immunocomplex. Immunosensors pri-
marily are of two types, i.e., labeled and non-labeled [80]. In the
non-labeled immunosensors, the detection of the analyte de-
pends on the physical properties while in a labeled
immunosensors, highly sensitive label (dye) is utilized as a
detectable reagent whose properties change with respect to
those of immunocomplex. Impedimetric immunosensors are
one of the non-labeled sensors which utilize the change in the
conductance/resistance of the immunocomplex and convey the
signal in the form of Nyquist plot (Fig. 7). Figure 7(c) depicts
the impedimetric immunosensor having an electrode which is
comprised of antibody coupled with nitrogen and sulfur co-
doped graphene quantum dots and gold embedded polyanline
nanowires. Using the pulsed electric field, the change in the
conductance of the electrode can be observed when the virus
binds with the antibody. Whispering gallery modes (WGM)
biosensing platform excited by microcavities have been sug-
gested to have very low detection limit. In addition, they are
optically very sensitive as well as they are label free (Fig. 7(d)).
When combined with the plasmonic resonance phenomenon,
their detection limit is lowered, i.e., up to the detection of single
RNA molecule.
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Fig. 5 Schematic approaches for
the diagnosis to detect SARS-
CoV-2 nucleic acid. (a) Detection
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Weng and Neethirajan et al. [98] developed a labeled
immunosensor, i.e., based on fluorescence resonance energy
transfer (FRET) mechanism to detect the infectious bronchitis
virus (IBV), a type of coronavirus. In this microfluidic assay,
probes of antibodies are labeled with fluorescence dye and
MoS,. In presence of the target virus (IBV), antibody binds
with the antigen forming a complex and thereby, the fluores-
cence dye is quenched due to the presence of MoS, to provide
a measurable signal. Piezoelectric biosensors are also

Fig. 6 A schematic description of
nanomaterials coupled
electrochemical immunosensor

Label .

developed which are based on the changes in the frequency
of piezoelectric quartz crystal (PQC) when the antibody—
antigen binding happens [99]. The receptor (i.e., antibody) is
immobilized on the PQC surface and the specific binding of
the antigen with the antibody changes the mass of the PQC
and thereby, decrease the corresponding oscillating frequency
which is a measurable signal.

The antibody-conjugated gold nanoparticles incorporate
the antigen—RNA-biotin reporter molecules which can be
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Fig. 7 Virus detecting methodologies, utilizing materials: (a)
Multiplexed microarrays with plasmonic gold (pGold) nanostructures
and near-infrared fluorescence molecules having Zika and dengue anti-
gens (triplicate). Human serum containing antibodies against Zika
(ZIKV) and dengue (DENV) viruses are discharged in the microarrays.
Thereby, antibodies get captured by the antigens on the microarrays.
Antibodies are tagged with a mixture of fluorescent dyes [anti-human
immunoglobulin G-infrared fluorescent dye 680 (IgG-IRDye680) and
immunoglobulin A-infrared fluorescent dye 800 (IgA-IRDye800)]. The
microarray (biochip) is thereby scanned in a fluorescence reader indicat-
ing the binding of antibodies and antigens [94] (Reproduced with permis-
sion from publisher). (b) Antibodies, embedded in nanowires binds with
the viruses and thereby, change in the conductance of the nanowires is
observed [95] (Copyright (2004) National Academy of Sciences, U.S.A.).

detected via lateral flow dipsticks which are commercially
available. Positive and negative tests from these complex as-
says are relatively simple as they can be detected via position
of dark purple line on a paper strip. These detection method-
ologies are in progress for COVID-19 tests [100, 101].
Various biosensors and transducers have been developed for
nucleic acid detection utilizing nanostructured surface which
is activated toward antigens/antibodies as well as smart mate-
rials to detect the specific DNA sequence [52]. In addition,
synthetic multi-component nucleic acid enzymes
(MNAZzymes) are one of the alternatives with efficient sensing
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(c) Pulse-induced impedimetric biosensors using electrode matrix of ni-
trogen and sulfur co-doped graphene quantum dots (GQDs) and
polyanaline nanowires embedded with gold (AuNP-PAni) to detect the
hepatitis E virus (HEV). The HEV is captured through nitrogen-linked
anti-HEV antibody (Ab) attached to sulfur co-doped GQDs and AuNp-
PAni (Ab-N, S-GQDs@AuNP-PAni) while a pulsed external E-field is
applied to observe the impedimetric response [96] (Open Access). (d)
Plasmonic gold nanorod-based biosensors to sense the single RNA mol-
ecule [97] (Reproduced with permission from publisher). Abbreviations:
EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride;
GCE, glass carbon electrode; NHS, N-hydroxysuccinimide; N, S-
GQDs, nitrogen and sulfur codoped grapheme quantum dots; PBS, po-
larizing beam splitter; PD, photo-detector; PDMS, polydimethylsiloxane

capability as they congregate due to the presence of target
RNA sequences (Fig. 5(c)). Recently, graphene-based field
effect transistor (FET) has been developed as an on-site rapid
detection biosensing device which is linked to the antibody
formed against protein spike of SARS-CoV-2 in culture me-
dium (limit of detection, LOD: 1.6 x 101 pfu/mL) and sam-
ples (LOD: 2.42 x 102 copies/mL) [102].

Nanomaterials comprised of biological as well as synthetic
molecules with excellent electrical and optical properties have
been used recently to develop nanobiosensors [23, 103]. These
biosensors generally use nanomaterials as bioreceptor to
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selectively recognize the analyte. Gold nanoparticles (Au NPs)
electrocatalyzed hydrogen evolution reaction (HER) conjugated
with specific antibodies were used to detect the cancer circulating
cells (CTCs) [104]. With this property of Au NPs, it can also be
used to detect the viruses with known antigens and antibodies. In
a recent report, solid-phase isothermal recombinase polymerase
amplication (RPA) methodology has been utilized to detect
Citrus tristeza virus (CTV) found in plants [105]. In this study,
gold nanoparticles coupled with DNA strands were placed on the
electrode surface which further detects the in-situ amplified CTV
(amplification of p20 gene, 387-bp, a characteristic feature of
CTV) via RPA assay [Fig.8]. The electrochemical impedance
spectroscopy (EIS) [Fe(CNg)* /Fe(CNg)*~ redox system| was
utilized to analyze the in-situ amplified CTV target which can
detect 1000 fg/uL of nucleic acid. BioMEMs (biomedical
microelectromechanical systems) are one of the mechanical
transducers being continuously researched for biosensor applica-
tions, examination, and recognition of biological molecules, drug
delivery applications, and lab on a chip system for implantable
biosensing. However, MEMS still have a long way to revolu-
tionize the field of detection with respect to viruses, especially for
practical purposes.

5.3 Medical equipment-based detection

Diagnostic instrument such as, computed tomography (CT)
which is X-ray imaging equipment, provides the images of
the internal organs of the human body in 3D. These images
can be further used for the identification, detection, and anal-
ysis of the viral infections such as COVID-19. For example,
an infected lung with COVID-19 can be depicted having shad-
owy patches as well as in pulmonary tracks/bands, these
patches are visible in the images, provided by CT. In addition,
equipment such as ultrasonic (ultrasound) system provides
real-time images of the area where the work piece is

acoustically coupled with the body. It can, therefore, be en-
abled to provide the real-time images of the lungs which are
further useful for the diagnosis of COVID-19. Other sophisti-
cated instruments such as magnetic resonance imaging (MRI),
single-photon emission computerized tomography, and posi-
tron emission tomography are also utilized for efficient imag-
ing of the internal environment of the human body with high
precision. However, well-trained medical staff in handling
such instruments are scarcely available, therefore, convenient
on-sight detection instruments are to be developed to have
accurate results.

6 Therapeutic approaches and applications

It is known that viruses are made up of genetic materials, few
structural proteins, and envelopes (in cases of enveloped vi-
ruses). The genetic material of virus is prone to mutational
changes [106]. Viruses are dependent upon host cell machin-
ery for their various functions such as, replication. Bacteria
can be treated with antibiotics because they have well under-
stood structures and predictable replication mechanisms.
However, such mechanisms for viruses vary from type to type
and species to species.

The currently available antiviral drugs are usually effective
against limited group of viruses [107]. Since 1963, only 90
drugs have been categorized under classification of effective
antivirals for only 9 infectious viruses [108]. Therefore, re-
quirement to the wide range of antiviral drugs to target several
viruses of different types such as respiratory viruses, mosquito
borne, tick borne, or unknown vector viruses are growing
[109]. The development of such effective antivirals can pro-
vide multipurpose solutions to prevent further pandemics in
the future. Materials science has played a vital role in the
development of various treatment procedures for diseases like

Fig. 8 Detection of Citrus tristeza virus via solid-phase isothermal recombinase polymerase amplification (RPA) using gold nanoparticles coupled with
DNA via impedance spectroscopy [93] (Reproduced with permission from publisher)
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cancer which uses engineered peptides and nanoparticles and
other advances like targeted drug delivery [110]. These
engineered peptides and nanoparticles may also be a solution
to a broad range of viruses and emerging viral pathogens
which can potentially be the cause of viral pandemics in the
future [101].

Each virus has distinct structural components. However, some
of the viruses have common characteristics which provide med-
ical basis for extensive antiviral targeting [101]. This is because
of the similarity in patterns of viral genome replication leading to
the development of viral replication inhibitors [111]. A number
of antiviral drugs belonging to the class of nucleotide and nucle-
oside analogs have been developed in the form of small molecule
inhibitors for treatment of infections, caused by several viruses
[112, 113]. For example, remdesivir, a nucleotide analog, is be-
ing explored for treatment of COVID-19 [114]. Nucleotide and
nucleoside analogs get incorporated into viral genome and inhibit
viral replication.

The first step of virus—cell interaction involves binding of viral
proteins to the receptor proteins on the cell membrane of the host
cell. Heparan Sulfate (HS) chains, in close proximity to the cell
surface, acts as cellular receptor for viruses. Various entry inhib-
itors can be designed to mimic receptors. Antiviral nanoparticles
coated with long and flexible linkers which mimic the Heparin
Sulfate Proteo Glycan (HSPG) are designed to inhibit the first
step of virus—cell interaction/viral attachment [115]. These parti-
cles have characteristic resemblance with that of the strong bind-
ing of viral attachment ligands and therefore, they deform the
virus irreversibly through generation of strong forces which has
been shown to inhibit viruses such as human papilloma, herpes
simplex (HSV), respiratory syncytial virus (RSV), dengue, and
human immunodeficiency virus (HIV) [107]. Flexible nanogels
are also designed to mimic cellular HS, acting as inhibitors to the
viral entry [116]. Non-toxic gold nanoparticles (Au NPs) have
recently been developed as broad spectrum virus inhibitors and
the concept of cyclodextrins, modified with mercaptoundecane
sulfonic acid, is developed to mimic Heperan Sulfate which can
potentially destroy virus [117].

An alternative way to target virus entry can be spike protein
inhibiting antibodies and peptides [118, 119]. Bacteriophage cap-
sids can act as a binder in multivalent mode due to similarity in
spatial arrangement of ligands with the geometry of binding sites
of spike protein. Capsids prevent binding to host cell by covering
the entire virus envelope thus, inhibiting virus infection [120].

Many viruses are surrounded by the envelops (coating of
lipid bilayer; membrane) and therefore, the physiochemical
disruption of this envelop may take away the capability of
the virus to infect [121]. Majority of viruses causing infectious
diseases are membrane bound and therefore, membranes are
suggested to be a target for wide range of antiviral activity and
thereby inhibiting the membrane fusion process of virus entry
[113]. Various antiviral small molecules [122], rigid amphi-
pathic fusion inhibitors (RAFIs) [123], and peptides [124]

have appeared to act as a deterrent to virus by inhibiting viral
envelopes, for HIV, hepatitis C, dengue, Zika, Ebola, and
Chikungunya. Coronaviruses, including COVID-19, are
enveloped viruses [125]. From materials science perspective,
such strategy of using engineered small molecules can be a
potential approach in the development of broad range of anti-
viral drugs [101].

Nanosponges derived from type-2 epithelial cells present in
human lung alveoli or human macrophages can be used to
neutralize the virus by exhibiting the same protein receptor,
required by SARS-CoV-2 for entry into the host cell and
therefore, virus will be unable to infect the host cells [126].
Cell membrane mimicking nanodecoys can be employed to
trap and detain viral pathogens at the cell membrane interface
and protection against infectious diseases [127]. Biomimetic
nanodecoys containing gelatin nanoparticles have been devel-
oped to adsorb and inhibit ZIKV replication [128] and similar
strategy can be used for the development of treatment options
for COVID-19. Virus mimetic nanovesicles, which resemble
virus in shape and size and ability to induce immune response,
can act as antiviral antigen delivery platforms against
enveloped viruses [129]. Micro-physiological systems, de-
rived from stem cells that resemble human tissues, are used
to test drug toxicity and efficacy, in vitro. Materials science
can help in the development of synthetic scaffolds used in
such systems [130, 131]. The m-RNA vaccines require
nano-carriers for vaccine encapsulation and stabilization
[132, 133]. For example, m-RNA encapsulated with lipid
nanoparticles are being explored as vaccine against COVID-
19 [134]. Microneedle patches, that slowly release the coated
material, may be an approach for self-administration of vac-
cines [132].

Viruses are susceptible to genetic mutation in response to
environmental changes and immune response of host cells
[135]. Mutation at the drug binding site can result in loss of
efficacy of drug [109]. One of the useful approaches for deal-
ing with this problem can be targeting the functions of host
cell which can be used for viral replication or other viral func-
tions (Fig. 9) [129]. Host cell functions are not under the
control of the virus and therefore, it will be much more diffi-
cult for the virus to develop resistance through mutation
against antivirals which target host cell functions [22]. From
materials science perspective, small molecule inhibitors can
be used to target host cell functions. This approach is also
verified by the development of various kinase inhibitors
[136, 137] used in cancer treatment. These inhibitors act by
impairing viral traffic in cells and have shown potential
against hepatitis C, dengue, and Ebola as these viruses are
dependent on particular host cell functions. Kinase inhibitors
are repurposed for the use in COVID-19 treatment to reduce
lung damaging symptoms by targeting viral life cycle [138].

Cytokine storm is a major cause of mortality in patients
suffering from severe COVID-19 pneumonia [106, 139].
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Fig. 9 Role of antiviral drugs to inhibit the virus entry as well as its
replication inside the host cell. (a) Viral entry into host cell and
subsequent replication using host cell machinery. (b) Site of action of

Cytokine storm is an exaggerated immune response against
COVID-19 infection that leads to widespread thrombosis and
endothelial damage [140—142]. Neutrophil membrane-coated
nanoparticles which have been shown to be effective in treat-
ment of inflammatory arthritis can also be used to suppress
immune response causing cytokine storm in COVID-19 pneu-
monia [143]. One of the approaches for the treatment of
COVID-19 is the use of neutralizing nano-antibodies. To
achieve high concentrations of these neutralizing antibodies,
aluminum-based adjuvants are being explored [144—-146].
Various co-factors like zinc inhibit enzymes, required for tran-
scription. Nanoparticles can be used to deliver such co-factors
to targeted tissues and therefore, be effective in inhibiting viral
replication [147].

The pathophysiology of COVID-19 pneumonia is such that it
destroys the oxygen exchange capacity of the lungs. In severe
COVID-19 pneumonia patients, there is virtually no oxygen ex-
change possible in damaged lungs. Extra corporal membrane
oxygenation (ECMO) is a method to artificially oxygenate the
patient’s blood by draining it through an ECMO device. The
material of gas exchange membrane used in ECMO devices
could be improved by using various biocompatible materials,
derived from natural human tissues [130].

7 Challenges and prospects

The virus can remain active for longer time on tissue paper (3
h), wood/cloth (2 days), glass/bank note (4 days), and stainless
steel/plastic (7 days) [148]. Therefore, the decontamination of
reusable masks, respirators, surgical tools, etc. is a challenging
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task to reduce the potential risk of viral infection/transmission.
The evolution of various decontamination techniques or self-
cleaning coatings is absolutely necessary in this time of med-
ical emergency which also potentially reduces the problems of
lack of PPE Kkits.

The world faced the problem of lack of clinical facilities
and quarantine centers during COVID-19 pandemic, there-
fore, establishing the temporary clinical facilities/quarantine
centers is necessary to overcome these problems. In India,
the rail coaches and several other places which were not in
public use have been converted into temporary quarantine
centers with clinical facilities which served as an important
assets to fight against COVID-19 pandemic [149]. The rail
coaches were equipped with filtration unit, disinfection units,
oxygen cylinder, etc. The cost of modification for the coaches
was particularly very low [149].

Storage of vaccine for a longer period of time is also one of
the challenging tasks. The cold storage plays a crucial role not
only in safe keeping of vaccine but also in its distribution. The
phase change materials such as salt hydrates in sheets, and dry
ice adsorb heat and maintain lower temperature for longer
duration and therefore, reduce the overall energy consumption
of cold storage [150]. These phase change materials also helps
in vaccine transportation in remote location by maintaining
lower temperature for several hours.

Nano-carriers directly interact with the biomolecules of
COVID-19 virus and host cells which consequently, influence
the interaction between them and protect the human beings
from viral infection. Nano-molecules also enhance the imag-
ing or drug molecules loading/delivery capability and there-
fore, such tools should be adapted in the future to improve the
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diagnosis and treatment facilities against COVID-19.
Although the nanotechnology has the above mentioned ad-
vantages, the nanotoxicity concern cannot be ignored.
Therefore, nano-tools must be designed with optimized parti-
cle size and dose-dependent manner.

To further study the replication and spread of viruses and
the emergence of new viral strains, isolating and purification
of target viral strains from biological samples such as blood
and saliva are necessary. Therefore, developing cost effective
equipment such as hand powered centrifuge is in demand. In
addition, dynamics of single virus replication in real-time in
cells along with other processes such as RNA replication,
formation of protein, and transmission via cell to cell can be
studied using high-resolution imaging tools such as time-
resolved wide angle X-ray scattering.

As the COVID-19 attacks the respiratory system of the
human body, the role of biomedical equipment such as venti-
lators and ECMO devices is also considerable. Every ventila-
tion system utilize the filters for several purposes like filtration
of the supplied gas to the patient, expired gas by the patient,
inners of the ventilation track, exhaled pathogens, and nebu-
lizers from the patients to protect the co-workers. These filters
can be further modified with a protective antiviral filter system
which can inhibit the entry of viruses and also have a self-
cleaning ability [22]. Extracorporeal membrane oxygenation
(ECMO) devices also suffer from major drawbacks such as
complex machinery and non-transferability. In addition, this
equipment requires optimized anticoagulation and their titra-
tion to avoid bleeding in the patients which is carried by vary-
ing the thrombotic (supplements of antithrombin for resistance
toward heparin) [151]. Also, changes in the factors concerning
the immunity of the patient are also one of the concerns. These
issues can be resolved with the development of simple small
devices along with the blood pump and oxygenator in a single
unit. This development can lead to the portability of the equip-
ment. In addition, by reducing the time for which blood re-
mains outside the body decreases the problems associated
with thrombotic variation. ECMO devices consist of gas ex-
change membranes which are comprised of hollow fibers of
silicon rubber and polymeric (polymethylpentene) materials
[152, 153]. These materials have the ability to resist the blood
flow to the devices as well as can facilitate the proper gas
exchange. These membranes can be employed with better
materials such as 3D-printable biocompatible materials [22].

8 Conclusion

Materials science plays a pivotal role in antiviral research such
as, studying viral biology, their transmission, protection, de-
tection, treatment, and vaccination. COVID-19 has impacted
every aspect of life, however, it has also paved a broad oppor-
tunity in the field of materials research. From manufacturing

to personal protective suits to drug carrier vehicles for the
antiviral drug development research, materials science has
touched most of the characteristic features for COVID-19-
related research. Nanomaterial-based microfluidics and
immunosensors which are suggested to be point of care sys-
tems are slowly becoming standard rapid detection methodol-
ogy for viral infections. A number of antiviral drugs, utilizing
the nanoparticles as carrier, are under in vivo trial.
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