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The COVID-19 is a pandemic caused by the SARS-CoV-2 virus, has instigated major health problems and
prompted WHO to proclaim a worldwide medical emergency. The knowledge of SARS-CoV-2 fundamen-
tal structure, aetiology, its entrance mechanism, membrane hijacking and immune response against the
virus, are important parameters to develop effective vaccines and medicines. Liquid crystals integrated
nano-techniques and various nanoformulations were applied to tackle the severity of the virus. It was
reported that nanoformulations have helped to enhance the effectiveness of presently accessible antiviral
medicines or to elicit a fast immunological response against COVID-19 virus. Applications of liquid crys-
tals, nanostructures, nanoformulations and nanotechnology in diagnosis, prevention, treatment and tai-
lored vaccine administration against COVID-19 which will help in establishing the framework for a
successful pandemic combat are reviewed. This review also focuses on limitations associated with liquid
crystal-nanotechnology based systems and suggests the possible ways to address these limitations. Also,
topical advancements in the ground of liquid crystals and nanostructures established diagnostics
(nanosensor/biosensor) are discussed in detail.
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1. Introduction

The end of 2019, saw the emergence of a dangerous viral infec-
tious illness which originated from China and quickly spread over
the world and eventually becoming a pandemic [1]. The outbreak
was labeled as pandemic in March 2020 [1]. This uncommon and
quickly spreading virus has been dubbed ‘‘coronavirus disease-
201900 (COVID-19) by the World Health Organization (WHO), with
the viral agent being dubbed ”severe acute respiratory syndrome –
coronavirus-200 (SARS-CoV-2). It has been a worldwide pandemic
which is wreaking havoc on people’s health and the economy
[2]. SARS-CoV-2 causes severe respiratory issues by triggering an
immediate immunological response, which is the predominant
cause of death, with a mortality rate of 0.05–19.4% per country.
SARS-CoV-2 is a single stranded, enclosed, positive-sense RNA
virus from the genus betacoronavirus [3]. The genus includes the
human coronaviruses (HCoVs):HCoV- HKU1, MERS and HCoV-
OC43 which was responsible for the SARS pandemic in 2002–
2004 and has 79 % nucleotide sequence similarity with SARS-
CoV-2 and MERS- CoV. SARS-CoV-2 employs its required receptor,
angiotensin-converting enzyme-2 (ACE2), to enter cells [4], which
was initially discovered in 2003 as the SARS-CoV receptor [5]. ACE2
also serves as a receptor for the alphacoronavirus HCoV-NL63,
which, together with HCoV-229E and the betacoronaviruses
HCoV-OC43 and HCoV-HKU1, is a known source of mild upper res-
piratory tract infections [3].

Increased mucous production is caused by SARS-CoV-2, which
obstructs the alveoli and reduces oxygenation in the blood. The
endocytosis and amplification of the signal cascade in the lungs,
which is initiated by cytokine storms, induces an inflammatory
reaction in the lungs and an acute immunological response [3,6].
The virus has the potential to infect the digestive system as well
as other key organs. It is capable of reaching any tissue that
expresses the ACE2 receptor [4].The effect of the S protein, which
seems to be a distinguishing trait of the infected cell for therapeu-
tic efforts, is responsible for much more than 80% of SARS-CoV-2
and recipient cell membrane contacts [5]. HCoVs are among the
top 10 viruses which cause human fatality. There have been
around 176 million confirmed cases worldwide, with 3,811,561
SARS-CoV-2-related deaths [5]. Despite the fact that coronaviruses
infect living creatures, some species, such as bats, which harbor the
most diversity of coronaviruses, are impervious to coronavirus-
related illness [7]. Fever, difficulty in breathing/shortness of breath,
and cough are the most common COVID-19 symptoms. In more
catastrophic situations, infection can lead to pneumonia, SARS,
and even death. The associated symptoms appear within 2–
14 days. The enormous impact of this pandemic will conceivably
provide substantial difficulties to the global health department,
as well as far-approaching ramifications for the international econ-
omy, if the viral transmission is not adequately handled in the near
future. This review article provides an in-depth look into SARS-
Cov-2, as well as a description of how it enters cells and produces
2

havoc to immune response. Applications of liquid crystals
and nanoformulations in various aspects of SARS-CoV-2 are also
reviewed.

The infection has spread across countries and caused a high
fatality rate in immunocompromised and diabetic patients, and
elderly population. This highly infectious illness poses a significant
danger to health-care systems. It wreaked havoc on the world’s
continents in ways that no one could have foreseen. As a result, a
number of major funding agencies have issued a request for pro-
posals to diagnose and treat the COVID-19 pandemic utilizing
sophisticated technology-based approaches, including nanotech-
nology. Researchers in the field of nanotechnology may help com-
bat COVID-19 by donating their time and expertise. The
nanotechnology sector of diagnostics and healthcare offers some
new research targets that might be constructed, enhanced, opti-
mized, and developed for existing/new materials.Some of the
potential research targets for COVID-19 include point-of-care diag-
nostics (POCD), novel pharmacogenomics, screening and monitor-
ing, immunotherapies, research, technology and innovation,
repurposing existing medicines for possible medicinal uses,
antimicrobial/ antiviral nanocoating or spray-based coating for
PPE development, viral RNA and magnetic nanoparticles (NPs)
[6], and rapid detection kits.

Liquid crystals, a prospective branch of materials that are
exceedingly sensitive, quick-responding, and minimal cost, are
often employed to detect weak environmental stimuli and have
received a lot of attention. Because of its self-assembly potential
and functional variety, numerous research groups have focused
on building liquid crystal-based biosensors during the last decade
[8,9]. The discussed recent research on the formulation and devel-
opment of biosensors based on liquid crystal is established on the
fact that interactions amongst proteins, biomolecules, enzyme-
s and liquid crystal molecules can have a direct influence on the
orientation of liquid crystals. Using the sensing idea of biosensors
employing liquid crystal, and also their signal recognition by test-
ing interfacial contacts, the conversion, amplification, and quantifi-
cation of information from targets into electrical and
optical properties is discussed. Liquid crystal biosensing targets
such as proteins, cells, microbes, nucleic acids, ions, glucose,
enzymes, and other micromolecules necessary for human health
are also introduced. Tunable stimuli-responsive liquid crystal
biosensors have been reported to have bright prospects and great
superiorities in biological applications because of their ability to
self-assemble, chemical variety, and high sensitivity. Finally, diffi-
culties and opportunities for the manufacturing and deployment
of liquid crystal biosensors are reviewed in order to improve their
performance and fulfill their potential in the biosensing business.
The sensing mechanism of liquid crystal, according to Rastogi
et al. [10], is based on a change in its molecular orientation when
oil palm leaf NPs are added, with graphene oxide acting as an
alignment layer. Optical texture analysis was used to capture this
orientational shift. As a result, liquid crystal serves as a biomolec-
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ular OPL sensor. To date, there have been just a few published
research investigations on SARS – Cov 2 detection utilizing liquid
crystal-based sensors. This review article addresses the develop-
ment of liquid crystal-based sensor and immuno-sensor for
SARS-Cov-2 diagnosis and its antibody that combats it [11]. The
developed kit is a low-cost, quick, and reliable portable home kit
based on a straightforward diagnostic approach for the SARS-
CoV-2 virus’s self-detection.

Expanding testing capabilities, developing effective medicines,
and developing safe vaccinations that produce long-lasting immu-
nity are all strategies that must be investigated. Biosensing, medi-
cation delivery, imaging, and antimicrobial therapy are just a few
of the medical uses of NPs. SARS-CoV-2 is an infectious virus with
a crown -like morphology and a size of 60–140 nm. Because of
their structural similarities, chemically synthesized NPs can closely
mimic viruses and have significant interactions with their proteins.
As a result, NP-based solutions have future for combating this virus
and hold a lot of fruitful outcomes. Previously NPs has been
reported to be effective against a variety of viruses, particularly
those belonging to the family of Coronaviridae. This comprehensive
review addresses the concept of NPs in diagnosing, treating, and
immunizing against the other two pandemic coronaviruses, the
SARS virus of 2003 and the Middle East respiratory syndrome
(MERS) virus of 2012.

Other coronaviruses, such as avian coronavirus, feline coron-
aviruses (FCoV), HCoVs, infectious bronchitis virus (IBV), coron-
avirus models, such as porcine epidemic diarrhoea virus (PEDV),
transmissible gastroenteritis virus (TGEV), porcine reproductive
and respiratory syndrome virus (PRRSV), and others mutated ver-
sion of SARS- CoV-2, are also introduced. This review synthesizes
key findings from previous antiviral research with fresh SARS-
CoV-2 research to provide effective diagnostic tools and nanofor-
mulation tactics in the future to battle COVID-19 and other
pandemics.
2. Cellular mechanism for the SARS-CoV-2 pathway

Coronavirus infection causes the development of ‘‘replication
organelles” [4]. SARS-CoV-2, similar to MERS-CoV, is classified as
a first-generation virus: proprotein convertases, such as furin
cleave its S protein in virus-generating cells into ‘‘S1 and S2” sub-
components [12,13]. The ‘‘S1”subcomponent contacts ACE2,
whereas the ‘‘S2”subcomponent binds to the membrane and
attaches the S protein. When a new cell is infected, the ‘‘S2” sub-
component also carries a fusion peptide (FP) and additional gears
essential for membrane fusion [14]. SARS or MERS coronavirus
are assumed to arise from the endoplasmic reticulum (ER) and con-
tain viral replication complexes, confiscating them from cellular
innate immune components.The replication site infuses retro-
viruses structural proteins and sequencing RNA, which are subse-
quently transmitted to the (ERGIC) ER–Golgi intermediate zone,
wherein virus congregation and budding occur [15,16].The pro-
teins S (spike), E (envelope), M (membrane), and N (nucleocapsid)
are the only ones built-in into the virion structure. The S protein,
which is a trimer with the semblance of a crown (corona), facili-
tates important entry processes such as receptor binding domain
(RBD) and membrane fusion [4]. One of the trigger for SARS-CoV-
2 is the generation of a S20 site by the fragmentation of a second
site internal to the ‘‘S2” subcomponent. This S20 position becomes
visible when the virus interacts with ACE2.The cleavage of S20 spot
either by TMPRSS2 (transmembrane protease serine 2) [17,18] at
the surface of cell or in the endosomal compartment by cathepsin
L [19] after ACE2-mediated endocytosis [20], releases FP [4]. Every
step of this process is crucial because the viral genome requires
3

cytoplasmic access, which is only possible when the opening
between the viral and cell membranes grows and the two mem-
branes are entirely linked. RBD affinity for ACE2 has also enhanced
as a result of frequent recent mutations (Supplementary table 1
(TS1)). Unfortunately, this adaptation gives the virus considerable
leeway to tolerate immune-evasion alterations, which will likely
reduce the virus’s affinity for ACE2.

SARS-CoV-2, on the other hand, appears to be more reliant on
TMPRSS2 than cathepsins, according to research conducted so far
[4]. Alternatively, CoV-20s with SARS affinity for TMPRSS2 might
potentially be explained by the SARS-CoV S protein’s strict folding,
which permits accurate cathepsin L (a low substrate specificity
protease) exposure to the S20 site. Because of variation in the fold-
ing of the SARS-CoV-2 S protein, cathepsin digestion is not limited
to the S20 site. This results in neighboring strands being over
digested, rendering the fusion process useless. SARS-CoV-2 would
be compelled to choose TMPRSS2 over cathepsins under these con-
ditions (role of cathepsins as mentioned in [4]). If this is the case,
SARS-furin CoV-20s and TMPRSS2 dependencies appear to indicate
a choice of less terrible possibilities. The widespread usage of
TMPRSS2 inhibitors is more likely to result in viral modifications
that allow it to escape the inhibitory impact of interferon-
induced transmembrane proteins (IFITM) proteins and exploit
cathepsins more accurately. This entails the value of using combi-
national treatments that target both routes (camostat mesylate
plus hydroxychloroquine). Camostat mesylate, as a serine protease
inhibitor, inhibits the TMPRSS2-mediated entrance route. The
entrance route for cathepsin-mediated enzymes is impeded by
the acidification of endosomes, which hydroxychloroquine and
chloroquine both inhibit. RBD affinity for ACE2 has also enhanced
as a result of frequent recent mutations (Supplementary table 1
(TS1)). Unfortunately, this adaptation gives the virus considerable
leeway to tolerate immune-evasion alterations, which will likely
reduce the virus’s affinity for ACE2.

3. Detection of SARS-CoV-2 using liquid crystal as biosensors

Liquid crystals are a new type of sensing material that has qual-
ities that are akin to liquids and solid crystals in terms of flowabil-
ity and order. Because of its advantage of functional versatility and
self-assembly, liquid crystals have a remarkable capacity to
amplify signals and sense environmental forces, and have indeed
been commonly used in biosensing devices. Interactions between
biochemical species and liquid crystal molecules can produce
direct changes in liquid crystal molecular orientation, which can
be exploited to sense substances in liquid crystal-based sensing
systems. The mechanics of liquid crystal-based biosensor processes
are primarily based on liquid crystal molecule rearrangement, with
a variety of detecting methods for capturing the optical and electri-
cal properties of liquid crystal molecules being researched. Because
of its advantages of low cost, high sensitivity, and quick response,
liquid crystal-based biosensors have lately attracted a rising num-
ber of researchers, as shown in Supplementary table 2 (TS2).

Liquid crystal-based biosensing devices have overcome some
initial hurdles. However, there is still a long way to go before liquid
crystal biosensors can be used for commercial application, with
four major difficulties to address:

(1) Despite what some research claim at the nanoscale level,
electrostatic phenomena or binding behaviors plays a cen-
tral role in contacts and detection [21,22], internal mecha-
nisms and detection are still unclear.

(2) Liquid crystal microdroplets have been used to implement
all documented lasers that may offer optical feedback in liq-
uid crystal biosensor. Other cavities (including the random



Fig. 1. (i): Probe DNA adsorption at the aqueous-liquid crystal interface with cationic surfactants (A and B).Optical micrographs (crossed polarizers) of the E7 film were
obtained following the adsorption of (A) DTAB and the subsequent adsorption of (B) the ssDNA probe. 100 mm scale bars (C) The liquid crystal film decorated with DTAB and
its generated optical response to the ssDNA probe’s adsorption is depicted schematically [9]. (ii): SARS-CoV-2 RNA adsorption at the aqueous-liquid crystal Interface (A)
Crossed polarizer optical micrographs showing the dynamic reaction of the DTAB/ssDNA probe-decorated E7 film to ssRNACoV adsorption. 100 mm scale bars (B) Change in
normalized grayscale of E7 films’ with time following ssRNACoV adsorption. (C) Schematic representation of the liquid crystal film’s decorated with DTAB/ssDNA probe and
its optical response to ssRNACoV adsorption. (D & E) Change in normalized grayscale and response time of E7 films decorated with DTAB/ssDNA probe with ssRNACoV and
ssDNACoV concentrations. The error bars represent the average of three different measurements [9].
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laser or original F–P cavity) should be able to examine the
biological system behaviors and may be able to circumvent
the form limits on microdroplets for lasing production.

(3) To meet the commercialization requirement, stable sensor
systems and responsive signals are necessary. In the produc-
tion of liquid crystal biosensors, there are still certain unsta-
ble aspects. Deviations in liquid crystal microdroplet sizes
and liquid crystal cell thicknesses, for example, provide a
barrier to biosensor accuracy. Furthermore, signal examina-
tion using computer-aided tools/software or artificial intelli-
gence (AI) must not be overlooked; otherwise, analyzing
such a vast quantity of telemetry data, such as grey values
and bright areas obtained by computer image processing
to substitute naked-eye illustrations, will take a significant
amount of time.

(4) Due to the stored elastic energy, some particular biomole-
cules (for example, lipids [23]) can alter the orientation of
liquid crystal molecules as anisotropic elastic materials. Fur-
ther, more research is the need of the time to see if the
behaviors of liquid crystal molecules may regulate the activ-
ities of living organisms in the opposite direction. This might
lead to new ideas and proposals for liquid crystal materials
that allow for bidirectional control of liquid crystal and
biomolecules.

The detection of SARS-CoV-2 using thermotropic liquid crystals
as a possible diagnostic tool was reported by Xu et al. [9]. As shown
in Figs. 1 and 2. Herein, four steps were involved which are as
follows:
4

1. A surface functionalized with DTAB (dodecyltrimethylammo-
nium bromide), a cationic agent, was produced on sheets of
the widely used nematic liquid crystal E7 that were micrometer
(lm) thick. On a glass substrate adorned with DMOAP, or
dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium
chloride, E7 molecules were arranged in homeotropic
orientation.

2. At the aqueous - E7 interface which was decorated with DTAB, a
nucleotide corresponding to the targeted SARS-CoV-2 ssRNA
motif was immobilized. Electrostatic interactions drew oppo-
sitely charged ssDNA (negative charge) and the DTAB (positive
charge) at the aqueous-E7 interface.

3. With the adsorbed ssDNA probe, ssRNACoV was delivered to
the cationic DTAB loaded E7 interface. The temperature was
then raised to the Tm of ssRNACoV’s i.e., 48.7 �C. During the pro-
cess, E7 surface temperature was maintained using a Peltier hot
stage (Linkam PE120).

4. Pictures obtained with a CCD camera on a polarized microscope
were used to quantify the optical manifestation of the E7 films
adsorbed with RNA.

By increasing the concentration from nanomolar to femtomolar
quantities, the findings demonstrated the E7 surface’s detection
limit for the target ssRNA. Polarizing layers were integrated
throughout the sensor’s architecture to help detect the confirma-
tion shift in the liquid crystals using visible light. To provide con-
stant sensor lighting, the sensor gadget was paired with a
holding clip and an appropriate smartphone app. The COVID-19
project’s next urgent step is to move the test into a clinical assess-



Fig. 2. Devise design and schematic illustration of a liquid crystal-based ssRNACoV diagnostic kit. (C and D). After adding 30 fMssRNACoV and 30 fMssRNASARS to the liquid
crystal-based detection kit, optical elucidation of the kit under a light was performed. The inset shows the normalized grayscales of TEM grids following the adsorption of
ssRNACoV on 1 cm scale bars. (E) Readout of negative (on adsorption of 100 nMssRNASARS) and positive (on adsorption of greater than 30 fMssRNACoV) test findings using a
smartphone app [9].
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ment phase, which will include testing in a biosafety level 3 (BSL-
3) laboratory with authentic patient samples.
4. Liquid crystal – Based immunosensor

Jeon et al. [11], developed a new immunosensor based on liquid
crystals to detect antibodies to SARS-CoV-2 N protein. The antigen
was immobilized on nanostructure’s surface and the antigen–anti-
body interaction was monitored. This phenomenon was explored
for developing biosensors and the produced biosensor demon-
strated a quick optical response to the change in orientation order
of the liquid crystal molecules. In the absence of antibody, the liq-
uid crystal molecules were arranged in the direction of nanostruc-
ture anisotropic topography as depicted in Fig. 1a in [11].
Henceforth under polarizing optical microscope (POM), a uniform
texture was observed (Fig. 1b [11]). On introduction of antibodies,
antigen–antibody complexes were created which distorted the
parallel organization of liquid crystal molecules. This resulted in
randomized liquid crystal molecule orientation (Fig. 1c [11]),
which was detected as random texture under POM (Fig. 1d [11]).
The establishment of this methodology for SARS-CoV-2 antibodies
recognition provided a selective and a sensitive biosensing plat-
form. The findings imply the proposed immunosensor is an easy,
inexpensive, and label - free biosensing platform. Furthermore, it
may be used in clinical practice to identify the existence of prior
COVID-19 infected individuals because it only requires a 2 lL sam-
ple volume and allows for a quantitative evaluation of the selectiv-
ity for antibody recognition.
5

4.1. Preparation of antigen immobilized nanostructure surfaces

Oblique deposition method using electron beam evaporator
was employed to create a gold substrate. Anisotropic nature of
nanostructure topology on fabricated substrate was confirmed
from the observed topological image with an amplitude of 1 to
4 nm and a wavelength (k) 20 to 50 nm [24]. The alignment behav-
ior of liquid crystals on the modified substrate was studied after
the formation of self – assembled monolayers (SAMs). SAMs was
formed on the gold substrate using a 1 mM ethanolic solution com-
bined with 11-mercaptoundecanoic acid (MUA) and 1-decanethiol
at 7:3 ratio. When the lone-pair of electrons in the sulphur of
MUA’s sulphhydryl functional group and 1-decanethiol contact
with gold, a weak coordination bond was formed [25-50]. An opti-
cal sample cell was fabricated by using the glass substrate coated
with trichloro (octyl) silane (OTS) and injecting liquid crystals.
Under POM, the liquid crystals’ optical response had a consistent
texture, indicating the uniform distribution of liquid crystal mole-
cules on the substrate surface. As a consequence of this finding, liq-
uid crystal molecules appear to be oriented in the direction of the
anisotropic nanostructure topography generated by oblique depo-
sition of gold, resulting in homogeneous liquid crystal cell texture.

To immobilize the SARS – CoV – 2 N protein antigens on the
mixed-SAM-functionalized nanostructure, the N-
hydroxysuccinimide NHS/EDC (N-(3-Dimethylaminopropyl)-N0-
ethyliquidcrystalarbodiimide hydrochloride) protocol was utilized.
The antigen was then incubated in an aqueous solution for 30 min
to produce a strong amide bond between the antigen and the car-



Fig. 3. COVID-19 pathway points and potential repurposing pharmacological target [3,63].
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boxylic (–COOH) functional group activated by the NHS ester [28].
Liquid crystal alignment is hampered by high concentration of
immobilized antigens, however; low concentration of immobilized
antigen lowers the target antibody’s limit of detection (LOD). As a
result, Jeon et al. [11] performed a study to validate improvements
in the liquid crystal optical micrographs by examining birefrin-
gence pictures of optical sample cells immobilized with antigens
at different doses in order to optimize the areal density distribu-
tion of antigens. Under POM, consistent liquid crystal textures
were seen while examining optical micrographs of sample cells
to substrate modified with 10 and 100 nM antigen in phosphate
- buffered saline solution(PBS) (Fig. 3a,b in [11]). The observed tex-
tures had defect or disclination lines which were different from
the regular textures. Liquid crystal alignment defects were created
because of the protein or other macromolecules on the solid sur-
face [29,30]. Nonetheless, they are consistent textures rather than
haphazard ones, since the region had uniform brightness except
for the defect line, and the brightness variance between 0� and
45� was considerable. Random liquid crystal textures were seen
under POM at doses greater than 100 nM, on the other hand
(Fig. 3c, d in [11]).

4.2. Anti-SARS-CoV-2 N antibody detection

The antigen–antibody immune complexes were generated
when the SARS-CoV-2 antibody solution was incubated on the
6

antigen-immobilized surface and expected to disrupt the uniform
arrangement of liquid crystals. The ethanolamine solution was
added before incubating the antibody solution to avoid imprecise
binding produced by residual –COOH (carboxylic) functional moi-
eties that did not attach to the antigens on the surface. A random
liquid crystal texture was created by observing the optical texture
response of the optical sample cell treated with antibody (1 g/mL)
in PBS solution for 3 h (Fig. 4a in [11]). This finding supports
the hypothesis that the antigen–antibody complexes produced on
the nanostructure disrupt the alignment of liquid crystal mole-
cules, ensuring a shift from even to uneven distribution of the liq-
uid crystal molecules. This indicates that SARS-CoV-2 antibodies
may be detected using a liquid crystal-based immunosensor. It
was the first time a liquid crystal-based sensor was used to detect
anti-SARS-CoV-2 antibodies.

The grey scale values of the SARS-CoV-2 liquid crystal optical
pictures taken at 0� and 45� were identical, indicating that the liq-
uid crystal textures were random. However, at 0� and 45�, the grey
scale values of the liquid crystal optical pictures for the two control
proteins, albumin from human serum HSA and BSA, were consider-
ably different, showing that the liquid crystal textures were not
uniform. This research demonstrated that liquid crystal-based
immunosensor can quantify the difference in optical texture
response between control proteins and SARS-CoV �2 antibody,
making it potentially useful as a portable sensor gadget that can
be examined with a smartphone app.



Fig. 4. Potential uses of nanotechnology in the fight against SARS-COV-2 [3,86].
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The optical thicknesses of 0.98 ± 0.11 and 2.40 ± 0.24 nm was
demonstrated for surfaces treated with SAM and antigen
(100 nM) mixed solution. This rise suggested the attachment of
antigens to the gold surface that had been mixed-SAM functional-
ized. The thickness of the surface increased dramatically after
engagement with the solution of SARS-CoV-2 antibody, reaching
4.11 ± 0.25 nm.When comparedwith the antigen-immobilized sur-
face, the thickness was around 1.7 nm, which is greater than the
1.4 nm increase observed for immobilized antigen. Thus, there
was an increasing discrepancy because of increase in antibody’s
molecular weight, (Mw = 140.32 kDa) than the antigen’s Mw,
47.08 kDa. The thickness of the surface following absorption in
the solutions of control proteins, however, was noticed to be 2.60
± 0.16 nm and 2.70 ± 0.14 nm, respectively. Consequently, no sig-
nificant change was obtained when compared to the thickness of
the immobilized antigen surface. This study demonstrated that
the SARS-CoV-2 antibody recognizes the antigen selectively, ensu-
ing rise in optical thickness, implying that antigen–antibody com-
plex formation promoted the orientational change of liquid crystals.

At each stage of the gold surface’s development the precise
intermolecular reaction process was monitored using the surface
plasmon resonance (SPR) biosensor by detecting real time refrac-
tive index shift of the incoming light. The gold chip used in the
SPR study was functionalized with –COOH groups by pre-
absorption in a mixed SAM solution. To stabilize the SPR signal,
7

the solvent was pre-run in each reaction step in order to clearly
identify the change in the resonance unit value (RU). First, the
SPR signal was stabilized by injecting a large volume of deionized
water (DI) water into the fluidic module. After flowing NHS/EDC
solution in DI water through two channels for 200 s (300–530 s),
the antigen was immobilized on the surface by flowing an antigen
solution (100 nM) in PBS through two channels for 160 s (710–
870 s).As a result, the measured refractive index increased by
750 RU between 1850 and 2600 RU indicating the immobilization
of the antigen on the COOH-functionalized gold substrate. The
remaining COOH functional groups were blocked by running the
ethanolamine solution in DI water for 150 s (1050–1200 s). Target
antibody and control protein HSA were injected into the target and
control channels, respectively, after washing with PBS solution
(1400–2560 s). The target channel’s refractive index was around
1300 RU, whereas the control channel’s refractive index increased
by about 200 RU. The result indicates the selective binding of the
SARS-CoV-2 antibody to the antigen-immobilized gold surface.
The SPR signal analysis revealed the real-time modification of
COOH-functionalized gold surface at each step, and the refractive
index shift between the target and control channels confirmed
the selective recognition of antibody for SARS-CoV-2.The finding
backs with the theory of the textural shift in liquid crystal images
observed under POM caused by the SARS-CoV-2 antibody’s selec-
tive binding event.
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5. Nanodiagnostic application in SARS-CoV-2

In the case of SARS-CoV-2 detection, nanotechnology can be
used in the following ways: chiral biosensors (NPs conjugated with
chiral molecules); point-of-care testing (POCT) (make a diagnosis
of infected people exclusive of specimens submission to authorities
by using simple color changes caused by nanostructures); nucleic
acid testing (nucleic acid amplification using NPs under isothermal
circumstances); electrochemical sensors (enhanced efficiency and
sensitivity with the use of metallic NPs) [31].

5.1. Nanostructured biosensors

Medicine is one of the domains where nanotechnology is gain-
ing attraction [32,33]. In terms of bioavailability and specificity,
nanostructure-based delivery methods surpassed traditional deliv-
ery techniques. The majority of the added value comes from NPs’
physicochemical properties, such as their high surface area to mass
ratio, tunable size, and easily functionalizable structure. They can
improve therapeutic effect by stabilizing drug in the systemic cir-
culation for targeted, controlled, and long-term delivery [34]. Their
potential benefits include in vivo imaging, multiple targeting, and
combination medication administration. All of these concepts can
be used to combat the COVID-19 pandemic.

Traditional time-consuming processes, such as quantitative RT-
PCR, can be reduced with NP-based biosensors, resulting in signif-
icant improvements in quick diagnosis [35]. Within 10 min, the
SARS-CoV-2 biosensor, which uses thiol-modified antisense
oligonucleotide-capped glycol nanoparticles, may identify COVID-
19 cases by color change which is observable to the naked eye
[59]. In conjunction with a lateral flow diagnostic device, the glycol
nanoparticle platform provides a low-cost, rapid diagnostic time of
less than 30 min. By linking infection progression with socio demo-
graphic characteristics, nano biosensors coupled with bioinformat-
ics might give personalized techniques that can further enhance
focused screening, monitoring of asymptomatic patients (carriers),
and detecting discharged patients for re-infection [36]. A variety of
nanostructured biosensor applications are shown in Fig. 4 [36].

5.2. Detection using nanomaterials and smartphone

Nanopapers and nanochannels are nanomaterial-based sensors
that allow smartphones or the naked eye to identify lateral-flow
devices at the observation level. They provide cost-effective viral
detection solutions. The next generation of SARS-CoV-2 detection
will be battery-operated and smartphone camera-based amplifica-
tions using inorganic quantum dots [37]. Smartphone-based sens-
ing systems are semi-automated, personalizable, user-friendly, and
require minimal training to implement. The sensor system is
linked to the smartphones; NPs are used in the background; the
sensing system performs the analysis; and lastly, the smartphone
interprets the data. It is more personalized than PCR and requires
less time [38]. Supplementary table 3 (TS3) lists some of the nano-
materials that have been studied for COVID-19 diagnosis.

5.3. Nps for detection of SARS-COV- 2

Because of its accessibility, selectivity, sensitivity, and speci-
ficity, RT-PCR is employed in most viral RNA detection protocols
[39]. There are certain disadvantages to RT-PCR procedures, such
as low extraction efficiency, the usage of time-consuming pro-
cesses, and false positives owing to contamination. Because of its
large surface area and ultrasmall size, NPs have been used to
improve virus detection effectiveness not only in RT-PCR but also
in other virus detection methods such as an enzyme-linked
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immunosorbent assay (ELISA) and reverse transcription loop-
mediated isothermal amplification (RT-LAMP) [40,41]. In terms of
viral detection, metal NPs, carbon nanotubes, silica NPs, quantum
dots, and polymeric NPs have all been investigated as summarized
in Supplementary Table 4 (TS4).
6. Treatment of SARS-CoV-2 (COVID-19) using nano based
systems

6.1. Role of antiviral materials

6.1.1. Antiviral nanostructure materials
Nanostructures could also help COVID-19 infected patients to

avoid significant organ problems, co-infections, and post-
recovery syndromes. External vesicles, exosomes, and artificial
nerve conduits are antiviral nano biomaterials that can pass over
the blood brain barrier (BBB), enhance synaptic plasticity, modu-
late immunity against inflammation and pain after a stroke, pro-
mote neuronal regeneration, and heal COVID-19 [42] neuropathic
pain. The use of lipid nano emulsions to nano target cytokine
receptors has shown promise in reducing dementia and brain
inflammatory neurodegeneration, which is a risk factor for Alzhei-
mer’s disease. To summarize, all of these nano therapeutic options
have the potential to give timely answers for fighting the pandemic
and laying the groundwork for future research.

Some nanomaterials have been shown to exhibit antiviral prop-
erties through ion formation, the production of reactive oxygen
species (ROS), photodynamic and photochemical effects, and asso-
ciations with lipopolysaccharides to prevent viral binding and pen-
etration [43]. It has been shown that certain NPs emit ions in
dispersion, and that some of these ions have antiviral capabilities
against coronavirus. Metal ions have been demonstrated to inter-
act with essential viral enzymes, although there are likely other
undiscovered processes at play [44-88]. Zn2+ ions, as an example,
have been shown to decrease SARS-CoV replication by inhibiting
elongation of RNA polymerase in the presence of RNA [45]. Like-
wise, Warnes et al. [47] discovered that copper surfaces can harm
human coronavirus 229E’s membrane and contact spikes, causing
morphological changes and exposing the viral DNA, which was also
destroyed. The inactivation of the coronavirus was caused by ions
created by the copper surface, whereas the production of ROS on
the copper surface boosted cytotoxic properties. Although this
study used massive material, investigations have demonstrated
that the number of ions released by metals is proportional to their
surface area, therefore nanoparticle exposure might increase ROS
production. As a result, copper NPs may have more cytotoxic prop-
erties than bulk copper [46,48], and certain copper NPs are already
doped in the masks to exploit the beneficial aspect of copper. Dif-
ferent antiviral compounds, their mode of action and persistence,
and uses are listed in Table 3 and 4 [42].

It’s also worth noting that metallic NPs’ photothermal and
photo-catalytic characteristics have the potential to disinfect sur-
faces. Coronaviruses have been found to be inhibited by heat, with
the temperature variable depending on exposure time; a half-hour
exposure at 60 �C can reduce coronavirus by at least 4 log10, buta
1-minute exposure at 80 �C can achieve the same reduction rate
[49]. Photothermal treatment is now being utilized to inhibit can-
cer cells, however; it is also effective to inhibit viral cells [50]. This
method might work with other viruses too, while it hasn’t been
tried against coronaviruses. Murine leukemia virus, for example,
is effectively inhibited using gold nanorods (GNRs) triggered by
an 805 nm laser [51]. In addition, when ROS is formed as a result
of the excitation created by UV light exposure, the photocatalytic
action occurs [50]. Nakano et al. [52], reported on the photochem-
ical activity of titanium dioxide NPs (TiO2) to inactivate influenza
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virus. As previously stated, the formation of ROS can result in
antiviral action against coronaviruses; consequently, NPs having
photo-catalytic characteristics could be another route to coron-
avirus inactivation. The use of ’revolutionary’ materials like
graphene nanostructured materials in the battle against coron-
avirus is currently under investigation. These materials, on the
other hand, can be particularly efficient against viruses because
they produce ROS, inactivates encapsulated RNA viruses, demon-
strate biochemical interactions with viruses, have a negative
charge and have a competitive inhibitory mechanism [53,54]. Fur-
thermore, the graphene’s action mechanisms and the beneficial
properties of its by - product have prompted scientists to suggest
new investigations to battle SARS-CoV-2 in a variety of relevant
domains and functions [55].
6.1.2. Antiviral drugs
Antiviral medicines are another notion that can render coron-

aviruses inactive [56,57]. Knowledge of how antiviral medications
inactivate viruses and how they interact with SARS-CoV-2 proteins
should lead to a better understanding of potential coating materi-
als that can be employed on abiotic surfaces to recreate the same
effect. Antiviral medications work in a variety of ways, including
synthesizer, phosphorylation, proteolytic, and cyclosporin inhibi-
tors, as well as adsorption and fusion blockers, enzymatic activity
and channel blockers. All of these target distinct phases of the viral
cycle. The interaction of antiviral medications with coronavirus S
proteins may be the most useful to focus on since it can reveal
information about how other chemicals interact with spike pro-
teins. Viral cells engage with host cells via glycoprotein and
ligands, allowing them to infiltrate the cells [58]. Certain medica-
tions, such as inhibitors of viral surface proteins, can target and
block viral cell-host cell interaction or fusion [59,60]. Supplemen-
tary table 5 (TS5) shows some useful repurposed drugs that inter-
act with spike and glycoproteins, and typical mechanism of action
is restricted access (which focuses on the virus’s adhesion to the
host and penetration into it) [60].

Drug repurposing aims to tackle the pandemic by repurposing
medications that have already been found for other known medic-
inal objectives. This is a viable method since it reduces the time it
takes to discover a new medicine. The antibiotics lividomycin,
quisinostat, spirofylline, burixafor, pemetrexed, edotecarin,
diniprofylline, fluprofylline, chloroquine (CQ), hydroxychloroquine
(HCQ), remdesivir, tocilizumab, lopinavir/ritonavir, ivermectin, and
azithromicin,in addition zinc supplements combined with CQ, sili-
bininwith doxepin, and many glucocorticoids (betamethasone,
dexamethasone, hydrocortisone, fludrocortisone, ciclesonide, and
triamcinolone) also showed potential effectiveness in combating
pandemic [61,62]. At various phases of the viral cell cycle, Fig. 3
depicts their mode of action and interaction [63]. Repurposed
pharmaceuticals have well-established safety profiles, allowing
for a smoother clinical transfer and less dangerous and quicker
uses.

To pick ‘‘potential candidates” from the available pharmaceuti-
cal and pharmacological compounds, various in silico methods can
be used with big drug databases. Simulations of the combined
treatment of HCQ and azithromycin targeting inner and outer viral
proteins using molecular dynamics forms revealed promising effi-
cacy with diverse possible mechanisms of action [64-113].The
HCQ-azithromycin combination therapy exhibited a superior clin-
ical performance in terms of mortality rates among geriatric per-
sons, emergency medicine division transfers, prolonged hospital
stays, and latency of viral shedding [65]. Ivermectin is an equitable,
acceptable, and practicable method for the cure and preventative
measures of COVID-19, according to an experimental sequencing,
meta-analysis, and comprehensive review.
9

7. Nanovaccines

The SARS-CoV-2 vaccine’s clinical testing phases were com-
pleted only in three to six months, making it the quickest of all epi-
demics and pandemics [67]. The notion of ‘‘nanovaccinology” was
born as a result of the use of nanomaterials in vaccination produc-
tion and delivery. The benefits of employing nanoparticle-based
vaccinations, which are made up of biologic, organic, inorganic,
hollow polymeric NPs, include improved stability, facile antigen
absorption, and robust response, high doses, customizable size
and surface features, and high dosages [68]. Because of their smal-
ler immunological titer, less overall toxicity, greater selectivity,
and porous structure, nano biochemical materials can be used as
vaccine additives to increase immunization efficiency [69,70].Vac-
cines consisting of protein NPs and virus-like proteins (VLPs) are in
the process of production. SARS- CoV vaccines based on the RBD
are also thought to be effective [71]. VLNPs are attractive NPs that
distinguish themselves from antigen-producing cells, are easily
detected, and induce an immune response [72]. They can be trans-
ported more efficiently through the lymphatic and capillary sys-
tems, lowering systemic inflammatory responses, enhancing
vaccination immunity and effectiveness, patient security, and
strengthening the immune system. When vaccines based on
nucleic acid were combined with solid lipid NPs, dendrimers, and
cationic liposomes, they showed improved delivery effectiveness
and durability [73]. Exosomal S protein of SARS- CoV vaccines
resulted in an induced and accelerated anti-body neutralizing
action [74].

High mucosal protection in the lungs is provided by NPs-based
inhalational vaccines, which are the principal candidate in respira-
tory illnesses like SARS-CoV-2 [75]. For managing respiratory ill-
nesses like SARS-CoV-2 [76], reliability, accessibility, and both
central and localized immunological response are all advantages
of olfactory vaccination delivery. The capacity of PLGA NPs com-
plexed with ACE2 specific receptors from mesenchymal cells and
macrophages to counteract virus infection rate is discovered [77].
Extracellular vesicles carrying ACE2 ambushes and ACE2 mRNA
encapsulated in lipid NPs adequately captivated SARS-Cov-2
[78,79]. Silica NPs coupled with polyethyleneimine demonstrated
facile entrapment, preservation, and distribution of DNA/RNA inva-
ders into cells, as well as a putative stimulating function, high load-
ing capacity, interfacial adhesion, and improved endocytosis [79].

Various pharmaceutical corporations and research organiza-
tions are actively working on NP-based vaccines [80-129]. Supple-
mentary table 6 (TS6) shows some of the nanovaccines on the
WHO’s list that are now being tested in clinical or pre-clinical
stages [3]. The vast majority of NPs in nanovaccines are disposable,
hypoallergenic, non-toxic, and low in toxicity, making them safe
and effective alternatives to traditional immunizations.
8. Nanotechnology to combat COVID � 19

Because nanotechnology facilitates targeted medication or vac-
cine administration to biologically unapproachable locations,
enhances loading and transporting drugs, and offers inherent viru-
cidal action, it has enormous potential in combating the COVID-19
pandemic [83,84]. It may also include alternate disinfection tech-
niques that are easy, quick, and cost-effective, as well as focused
pulmonary medication delivery and approaches to build better
immunomodulating materials. Antibiotic, anti-inflammatory, ther-
anostic, protective equipment, biosensing, immune engineering,
and vaccine techniques against the pandemic can all benefit from
it [85]. Fig. 4 describes the numerous uses of nanotechnology in
the struggle against the COVID-19 pandemic. Viruses and nanopar-
ticles both function at the nanoscale, [86]. NPs are the ideal candi-
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dates for immune and vaccine engineering research since they
resemble viruses in terms of size and constituents. This makes it
possible for the NPs to attach to, encapsulate, and passivate the
virus, which makes diagnosis, treatment, and control much easier
[87,88]. Nanomaterials, in general, can either create an external
shock that kills the virus or directly come in contact with the virus
through their surface features.

Several ways for smart nanotheranostic application are being
researched, including integrating pharmacological targeting with
nanothernostics to administer therapies with simultaneous
authentic feedback tracking; little chance of overdosing or under-
dosing; and noninvasive modeling techniques. Multifunctional
nanotheranostics include radioactively labeled nanostructures,
synthetic NPs, organic NPs such as polymeric, carbon-based nano-
spheres, and vesicular nanosomes have all been used in nuclear
imaging [89].Quantum dots in laser scanning technology enable
in vivo viewing of specific intracellular signaling as well as concur-
rent therapy depending on the observational learning [90]. Nanor-
obots can plan out a path for nanotheranostics to combat a wide
range of illnesses, including the latest pandemic. Multimodal com-
puter modeling of pathogenic mechanisms and creation of more
efficacious therapeutics, and artificial intelligence can aid this
advancement. As possible pandemic therapeutic strategies,
patient-specific models and nanorobots based on nuclei acid with
sophisticated nano platforms and multilayered nanostructures
are being investigated [91]. As shown in Fig. 5, therapeutic nanos-
tructures can prevent viral entrance, decrease viral multiplication,
transport medications as nanomedications into host organs, and
aid vaccine granulation and administration.

They are primarily interested in the SARS-CoV-2 entrance and
life-cycle, with a focus on the S protein, which is the most crucial
component for viral entry and host cell interactions [54,139].
Nanomodification of repurposed pharmaceuticals such as dexam-
ethasone and CQ revealed a potential anti-edema, anti-fibrotic,
Fig. 5. SARS-CoV-2 cellular components, functions, and interactions
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and anti-inflammatory mechanism that predicted nanoparticle
uptake in cells [93,94]. Drug delivery using nanostructures can
be passive (drugs loaded and conveyed by nanocarriers) or active
(drugs delivered by themselves) (drug molecules themselves are
nanosized). Because SARS-CoV-2 infects the nasal cavity, nasal
cavity-based nanodelivery is critical and promising for targeted
COVID-19 control using a simple, affordable, noninvasive, and fast
absorbable method [95]. These methods are thought to boost treat-
ment efficacy without jeopardizing patient safety. Several nanode-
liveries with increased antiviral activity against SARS-CoV-2 have
been explored and published, with the promise that they can help
synergize the worldwide pandemic response [96]. Table 1 shows
some of the findings from this study.

9. Nano-preventive applications

As certain inquiry reports in Table 2 show, nanomaterials can
eventually enhance COVID-19 preventive techniques by increasing
the efficiency and efficacy of surface disinfection, sanitization, and
protective equipment.

As shown in Fig. 7 [110], the use of NPs in the construction of
PPE results in new and enhanced qualities in terms of resistance,
effectiveness, comfort, and safety. In the following sections, the
use of nanotechnology in COVID-19 preventive measures is
discussed.

9.1. Surface disinfection using nanotechnology

During the pandemic, several chemical disinfectants are fre-
quently used in personal, home, and medical facilities to ensure
complete sanitation. Alcohols, phenol-based disinfectants, quater-
nary ammonium compounds, chlorine-releasing agents, iodo-
phores, and high-level disinfectants such as formaldehyde are
examples of these [111]. However, sanitizing surfaces on a regular
with nano delivery management systems are summarized [3].



Table 2
COVID-19 prevention with nano based protective equipment.

Nano-based PPEs Formulation characteristics Advantages of nano-based PPE Reference

Ag nanocluster/ silica composite facial
masks

Silver nanocluster/silica composite coating
deposited on impregnated in facial masks

& dPromising virucidal property,
dEnhanced SARS-CoV-2 titre
reduction,
dIn crowded areas, it is quite
safe to use
dFiltering masks have a longer operating life.
dWaste production is reduced

[104]

Metal oxide nano-compounded hand
sanitizer

Non alcohol-based neosporin, muprocin, and
tetracycline NPs combined with sanitizers
from soap solutions

dProvide excellent antiviral
protection
dHand sanitizers that are
gentle on the skin

[105]

Zinc oxide nanospray Zinc (II) oxide NP (ZnO-NPs) are employed as a
disinfectant nanospray

dAnti-SARS-CoV-2 activity at cytotoxic doses is high.
dCellular toxicity in the host is minimized
d Enhanced antiviral activity
against SARS-CoV-2

[106]

Silver NP (Ag NPs)- based surgical masks Ag NP-impregnated surgical masks d99.999 % microbial decrease against a wide variety of
bacteria.
d Repetitive use of surgical masks
d Effective decontamination

[107]

Graphene nano-based PPEs Coating onto fabrics such as face masks and
gloves

dExcellent antimicrobial efficacy
d Providing both physical and chemical mechanisms of
damage

[108]

Nanofiber membrane reusable masks Masks manufactured with melt blown fabrics
and nanofiber membrane from spider-web
bionic nanofiber membrane (nanocobweb-
biomimetic membrane)

dMasks have been disinfected and recycled
d Can effectively alleviate the mask storage
d Improved disinfection tolerance and repeatability
d High aerosol rejection efficiency

[109]

Table 1
Nano- based formulations for COVID-19 treatment.

S
No.

Nano- Formulation Features Benefits References

1. Biomimetic NPs and
dexamethasone

Using leukocyte-derived nanovesicles to encapsulate
dexamethasone (leukosomes)

-A substantial chance of surviving
-Immune response resolution has improved.
-Dexamethasone’s therapeutic activity has been improved.

[97]

2. Liposomal remdesivir Remdesivir nanoliposomal carrier aerosolized -The drug is injected directly into the lungs.
-Side effects have been drastically reduced, andimproved
effectiveness
-Self-administration is simple at home.
-A successful COVID-19 therapy option

[98]

3. ACE2-Rich NPs based
on Membranes

NPs generated from ACE2-rich cell membranes -Viral binding to host cells was prevented by competitive
inhibition.
-Anti-SARS-CoV-2 that works and is simple to make

[99]

4. AuNPs with peptide
functionalization

A novel peptide has been added to the AuNP to make it
more functional.

-With RBD, forms the most stable complex.
- SARS-CoV-2 RBD inhibition has a lot of promise.
- COVID-19 antiviral medicines that work

[100]

5. Nanosponges Macrophages are connected to cellular nanosponges made
from human cell membranes.

-Inhibit viral entrance and attachment by mimicking ACE-
2.
-SARS-CoV-2 has been neutralized and is no longer able to
infect people.
- Inhibition of viral infectivity in a dose-dependent manner

[77]

6. Liposomal lactoferrin Lactoferrin (Lf) is a multifunctional glycoprotein that has
been incorporated into liposomes.

-Noninvasive oral and intra-nasal applications
-Antiviral action has been improved.
-A Phase 2 clinical study is now underway.

[101]

7. Metallic NPs with a CQ/
HCQ coating

HCQ/CQ adsorption on Ag, Au, Ag, Au, and Pt NPs. -Reduced negative consequences
- Toxicity is low.
-Antiviral activity has improved.

[102]

8. Inhalable liposomal
HCQ

Preparation of HCQ encapsulated in liposomes for
inhalational delivery

-Pharmacokinetics have been improved.
-Aerosolized delivery is efficient
-Antiviral levels that are targeted, with a lower effective
dosage and fewer dosing frequency
-A long-term release
-Systemic exposure is reduced.

[103]

Abbreviations: ACE2, angiotensin converting enzyme-2; CQ, chloroquine; HCQ, hydrochloroquine; NP, nanoparticle; RBD, receptor-binding domain.
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basis is challenging and there are always chances of again contam-
ination [112,113]. The use of nanostructured approaches to surface
disinfectants is being investigated for smart surface coatings with
intrinsic virucidal materials and self-disinfecting abilities
[114,115]. Inherently antiviral NPs, polymerization with intrinsi-
cally pathogen-resistant NPs, metallic surface coatings, and nan-
otexturing are some of the used approaches [116].

Virus can be inactivated by a variety of metal and metal oxide
NPs, including Au NPs, Ag NPs, ZnO NPs, CuO NPs, SiO NPs, nano-
sized copper iodide NPs (CuI NPs), and quaternary ammonium
cations (QUATs) [112]. Metallic NP-based disinfectants offer
intriguing attributes in terms of manufacturing method and afford-
ability, toxicity and safety, survival rate, antiviral activity, sustain-
able and environment friendly, non - irritating, and non - foaming
capabilities, all of these are important for preventing virus trans-
mission [117]. It may be synthesized from natural resources such
as plant parts, insects, and animals utilizing the green synthesis
method. Because of their higher effective surface area, they have
an adsorbent property and a regulated release of disinfection mole-
cules [118,119]. It can be used to coat surfaces to allow them to
oxidize and release antibacterial ions for disinfection. Controlled
and prolonged ion diffusion frommetals like Cu alters antiviral fea-
tures of surfaces [120]. It is also dermatologically safe and good at
protecting public spaces from COVID-19 risks [121]. Nanopolymers
can coat surfaces in a variety of ways. A polymer solution will be
dropped to cover the surfaces and then allowed to evaporate using
a basic drop-casting procedure. A dip coating technique can be
used in the second approach, which involves dipping a substrate
in a polymer solution and then removing, evaporating, and drying
it. The polymeric solution is cast onto the surface, followed by sol-
vent evaporation in a cast-coating technique [122]. Surfactant-
coated NPs have particular antistatic, stabilizing, and antiviral
coating capabilities for surface disinfection [90]. Apart from coat-
ings, NPs such as Ag NPs have shown antiviral properties against
viruses such as SARS-CoV-2 when applied in nanopowder form,
and may be used in face masks and air filters [123,124]. Copper
NPs have been shown to have antiviral properties against HCoVs
by degrading and inactivating the viral DNA, suggesting that they
might be used to combat the current pandemic, SARS-CoV-2
[125]. Cu NP-loaded surfaces can also readily deactivate SARS-
CoV-2 and can be created with less cost and stability than Ag
NPs, according to recent studies [126,127]. The antiviral efficacy
of Cu NPs conjugated with quaternary ammonium compounds
was also improved [128]. COVID-19 distribution on surfaces can
be limited by replacing plastic and stainless-steel components
with Cu alloy [129]. Photothermal inactivation of SARS-CoV-2 from
surfaces may also be accomplished by lighting Ag and Au NPs and
nanorods at an appropriate wavelength to cause viral inactivation
by heating [130]. Other surface disinfection strategies include
encapsulating things with photoactive nanomaterials and
employing electromagnetic radiation to destroy SARS-CoV-2 cells
[131].

Abo-zeid et al. [132], found that iron oxide NPs, both Fe2O3 and
Fe3O4, may bind with viral spike protein, preventing it from attach-
ing to host cells. They also created reactive oxygen species (ROS),
which rendered SARS-CoV-2 inactive on surfaces. Other option
for sterilizing public utilities and large gathering spaces is titanium
dioxide (TiO2) nanocoating. It has a multifunctional applicability
for decontaminating and decreasing COVID-19 transmission due
to its UV induced photocatalytic characteristics. Through TiO2-
doped paints, air filtration aerosolized filters, TiO2-impregnated
ventilation systems, and Cu and Ag-loaded TiO2 nanowires, it pro-
vides a practical and cost-effective disinfection technique, even for
distant areas. SARS-CoV-2 disinfection was also demonstrated
within six hours on surfaces covered with aluminium alloy NPs
[133,134].
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By deactivating the virus from surfaces, the physicochemical
features of graphene nanomaterials can be employed to restrict
the spread of the COVID-19 pandemic. By performing photother-
mal activities and attaching to the viral S protein, graphene and
its derivatives inactivate the virus, inhibiting cellular connections
with host cell receptors [135]. Water treatment with light-
activated, layered graphitic carbon nitride nanostructures prevents
viruses like SARS-CoV-2 from infecting the environment. Nanos-
tructured anionic polymers demonstrated pH-adjusted, fast, and
continuous disinfecting capacity, suggesting that it might be a
promising option for self-disinfecting viral inactivation [136].
Nanobased air ionizers and surface purifiers, which may be used
to decontaminate buildings and public offices, have recently been
researched and produced [137].

9.2. Personal protection equipment improved by nanotechnology (PPE)

Textiles like as headgear, goggles, masks, gloves, facial protec-
tion, and dresses or gowns are examples of PPE. They are essential
components for COVID-19 transmission prevention. The primary
premise for its use of COVID-19 prevention is that nanostructures
utilized in PPE modification adsorb viral particles for viral inactiva-
tion and filtering effectiveness [138]. The primary issues with tra-
ditional PPE are its low anti toxicity, difficulties in breathing, heat
dissipation, and reusability [81]. Uncertainties are also growing
about which, how, and how much they allow COVID-19 transmis-
sion, particularly in workplaces and highly crowded gathering
locations, necessitating the creation of more reliable, cost-
effective, efficient, and reusable PPE [139]. Appropriate awareness
of the purpose and use of PPE by health care workers and the gen-
eral public, as well as maintaining a sufficient supply system, are
important aspects in the pandemic’s immediate prevention. As a
result, their deployment on a global scale has not been sufficient
to stop the transmission [140,141].

During the pandemic season, environmental safety and waste
management are also challenging issues. It imposes a significant
burden on the environment and resulting in a health hazard,
including carcinogenic health effects, prompting the search for
other alternative technologies for the manufacturing of biomedical
equipment and the treatment of COVID-19-related wastes
[142,143]. Furthermore, single-use PPE types contribute to envi-
ronmental contamination and are potential biohazards. The dis-
carded PPEs and its breakdown products are endangering aquatic
species and human life, also it may persist for many years
[144,145]. The possible long-term repercussions of these environ-
mental impacts on aquatic ecosystems and human health were
shown by Hasan et al. [146], as follows: physiological impacts (re-
production hampered, oxidative stress, lower survival, metabolic
damages), long-term effects (microbiome changes, water quality
degradation, ecosystem modification) and physical effects (im-
munosuppression, carcinogenicity, geno-toxicity, neurotoxicity)
[146]. This suggests that new technologies are required to establish
eco-design techniques for PPE manufacture [147].

In order to reduce the negative impact on environment, nanos-
tructures can play a role by replacing single-use PPE with revolu-
tionary reusable, self-cleaning, effective, and efficient antiviral
solutions. This may be accomplished by combining antiviral NPs,
nanofibers, and NP-coatings with photothermal and photocatalytic
sterilization to provide super-hydrophobicity, synergistic effects,
and self-cleaning properties [148]. Nanomaterials having inherent
antiviral activity, such as Ag NPs, graphene oxide (GO), CuO NPs,
two-dimensional carbides, and nitrides that may trap and inacti-
vate viruses, are being studied for these applications [149]. In addi-
tion, a fluorescent NP penetrant examination may be utilized to
detect interior faults in used masks, providing data for the creation
of reusable masks, structural optimization, and standardization
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[150].The primary benefits of PPE modifications employing nano-
materials and nanotechnology are reduced material consumption
and supply concerns, efficient filtering owing to high surface areas,
cost-effective transmission control, and viral neutralization due to
functionalization with chemically active groups [151].

Different protective respiratory masks have reported size- and
time-dependent particle removal performance, which can be
enhanced by nanostructured systems [152]. Ag nanocluster/silica
composite nanocoating impregnated in facial masks had a promis-
ing virucidal function, lowered the SARS-CoV-2 titer, and was safe
to use in crowded locations [153]. Furthermore, SiO2 and Al2O3 NPs
coated with polypropylene or polyethylene had super water repel-
lent qualities; TiO2 and MgO NP coatings had self-sterilizing activ-
ity; indium-tin oxide NPs generated electromagnetic/infrared
protective clothing; and ceramic NPs boosted abrasion resistance
[154,155]. Surface oxidation, the release of free radicals or toxic
ions, ROS production, photoreaction, inhibition of viral contact,
entrance, and binding are all described as processes in these NP
coating effects [156].Nanotechnology can further improve filtra-
tion efficiency by enhancing viral particle capture and retention,
allowing for quick viral inactivation following capture, reducing
the effects of inhaled humidity on particle redistribution, and cre-
ating a very thin, high-efficiency reusable filtering media.

Nanofiber technology for face masks can minimize breathing
resistance, increase comfort by reducing pressure, and improve fil-
tration efficacy against extremely tiny virus particles (less than
50 nm) [157]. Researchers developed a reusable, recyclable, adjus-
table, antibacterial, and antiviral respirator facial mask that could
be mass produced. The new design is based on a filtering system
made up of a nanofibrous matrix of polylactic acid and cellulose
acetate that contains CuO NPs and GO nanosheets which were
electrospun [158]. Surgical masks using nanofiber filters decreased
air-flow resistance, increased filtering efficiency, improved pollu-
tant deactivation, and lowered the danger of breathing infections
[159]. Other personal protective equipment (PPE) such as gowns,
face shields, gloves, boots, and goggles can also benefit from the
use of efficient and multifunctional nanostructure [160].
10. Conclusion, limitations and future perspectives

The COVID-19 pandemic has wreaked havoc on society and the
economy and still poses a threat to people everywhere. The effect
on physical, intellectual, social, and economic resources is immea-
surable with more than 4.5 million fatalities and more than 221
million confirmed COVID-19 cases. Understanding the illness’s
clinical symptoms is one of the key prerequisites for efficient mit-
igation during the breakout of any novel disease. However, diagno-
sis and prognosis become challenging in the absence of any
distinctive defining traits. It worsens misconceptions and causes
a delay in limiting the spread of illness. There is a lot of information
on the subject thanks to several clinical research studies, system-
atic reviews, and meta-analyses. However, a deeper comprehen-
sion is required for the identification of the disease progression
biomarkers, and risk factors causing negative COVID-19 outcomes.
Among the conventional methods of diagnosis, Real-time RT-PCR
and serological methods, for instance, continue to be the most
widely used detection techniques in large hospitals, while biosen-
sors, point-of-care testing, nanotechnology-based approaches,
smartphone surveillance of infectious diseases, amplicon-based
metagenomic sequencing, and smartphones are still anticipated
to be developed as large-scale screening techniques that can even
in some cases, like biosensors, be used in the home settings. The
gold standard for molecular clinical diagnostics RT-PCR tests, were
easily accessible. However, in order to carry out characterization,
these tests need lengthy times and sophisticated tools. Numerous
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additional technologies have shown promise as future diagnostic
aids. For instance, column agglutination test (CAT) and serological
methods both have significant drawbacks. The need for quick,
simple-to-use, cost effective and reliable methods to locate and
identify the virus emerged. For this purpose, Liquid crystal material
was used by Xu et al. [9], as a potential diagnostic tool for SARS –
CoV – 2 detection.

Smart and targeted nanodelivery systems with effective pre-
ventive, efficient diagnostics, and greater efficacy therapies were
created by combining biomaterial science, nanotechnology, and
medicine. A number of nano-scale drug delivery technologies, such
as nano-capsules, biomagnetic NPs, nanotubes, quantum dots and
polymeric NPs, deliver the appropriate medicines slowly and pre-
cisely. These technologies may be able to help in controlled release
of drug, site-specific delivery and stability aspect, all of these will
be critical in combating the COVID-19 pandemic [164]. For SARS-
CoV-2, a nanobased vaccination (mRNA-LNP) is being developed
and has been proven to be effective. The use of nanobiomaterials
for developing COVID-19 vaccines and treatments promises more
effective and diverse uses.

Metallic NPs have already demonstrated its effective antiviral
properties. As a result, placing these NPs on the surface of various
materials such as masks, medical equipment, gloves, and other
protective materials might help inhibit viral propagation. Further-
more, NPs have been shown to interact well with biomolecules
such as DNA and proteins, implying that using NPs in diagnostics
delivers rapid, sensitive, and accurate findings. Advanced vaccina-
tions, personal protective equipment, nano based sensors, surface
coatings, disinfectants and therapeutic compounds that will
increase treatment success rates are presently in development,
clinical trials, and even on the market [161,162]. These nano-
advanced goods will primarily aid low-resource medical infras-
tructures and developing countries by providing simple, low-cost
operations. Functionalized biocompatible NPs and broad-
spectrum antiviral nano drugs have been produced, stopping the
virion from re-replicating inside the host in an irreversible and per-
manent manner [163]. Positive outcomes have also been reported
for antiviral drugs and nanovaccines with lung targeting, remote
loading, decreased systemic immunotoxicity, superior circulation
and retention time, prodrug forms of controlled and localized
release, combination therapeutics, reduced dosage, lowered dose,
augmented cellular uptake and toxicity.

Despite the fact that COVID-19 has only been around for a short
period, it has spawned a slew of new research and patents. More
than 10% of these patents are related to ‘‘nano” themes, such as
the use of nanostructured materials as vectors, adjuvants, markers,
nanocarriers, filters and intrinsic antimicrobials for diagnostic,
therapeutic, immunization, and preventative techniques [165].
The practical use of nanomedicine with industrial consequences
is still being in research and development to improve safety,
reusability, high sterilizing capability with a low dose and eco-
and user-friendly features [67].

Overall nanostructured based diagnostic tools, drug develop-
ment and delivery systems are now offering the globe drastically
improved diagnostic, therapeutic, and preventative alternatives
to stop the pandemic effectively and quickly. If all scale-up, regu-
latory and safety challenges are resolved, nanotechnology has the
potential to protect the globe from the present and future pan-
demic crises.

10.1. Limitations

Despite significant benefits, clinical translation of nanoproducts
has yet to be established. Unpredictable side effects, long-term
destiny, safety and toxicity issues, expense and complexity of
NPs preparation, and the necessity for pure study designs with
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adequate sample numbers and established methodologies are all
obstacles that must be resolved. On the other hand, there are likely
limitations to nanoformulations’ promising advantages, such as the
difficulty of sterilizing parenteral formulations properly, low
entrapment efficiencies, biomolecule denaturation risks, off-
target accumulations, bio distribution profile and uncontrollable
burst release effects.

1. Despite the fact that the lungs are the greatest targets for
COVID-19 treatment, direct and targeted intranasal and pul-
monary nanodelivery is linked to significant respiratory site
and lung function damage. To ensure nanomaterial safety, more
proof is needed of cellular damage, intolerable inflammation,
fibrosis, geno-immunotoxicity, small granulomatous lesions,
and oxidative stress caused by abnormal NP accumulation in
the alveoli, which may result in alveolar cell damage, blood ves-
sel penetration and translocation to other parts of the body.
Designing nanocarriers in such a manner that the nanoformula-
tion is not recognized by scavenger cells is very difficult and
requires a lot of work before clinical translation.

2. Other cited problems include scaling up, a complicated produc-
tion process, and a lack of information on how and how much
NPs affect organisms, as well as people’s aversion to new
technology.

3. Ethical, scientific, biosafety, and regulatory agency acceptability
difficulties obstruct nanomedicine’s ability to develop safe and
high-quality nanodrugs, especially antivirals for this pandemic.

4. Despite the fact that medication repurposing saves time, clinical
outcomes and relevant authorities could not completely justify
the benefits of repurposed pharmaceuticals. Unsatisfactory out-
comes from CQ and CQ, remdesivir hepatotoxicity, problematic
safety/efficacy issues, unestablished harm or advantages of
ACEIs from CPT’s nonspecific mechanism, and safety concerns
about corticosteroid usage were also noted. Nanostructures
used to repurpose pharmaceuticals can aid in the development
of effective treatment solutions with low safety and effective-
ness problems.

5. Pfizer and BioNTech’s new vaccines have been linked to severe
allergy-like responses, which are thought to be caused by mes-
senger RNA non packaging chemicals (mRNA). Polyethylene
glycol (PEG) in vaccinations can cause anaphylaxis, a potentially
fatal response characterized by complex respiratory and cardio-
vascular problems.

6. Presently, there is no licensed or effective therapy for SARS-CoV,
SARS-CoV-2, or MERS-CoV, is available against human coron-
avirus. However, research into FDA-approved or repurposed
medicines as antiviral options are still continuing. Although
repurposed medications that target viruses utilizing a number
of hypothesized pathways have demonstrated to be effective,
they are not yet recommended for usage outside of clinical
studies.

10.2. Future Perspectives

Selective liquid crystal detection on different SARS-CoV-2 gen-
ome sequences as well as similar control sequences is required.
In addition, a biosafety level 3 (BSL-3) laboratories will execute a
huge detection of full-length SARS-CoV-2-RNA-containing patient
samples to validate its reliability. In the future, researchers should
look into more advanced deep-learning methods for image analysis
which have been successfully used in semiconductors, liquid crys-
tal chemical sensors, and a variety of image-based medical diag-
nostic tests such as ultrasounds, X- rays and magnetic resonance
imaging (MRI).

With the potential and difficulties presented by nanoscience,
nanomedicine, and biotechnology in consideration, the pharma-
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ceutical industry must devote inexhaustible resources to the devel-
opment of nanotherapies to combat COVID-19. In the near future,
the research might focus on efficiently targeting antiviral nanocar-
riers and tailored therapy using precision nanomedicine. In conclu-
sion, nanostructured delivery systems can help with COVID-19
management because they can potentiate immune response mod-
ulations that would otherwise be difficult, have reduce non target
accumulation and associated toxicities, precise targeting, provide
alternative vaccine delivery routes, protect drugs and vaccines
from degradation and inactivation in the body environment and
have promising biocompatibility and biodegradability that can be
controlled [166]. There is need to come up with better antimicro-
bial/antiviral therapeutic agents which have better efficacy and
fewer side effects [167].

The relationship between transmissibility and illness severity
raises several important considerations. Although a virus’s severity
can diminish as it evolves in a species, but the risk of transmission
and hospitalization is enhanced because of recent changes in SARS-
CoV-2 mutations. It’s possible that the link between transmissibil-
ity and hospitalizations is due to a common underlying mecha-
nism: higher affinity for ACE2 can improve both. Replication in
the upper respiratory tract can be increased because of enhanced
ACE2 binding, leading to more efficient transmission, as well as
replication in the lower respiratory tract and systemically, leading
to more severe disease.

One open question is whether, as a result of RBD mutations like
N501Y, the S protein has reached its maximum affinity for hACE2,
or it will continue to evolve and improve both pathogenicity and
risk of transmission. Or, instead, may opposing selection factors
lead to more disease spread but a milder sickness? If variations
between the upper and lower respiratory passageways allow the
virus to adapt specifically to, nasal epithelial cells, the link between
transmission and sickness severity could be broken. The pandemic
appears to be shifting gears at the time of writing, going from an
early period of viral adaptation to its new human host to a pro-
longed period when immune escape will impact S protein develop-
ment. The appearance of future vaccine antigens is a significant
topic here. Vaccination against all major circulating variants is
required as the S protein evolves so the current immunization
strategies (Supplementary table TS1) may become outdated. For
a practically extrapolatable result, extensive scientific study and
joint interdisciplinary efforts are required.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgement

Author Rajiv Manohar is thankful to Centre of Excellence at APJ
Abdul Kalam Centre for Innovation, University of Lucknow. Author
Avanish Singh Parmar is thankful to the Department of Science and
Technology (SERB), India—CRG/2019/000903 (Core Research
Grant) & SB/S2/RJN-140/2014 (Ramanujan Fellowship Award) for
the financial assistance.
Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.molliq.2022.119795.

https://doi.org/10.1016/j.molliq.2022.119795


A. Rastogi, A. Singh, K. Naik et al. Journal of Molecular Liquids 362 (2022) 119795
References

[1] P.D. Rakowska, M. Tiddia, N. Faruqui, C. Bankier, Y. Pei, A.J. Pollard, J. Zhang, I.
S. Gilmore, Antiviral surfaces and coatings and their mechanisms of action,
Communication Materials 53 (2021).

[2] Y.M. Bar-On, A. Flamholz, R. Phillips, R. Milo, SARS-CoV-2(COVID-19) by the
numbers, eLife 9 (2020) e57309.

[3] A.T. Yayehrad, E.A. Siraj, G.B. Wondie, A.A. Alemie, M.T. Derseh, A.S. Ambaye,
Could Nanotechnology Help to End the Fight Against COVID-19? Review of
Current Findings, Challenges and Future Perspectives, Int. J. Nanomed. 16
(2021) 5713–6574.

[4] C.B. Jackson, M. Farzan, B. Chen, H. Choe, Mechanisms of SARS-CoV-2 entry
into cell, Nat. Rev. Mol. Cell Biol. 23 (2022) 3–20.

[5] R. Medhi, P. Srinoi, N. Ngo, H.-V. Tran, T. Randall Lee, Nanoparticle-Based
Strategies to Combat COVID-19, ACS Applied Nano Materials 3 (2020) 8557–
8580.

[6] A. Rastogi, K. Yadav, A. Mishra, M.S. Singh, S. Chaudhary, R. Manohar, A.S.
Parmar, Early diagnosis of lung cancer using magnetic nanoparticles –
integrated systems, Nanotechnology Reviews 11 (2022) 544–574.

[7] B. Hu, X. Ge, L.F. Wang, Z. She, Bat origin of human coronaviruses, Virol J 12
(2015) 221.

[8] Z. Wang, T. Xu, A. Noel, Y.C. Chen, T. Liu, Application of liquid crystals in
biosensing, Soft Matter 17 (18) (2021).

[9] Y. Xu, A.M. Rather, S. Song, J.C. Fang, R.L. Dupont, U.I. Kara, Y. Chang, J.A.
Paulson, R. Qin, X. Bao and X. Wang, Ultrasensitive and Selective Detection of
SARS-CoV-2 Using Thermotropic Liquid Crystals and Image-Based Machine
Learning, Cell Reports Physical Science, 1 (2020) 100276-1 - 100276-14.

[10] A. Rastogi, F.P. Pandey, G. Hegde, R. Manohar, Time-resolved fluorescence and
UV absorbance study on Elaeis guineensis/oil palm leaf based carbon
nanoparticles doped in nematic liquid crystals, J. Mol. Liq. 304 (2020) 112773.

[11] D. Y. Jeon and C -HJang, Detection of anti-SARS-CoV-2 antibody for the
diagnosis of past-COVID-19 infection cases using a liquid-crystal-based
immunosensor, Liq. Cryst., (2022).

[12] M. Hoffmann, H. Kleine-Weber, S.A. Pöhlmann, Multibasic cleavage site in the
spike protein of SARS-CoV-2 is essential for infection of human lung cells,
Mol. Cell 78 (2020) 779–784.

[13] J. Shang, Y. Wan, C. Luo, G. Ye, Q. Geng, A. Auerbach, L. Fang, Cell entry
mechanisms of SARS-CoV-2, Proc. Natl Acad. Sci. U. S. A. 117 (21) (2020)
11727–11734.

[14] A.R. Fehr, S. Perlman, Coronaviruses: an overview of their replication and
pathogenesis. Methods, Mol. Biol. 1282 (2015) 1–23.

[15] S. Stertz, M. Reichelt, M. Spiegel, T. Kuri, L.M. Sobrido, A.G. Sastre, F. Weber, G.
Kochs, The intracellular sites of early replication and budding of SARS-
coronavirus, Virology 361 (2007) 304–315.

[16] C.S. Goldsmith, K.M. Tatti, T.G. Ksiazek, P.E. Rollin, J.A. Comer, W.W. Lee, et al.,
Ultrastructural characterization of SARS coronavirus, Emerg. Infect. Dis. 10
(2004) 320–326.

[17] S. Matsuyama, N. Nagata, K. Shirato, M. Kawase, M. Takeda, F. Taguchi,
Efficient activation of the severe acute respiratory syndrome coronavirus
spike protein by the transmembrane protease TMPRSS2, J. Virol. 84 (2010)
12658–12664.

[18] A. Shulla, T. Heald-Sargent, G. Subramanya, J. Zhao, S. Perlman, T. Gallagher, A
transmembrane serine protease is linked to the severe acute respiratory
syndrome coronavirus receptor and activates virus entry, J. Virol. 85 (2011)
873–882.

[19] I.C. Huang, B.J. Bosch, F. Li, W. Li, K.H. Lee, S. Ghiran, N. Vasilieva, T.S.
Dermody, S.C. Harrison, P.R. Dormitzer, M. Farzan, P.J.M. Rottier, H. Choe,
SARS coronavirus, but not human coronavirus NL63, utilizes cathepsin L to
infect ACE2-expressing cells, J. Biol. Chem. 281 (6) (2006) 3198–3203.

[20] A. Bayati, R. Kumar, V. Francis, P.S. McPherson, SARS-CoV-2 infects cells
following viral entry via clathrin-mediated endocytosis, J. Biol. Chem. 296
(2021) 100306.

[21] Z. Wang, Y. Zhang, X. Gong, Z. Yuan, S. Feng, T. Xu, T. Liu, Y.C. Chen, Nanoscale
Adv. 2 (2020) 2713–2719.

[22] A.M. Lowe, N.L. Abbott, Liquid crystalline materials for biological applications,
Chem. Mater. 24 (2012) 746–758.

[23] I.H. Lin, D.S. Miller, P.J. Bertics, C.J. Murphy, J.J. de Pablo, N.L. Abbott,
Endotoxin-induced structural transformations in liquid crystalline droplets,
Science 332 (2011) 1297–1300.

[24] H.J. Kim, J. Rim, C.H. Jang, Liquid-crystal-based immunosensor for diagnosis of
tuberculosis in clinical specimens, ACS Appl Mater Interfaces 9 (2017)
21209–21215.

[25] H. Häkkinen, The gold–sulfur interface at the nanoscale, Nat Chem. 4 (2012)
443–455.

[26] G. Pacchioni, A not-so-strong bond, Nat Rev Mater. 4 (2019) 226.
[27] S. Follonier, M.J.W. Miller, N.L. Abbott, A. Knoesen, Characterization of the

molecular orientation of self-assembled monolayers of alkanethiols on
obliquely deposited gold films by using infrared-visible sum-frequency
spectroscopy, Langmuir 19 (2003) 10501–10509.

[28] J. Bart, R. Tiggelaar, M. Yang, S. Schlautmann, H. Zuilhof, H. Gardeniers, Room-
temperature intermediate layer bonding for microfluidic devices, Lab Chip. 9
(2009) 3481–3488.

[29] G.R. Han, C.H. Jang, Liquid crystal sensor for the detection of acetylcholine
using acetylcholinesterase immobilized on a nanostructured polymeric
surface, Colloid Polym Sci. 293 (2015) 2771–2779.
15
[30] S.R. Kim, N.L. Abbott, Manipulation of the orientational response of liquid
crystals to proteins specifically bound to covalently immobilized and
mechanically sheared films of functionalized bovine serum albumin,
Langmuir 18 (2002) 5269–5276.

[31] S. Jindal, P. Gopinath, Nanotechnology based approaches for combatting
COVID-19 viral infection, Nano Express 1 (2020) 022003.

[32] E.M. Melchor-Martínez, N.E. Torres Castillo, R. Macias-Garbett, S.L. Lucero-
Saucedo, R. Parra-Saldívar, J.E. Sosa-Hernández, Modern world applications
for nano-bio materials: tissue engineering and COVID-19, Front
BioengBiotechnol. 9 (2021) 597958.

[33] R. Vazquez-Munoz and J.L. Lopez-Ribot, Nanotechnology as an alternative to
reduce the spread of COVID-19, Challenges, 11 (2020) 15 (1-14).

[34] S. Sagadevan, M. Periasamy, A review on role of nanostructures in drug
delivery system, Rev Adv Mater Sci. 36 (2014) 112–117.

[35] P.S. Chauhan, D. Yadav, A. Dubey, J.O. Jin, Nano-biomaterials as sensing and
therapeutic tool to mitigate viral pathogenesis with special reference to
COVID-19, Curr Pharm Des. 27 (2021) 3424–3434.

[59] P. Moitra, M. Alafeef, K. Dighe, M.B. Frieman, D. Pan, Selective naked-eye
detection of SARS-CoV-2 mediated by N gene targeted antisense
oligonucleotide capped plasmonic nanoparticles, ACS Nano 14 (2020)
7617–7627.

[36] P. Paliwal, S. Sargolzaei, S.K. Bhardwaj, V. Bhardwaj, C. Dixit, A. Kaushik,
Grand challenges in bio-nanotechnology to manage COVID-19 pandemic,
Front Nanotechnol. 2 (2020) 5.

[37] R. Gupta, P. Sagar, N. Priyadarshi, S. Kaul, R. Sandhir, V. Rishi, N.K. Singhal,
Nanotechnology-based approaches for the detection of SARS-CoV-2, Front
Nanotechnol. 2 (2020) 589832.

[38] B. Udugama, P. Kadhiresan, H.N. Kozlowski, A. Malekjahani, M. Osborne, V.Y.
C. Li, et al., Diagnosing COVID-19: the disease and tools for detection, ACS
Nano 14 (2020) 3822–3835.

[39] G. Seo, G. Lee, M.J. Kim, S.H. Baek, M. Choi, K.B. Ku, et al., Rapid detection of
COVID-19 causative virus (SARS-CoV-2) in human nasopharyngeal swab
specimens using field-effect transistor-based biosensor, ACS Nano 14 (2020)
12257–12258.

[40] V.M. Corman, O. Landt, M. Kaiser, R. Molenkamp, A. Meijer, D.K. Chu, et.al.,
Detection of 2019 Novel Coronavirus (2019-nCoV) by Real-Time RT-PCR.,
Euro Surveill., 25 (2020) 2000045.

[41] S. Fukushi, A. Fukuma, T. Kurosu, S. Watanabe, M. Shimojima, K. Shirato, et al.,
Characterization of Novel Monoclonal Antibodies against the MERS-
Coronavirus Spike Protein and Their Application in Species-Independent
Antibody Detection by Competitive Elisa, J. Virol. Methods 251 (2018) 22–29.

[79] P. Teengam, W. Siangproh, A. Tuantranont, T. Vilaivan, O. Chailapakul, C.S.
Henry, Multiplex Paper-Based Colorimetric DNA Sensor Using Pyrrolidinyl
Peptide Nucleic Acid-Induced AgNPs Aggregation for Detecting MERS-CoV,
MTB, and HPV Oligonucleotides, Anal. Chem. 89 (2017) 5428–5435.

[42] M.O. Aydogdu, E. Altun, E. Chung, G. Ren, S.H. Vanniasinkam, B. Chen, M.
Edirisinghe, Surface interaction and viability of coronaviruses, J. R. Soc.
Interface. 18 (2021) 20200798.

[43] S. Talebain, G.C. Wallace, A. Schroeder, F. Stellacci, J. Conde, Nanotechnology-
based disinfectants and sensors for SARS-CoV-2, Nat. Nanotechnol. 15 (2020)
618–621.

[44] A. Hahn, J. Fuhlrott, A. Loos, S. Barcikowski, Cytotoxicity and ion release of
alloy nanoparticles, J. Nanopart. Res. 14 (2012) 1–10.

[45] A.J.W. teVelthuis, S.H.E. van den Worm, A.C. Sims, R.S. Baric, E.J. Snijder, M.J.
van Hemert, Zn2+ inhibits coronavirus and arterivirus RNA polymerase
activity in vitro and zinc ionophores block the replication of these viruses in
cell culture, PLoSPathog 2010 (6) (2010) e1001176.

[46] Y. Jeong, D.W. Lim, J. Choi, Assessment of size- dependent antimicrobial and
cytotoxic properties of silver nanoparticles, Adv. Mater. Sci. Eng. 2014 (2014)
1–6.

[47] S.L. Warnes, Z.R. Little, C.W. Keevil, Human coronavirus 229E remains
infectious on common touch surface materials, mBio 6 (2015) e01697–e1715.

[48] Z. Yu, Q. Li, J. Wang, Y. Yu, Y. Wang, Q. Zhou and P. Li,Reactive oxygen species-
related nanoparticle toxicity in the biomedical field, Nanoscale Res. Lett., 15
(2020) 115 (1-14).

[49] G. Kampf, A. Voss, S. Scheihauer, Inactivation of coronaviruses by heat, J.
Hosp. Infect. 105 (2020) 348–349.

[50] C. Weiss, M. Carriere, L. Fusco, I. Capua, J.A.R. Nava, M. Pasquali, et al., Toward
nanotechnology-enabled approaches against the COVID-19 pandemic, ACS
Nano 14 (2020) 6383–6406.

[51] M. Nazari, M. Xi, S. Lerch, M.H. Alizadeh, C. Ettinger, H. Akiyama, et al.,
Plasmonic enhancement of selective photonic virus inactivation, Scientific
Reports, 7 (2017) 11951 (1-10).

[52] R. Nakano, H. Ishiguro, Y. Yao, J. Kajioka, A. Fujishima, K. Sunada, M.
Minoshima, K. Hashimoto, Y. Kubota, Photocatalytic inactivation of influenza
virus by titanium dioxide thin film, Photochem. Photobiol. Sci. 11 (2012)
1293–1298.

[53] R.K. Matharu, L. Ciric, G. Ren, M. Edirisinghe, Comparative study of the
antimicrobial effects of tungsten nanoparticles and tungsten nanocomposite
fibres on hospital acquired bacterial and viral pathogens, Nanomaterials, 10
(2020) 1017 (1-16).

[54] A.K. Srivastava, N. Dwivedi, C. Dhand, R. Khan, N. Sathish, M.K. Gupta, R.
Kumar, S. Kumar, Potential of graphene-based materials to combat COVID-
19: properties, perspectives, and prospects, Mater. Today Chem. 18 (2020)
100385.

http://refhub.elsevier.com/S0167-7322(22)01333-2/h0005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0010
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0010
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0020
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0020
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0025
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0025
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0025
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0030
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0030
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0030
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0035
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0035
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0040
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0040
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0050
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0050
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0050
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0060
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0060
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0060
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0065
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0065
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0065
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0070
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0070
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0075
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0075
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0075
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0080
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0080
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0080
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0085
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0085
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0085
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0085
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0090
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0090
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0090
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0090
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0095
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0095
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0095
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0095
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0100
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0100
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0100
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0220
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0220
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0225
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0225
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0230
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0230
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0230
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0235
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0235
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0235
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0240
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0240
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0245
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0250
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0250
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0250
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0250
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0255
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0255
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0255
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0260
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0260
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0260
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0265
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0265
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0265
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0265
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0270
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0270
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0275
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0275
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0275
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0275
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0285
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0285
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0290
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0290
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0290
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0295
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0295
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0295
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0295
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0300
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0300
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0300
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0305
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0305
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0305
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0310
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0310
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0310
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0355
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0355
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0355
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0355
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0365
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0365
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0365
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0365
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0395
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0395
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0395
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0395
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0420
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0420
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0420
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0425
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0425
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0425
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0430
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0430
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0435
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0435
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0435
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0435
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0440
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0440
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0440
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0445
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0445
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0455
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0455
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0460
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0460
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0460
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0470
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0470
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0470
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0470
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0480
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0480
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0480
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0480


A. Rastogi, A. Singh, K. Naik et al. Journal of Molecular Liquids 362 (2022) 119795
[55] P.K. Raghav, S. Mohanty, Are graphene and graphene-derived products
capable of preventing COVID-19 infection?, Med Hypotheses 44 (2020)
110031.

[56] Y. Zhou, Y. Hou, J. Shen, Y. Huang, W. Martin and F. Cheng, Network-based
drug repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2, Cell
Discovery, 6 (2020) 14 (1-18).

[57] T.P. Sheahan, A.C. Sims, S.R. Leist, A. Schafer, J. Won, A.J. Brown, et al. 2020
Comparative therapeutic efficacy of remdesivir and combination lopinavir,
ritonavir, and interferon beta against MERS-CoV, Nature Communications, 11
(2020) 222 (1-14).

[58] A.R. Fehr, S. Perlman, Coronaviruses: an overview of their replication and
pathogenesis methods, Mol. Biol. 1282 (2015) 1–23.

[59] Y. Zhou, G. Simmons, Development of novel entry inhibitors targeting
emerging viruses, Expert. Rev. Anti. Infect. Ther. 10 (2012) 1129–1138.

[60] J. Dyall, R. Gross, J. Kindrachuk, R.F. Johnson, G.G. Olinger, L.E. Hensley, M.B.
Frieman, P.B. Jahrling, Middle East respiratory syndrome and severe acute
respiratory syndrome: current therapeutic options and potential targets for
novel therapies, Drugs 77 (2017) 1935–1966.

[61] T. Marzoand, L. Messori, A role for metal-based drugs in fighting COVID-19
infection? The case of auranofin, ACS Med Chem Lett. 11 (2020) 1067–1068.

[62] T. Seifi, R.A. Kamali, Antiviral performance of graphene-based materials with
emphasis on COVID-19: a review, Medicine in Drug Discovery 11 (2021)
100099.

[63] M.Z. Ahmad, J. Ahmad, M. Aslam, M.A. Khan, M.Y. Alasmary, B.A. Abdel-
Wahab, Repurposed drug against COVID-19: nanomedicine as an approach
for finding new hope in old medicines, Nano Express 2 (2021) 022007.

[64] F. Picaud, G. Herlem, Hydroxychloroquine and azithromycin molecular action
against SARS-CoV-2 viral protein: a molecular dynamic Study, Austin J
NanomedNanotechnology 9 (2021) 1061.

[65] J.C. Lagier, M. Million, P. Gautret, S. Cortaredona, A.G. Gatineau, S. Honore,
et al., Outcomes of 3737 COVID-19 patients treated with
hydroxychloroquine/azithromycin and other regimens in Marseille, France:
a retrospective analysis, Travel Med Infect Dis. 36 (2020) 101791.

[66] E. Duverger, G. Herlem, F. Picaud, A potential solution to avoid overdose of
mixed drugs in the event of Covid-19: nanomedicine at the heart of the
Covid-19 pandemic, J Mol Graph Model 104 (2021) 107834.

[67] K. Vivekanandhan, P. Shanmugam, H. Barabadi, V. Arumugam, D.D.R.D.P. Raj,
M. Sivasubramanian, et al., Emerging therapeutic approaches to combat
COVID-19: present status and future perspectives, Front Mol Biosci. 8 (2021)
604447.

[68] G. Nikaeen, S. Abbaszadeh, S. Yousefinejad, Application of nanomaterials in
treatment, anti-infection and detection of coronaviruses, Future Med. 15
(2020) 1743–5889.

[69] M. Kim, J. Park, Y. Shon, G. Kim, G. Shim, Y.K. Oh, Nanotechnology and vaccine
development: a review, Asian J Pharm Sci. 9 (2014) 227–235.

[70] L.Z. Cao, Z.S. Wang, B. Wang, Application of nano biomaterials in antiviral
vaccine adjuvant, Chin J Appl Chem. 38 (2021) 572–581.

[71] W. Tai, L. He, X. Zhang, J. Pu, D. Voronin, S. Jiang, Y. Zhou, L. Du,
Characterization of the receptor-binding domain (RBD) of 2019 novel
coronavirus: implication for development of RBD protein as a viral
attachment inhibitor and vaccine, Cell. Mol. Immunol. 17 (2020) 613–620.

[72] S.C. Nair, S.K. Joseph, M.A. Arya, S. Thomas, State-of-the-art nanotechnology
based drug delivery strategies to combat Covid-19, Int J App Pharm 13 (2021)
18–29.

[73] C. Zeng, X. Hou, J. Yan, C. Zhang, W. Li, W. Zhao, et al., Leveraging mRNAs
sequences to express SARS-CoV-2 antigens in vivo, bioRxiv, 2020, Version 1.

[74] S. Kuate, J. Cinatl, H.W. Doerr, K. Uberla, Exosomal vaccines containing the S
protein of the SARS coronavirus induce high levels of neutralizing antibodies,
Virology 362 (2007) 26–37.

[75] B.M. Jarai, Z. Stillman, K. Bomb, A.M. Kloxinand, C.A. Fromen, Biomaterials-
based opportunities to engineer the pulmonary host immune response in
COVID-19, ACS Biomater Sci Eng. 7 (2021) 1742–1764.

[76] A.A.H. Abdellatif, H.M. Tawfeek, A. Abdelfattah, G.E. Batiha, H.F. Hetta, Recent
updates in COVID-19 with emphasis on inhalation therapeutics:
nanostructured and targeting systems, J Drug Deliv Sci Technol. 63 (2021)
102435.

[77] Q. Zhang, A. Honko, J. Zhou, H. Gong, S.N. Downs, J.S. Vasquez, et al., Cellular
nanosponges inhibit SARS-CoV-2 infectivity, Nano Lett. 20 (2020) 5570–5574.

[78] F. Cocozza, N. Névo, E. Piovesana, X. Lahaye, J. Buchrieser, O. Schwartz,
et al., Extracellular vesicles containing ACE2 efficiently prevent infection by
SARS-CoV-2 spike protein-containing virus, J Extracell Vesicles 10 (2020)
e12050.

[79] J. Kim, A. Mukherjee, D. Nelson, A. Jozic, G. Sahay, Rapid generation of
circulating and mucosal decoy ACE2 using mRNA nanotherapeutics for the
potential treatment of SARS-CoV-2, bioRxiv, 2020.

[80] A. Greinacher, T. Thiele, T.C. Warkentin, et al., Thrombocytopenic disorder
resembling heparin-induced thrombocytopenia following coronavirus-19
vaccination, Res Sq. (2021).

[81] P. Singh, D. Singh, P. Sa, P. Mohapatra, A. Khuntia, S.K. Sahoo, Insights from
nanotechnology in COVID-19: prevention, detection, therapy and
immunomodulation, Nanomedicine 16 (2021) 1219–1235.

[82] WHO. COVID-19 vaccine tracker and landscape; June 18, 2021. Available
from: https://www.who.int/publications/m/item/draft-land scape-of-covid-
19-candidate-vaccines. Accessed June 20, 2021.

[83] R.M. Mainardes, C. Diedrich, The potential role of nanomedicine on COVID-19
therapeutics, Therapeutic Delivery 11 (2020) 411–414.
16
[84] V. Bhavana, P. Thakor, S.B. Singh, N.K. Mehra, COVID-19: Pathophysiology,
treatment options, nanotechnology approaches, and research agenda to
combating the SARS-CoV2 pandemic, Life Sci. 261 (2020) 118336.

[85] P. Allawadhi, V. Singh, A. Khurana, I. Khurana, S. Allwadhi, P. Kumar, et al.,
Silver nanoparticle based multifunctional approach for combating COVID-19,
Sensors International 2 (2021) 100101.

[86] M. Rai, S. Bonde, A. Yadav, A. Bhowmik, S. Rathod, P. Ingle, A. Gade,
Nanotechnology as a shield against COVID-19: current advancement and
limitations, Viruses 13 (2021) 1224.

[87] A.E. Gregory, R. Titball, D. Williamson, Vaccine delivery using nanoparticles,
Front. Cell. Infect. Microbiol. 3 (2013) 152.

[88] D. Lauster, S. Klenk, K. Ludwig, S. Noujoumi, S. Behren, L. Adan, et al., Phage
capsid nanoparticles with defined ligand arrangement block influenza virus
entry, Nat. Nanotechnol. 15 (2020) 373–379.

[89] P.I. Siafaka, N.U. Okur, I.D. Karantas, M.E. Okur, E.A. Gündogdu, Current
update on nanoplatforms as therapeutic and diagnostic tools: a review for the
materials used as nanotheranostics and imaging modalities, Asian J Pharm
Sci. 16 (2021) 24–46.

[90] T. Miyazawa, M. Itaya, G.C. Burdeos, K. Nakagawa, T. Miyazawa, A critical
review of the use of surfactant-coated nanoparticles in nanomedicine and
food nanotechnology, Int J Nanomedicine 16 (2021) 3937–3999.

[91] Y. Yu, F. Bu, H. Zhou, Y. Wang, J. Cui, X. Wang, et al., Biosafety materials: an
emerging new research direction of materials science from the COVID-19
outbreak, Mater Chem Front. 4 (2020) 1930–1953.

[92] V. Alimardani, S.S. Abolmaali, A.M. Tamaddon, Recent advances on
nanotechnology-based strategies for prevention, diagnosis, and treatment
of coronavirus infections, Journal of Nanomaterials 20 (2021).

[93] T.Y. Hu, M. Frieman, J. Wolfram, Insights from nanomedicine into chloroquine
efficacy against COVID-19, Nat. Nanotechnol. 15 (2020) 247–249.

[94] T. Lammers, A.M. Sofias, R. van der Meel, R. Schiffelers, G. Storm, F. Stacke,
et al., Dexamethasone nanomedicines for COVID-19, Nat. Nanotechnol. 15
(2020) 622–624.

[95] H.R. Costantino, L. Illum, G. Brandt, P.H. Johnson, S.C. Quay, Intranasal
delivery: physicochemical and therapeutic aspects, Int J Pharm. 337 (2007)
1–24.

[96] L.N.M. Ribeiro, B.B. Fonseca, The role of pharmaceutical nanotechnology in
the time of COVID-19 pandemic, Future Microbiol. 15 (2020) 1571–1582.

[97] R. Molinaro, A. Pasto, F. Taraballi, F. Giordano, J.A. Azzi, E. Tasciotti, C. Corbo,
Biomimetic nanoparticles potentiate the anti-inflammatory properties of
dexamethasone and reduce the cytokine storm syndrome: an
additionalWeapon against COVID-19?, Nanomaterials 10 (2020) 2301

[98] R. Vartak, S.M. Patil, A. Saraswat, M. Patki, N.K. Kunda, K. Patel, Aerosolized
nanoliposomal carrier of remdesivir: an effective alternative for COVID-19
treatment in vitro, Nanomedicine 16 (2021) 113.

[99] ChemistryViews.org. Membrane-based ACE2-rich nanoparticles against
COVID-19. Available from: https://www.chemistryviews. org/details/news/
11293970/Membrane-Based_ACE2-Rich_ Nanoparticles_against_COVID-19.

[100] A. Mehranfar, M. Izadyar, Theoretical design of functionalized gold
nanoparticles as antiviral agents against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), J Phys Chem Lett. 11 (2020) 10284–10289.

[101] US. National Library of Medicine, ClinicalTrials.gov. Efficacy and safety of
liposomal lactoferrin in COVID-19 patients with mild-to-moderate disease
and in COVID-19 asymptomatic patients; May 14, 2021. Available from:
https://clinicaltrials.gov/ ct2/show/NCT04475120.

[102] R. Morad, M. Akbari, P. Rezaee, A. Koochaki, M. Maazaand, Z. Jamshidi, First
principle simulation of coated hydroxychloroquine on Ag, Au and Pt
nanoparticles, Sci Rep Nat. 11 (2021) 2131.

[103] T.T. Tai, T.J. Wu, H.D. Wu, Y.C. Tsai, H.T. Wang, A.M. Wang, et al., A strategy to
treat COVID-19 disease with targeted delivery of inhalable liposomal
hydroxychloroquine: a Non-clinical Pharmacokinetic Study, Clin Transl Sci.
14 (2021) 132–136.

[104] C. Balagna, S. Perero, E. Percivalle, E.V. Nepita, M. Ferraris, Virucidal effect
against coronavirus SARS-CoV-2 of a silver nanocluster/silica composite
sputtered coating, Open Ceramics 1 (2020) 100006.

[105] G.B. Ramaiah, A. Tegegne, B. Melese, Developments in nanomaterials and
analysing its role in fighting COVID-19, Mater. Today 47 (47) (2021).

[106] S.M. El-Megharbel, M. Alsawat, F.A. Al-Salmi, R.Z. Hamza, Utilizing of (zinc
oxide nano-spray) for disinfection against ‘‘SARS-CoV-2” and testing its
biological effectiveness on some biochemical parameters during (COVID-19
pandemic)—ZnOnanoparticles have antiviral activity against (SARS-CoV-2)”,
Coatings 11 (2021) 388.

[107] B. Valdez-Salas, E. Beltran-Partida, J.S.C. Nelson Cheng, E.A. ValdezSalas, M.
Curiel-Alvarez, R. Ibarra-Wiley, Promotion of surgical masks antimicrobial
activity by disinfection and impregnation with disinfectant silver
nanoparticles, Int J Nanomedicine 16 (2021) 2689.

[108] A.K. Thakur, R. Sathyamurthy, V. Ramalingam, I. Lynch, S.W. Sharshir, Z. Ma,
et al., A case study of SARS-CoV-2 transmission behavior in severe air-
polluted city (Delhi, India) and potential usage of graphene based materials
for filtering the air-pollutants and controlling/monitoring the COVID-19
pandemic, Environmetal Science: Processes and Impact, 2021,

[109] J. Wu, H. Zhou, J. Zhou, X. Zhu, B. Zhang, S. Feng, et al., Meltblown fabric vs
nanofiber membrane, which is better for fabricating personal protective
equipments, Chin J Chem Eng. 36 (2021) 1–9.

[110] E.V.R. Campos, A.E.S. Pereira, J.L. de Oliveira, L.B. Carvalho, M.G. Casagrande,
R. de Lima, et al., How can nanotechnology help to combat COVID-19?,
Opportunities and urgent need J Nanobiotechnolgy 18 (2020) 125.

http://refhub.elsevier.com/S0167-7322(22)01333-2/h0485
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0485
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0485
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0500
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0500
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0505
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0505
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0510
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0510
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0510
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0510
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0540
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0540
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0545
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0545
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0545
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0550
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0550
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0550
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0555
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0555
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0555
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0560
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0560
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0560
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0560
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0565
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0565
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0565
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0570
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0570
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0570
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0570
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0575
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0575
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0575
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0580
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0580
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0585
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0585
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0590
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0590
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0590
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0590
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0595
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0595
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0595
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0605
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0605
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0605
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0610
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0610
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0610
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0615
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0615
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0615
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0615
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0620
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0620
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0625
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0625
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0625
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0625
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0635
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0635
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0635
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0640
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0640
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0640
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0650
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0650
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0655
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0655
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0655
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0660
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0660
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0660
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0665
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0665
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0665
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0670
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0670
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0675
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0675
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0675
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0680
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0680
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0680
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0680
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0685
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0685
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0685
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0690
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0690
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0690
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0695
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0695
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0695
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0700
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0700
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0705
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0705
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0705
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0710
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0710
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0710
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0715
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0715
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0720
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0720
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0720
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0720
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0725
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0725
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0725
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0735
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0735
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0735
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0745
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0745
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0745
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0750
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0750
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0750
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0750
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0755
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0755
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0755
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0760
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0760
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0765
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0770
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0770
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0770
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0770
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0780
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0780
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0780
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0785
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0785
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0785


A. Rastogi, A. Singh, K. Naik et al. Journal of Molecular Liquids 362 (2022) 119795
[111] M.H. Al-Sayah, Chemical disinfectants of COVID-19: an overview, J Water
Health 18 (2020) 843–848.

[112] M. Rai, S. Bonde, A. Yadav, Y. Plekhanova, A. Reshetilov, I. Gupta, et al.,
Nanotechnology-based promising strategies for the management of COVID-
19: current development and constraints, Expert Rev Anti Infect Ther. 1–10
(2020).

[113] D. Laister, Hull firm’s nanotech solution aims to stop COVID-19 spread in its
tracks. https://www.businesslive.co.uk/enterprise/
hullfirmsnanotechsolutionaims19352722.

[114] G.E. De-la-torre, R.J. Rakib, C.I. Pizarro-Ortega, D.C. Dioses-Salinas,
Occurrence of personal protective equipment (PPE) associated with the
COVID-19 pandemic along the coast of Lima, Peru. Sci Total Environ. 774
(2021) 145774.

[115] R.J. Rakib, G.E. De-la-torre, C.I. Pizarro-Ortega, D.C. Dioses-Salinas, S. Al-
Nahian, Personal protective equipment (PPE) pollution driven by the COVID-
19 pandemic in Cox’s Bazar, the longest natural beach in the world, Mar
Pollut Bull. 169 (2021) 112497.

[116] A.P. Mouritz, J. Galos, D.P. Linklater, R.B. Ladani, E. Kandare, R.J. Crawford, E.P.
Ivanova, Towards antiviral polymer composites to combat COVID-19
transmission, Nano Select 2 (2021) 2061–2071.

[117] V. Chaudhary, A. Royal, M. Chavaliand, S.K. Yadav, Advancements in research
and development to combat COVID-19 using nanotechnology, Nanotechnol
Environ Eng. 6 (8) (2021).

[118] S. Nakamura, M. Sato, Y. Sato, N. Ando, T. Takayama, M. Fujita, M. Ishihara,
Synthesis and application of silver nanoparticles (Ag NPs) for the prevention
of infection in healthcare workers, Int J Mol Sci. 20 (2019) 3620.

[119] M.C. Sportelli, M. Izzi, E.A. Kukushkina, S.I. Hossain, R.A. Picca, N. Ditaranto, N.
Cioffi, Can nanotechnology and materials science help the fight against SARS-
CoV-2?, Nanomaterials 10 (2020) 802

[120] E.M. Abed, S.M. Hoseini-Alfatemi, H. Sabati, M.A.K. Gaskarei, K. Delpasand, M.
Ghasemi, Use of nanotechnology in the diagnosis and treatment of
coronavirus, J Curr Biomed Rep. 2 (2021).

[121] P. Chhantyal, Cicada’s antimicrobial nanotechnology solution for COVID free
surfaces, 2020.

[122] P. Erkoc, F. Ulucan-Karnak, Nanotechnology-based antimicrobial and
antiviral surface coating strategies, Prosthesis 3 (2021) 25–52.

[123] S.S. Jeremiah, K. Miyakawa, T. Morita, Y. Yamaoka, Potent antiviral effect of
silver nanoparticles on SARS-CoV-2, BiochemBiophys Res Commun. 533
(2020) 195–200.

[124] Y.H. Joe, D.H. Park, J. Hwang, Evaluation of Ag nanoparticle coated air filter
against aerosolized virus: anti-viral efficiency with dust loading, J Hazard
Mater 301 (2016) 547–553.

[125] S.L. Warnes, Z.R. Little, C.W. Keevil, Human coronavirus 229E remains
infectious on common touch surface materials, mBio 6 (6) (2015).

[126] N.V. Doremalen, T. Bushmaker, D.H. Morris, M.G. Holbrook, A. Gamble, B.N.
Williamson, et al., Aerosol and surface stability of SARS-CoV-2 as compared
with SARS-CoV-1, The New England J Med. 382 (2020) 1564–1567.

[127] G. Borkow, S.S. Zhou, T. Page, J. Gabbay, A novel anti-influenza copper oxide
containing respiratory face mask, PLoS ONE 5 (2010) e11295.

[128] M.C. Sportelli, D. Longano, E. Bonerba, G. Tantillo, L. Torsi, L. Sabbatini, et al.,
Electrochemical preparation of synergistic nanoantimicrobials, Molecules 25
(2020) 49.

[129] J.R. Scully, The COVID-19 pandemic, Part 1: can antimicrobial copper-based
alloys help suppress infectious transmission of viruses originating from
human contact with high-touch surfaces?, Corrosion 76 (2020) 523–527

[130] S. Loeb, C. Li, J.H. Kim, Solar photothermal disinfection using broadband-light
absorbing gold nanoparticles and carbon black, Environ Sci Technol. 52
(2018) 205–213.

[131] B. Nanografi, COVID-19 and nanotechnology, 2020.
[132] Y. Abo-zeid, N.S.M. Ismail, G.R. McLean, N.M. Hamdy, A molecular docking

study repurposes FDA approved iron oxide nanoparticles to treat and control
COVID-19 infection, Eur J Pharm Sci. 153 (2020) 105465.

[133] C.W. Dunnill, I.P. Parkin, Nitrogen-doped TiO2 thin films: photocatalytic
applications for healthcare environments, Dalton Transact. 40 (2011) 1635–
1640.

[134] J. Hasan, A. Pyke, N. Nair, T. Yarlagadda, G. Will, K. Spann, et al., Antiviral
nanostructured surfaces reduce the viability of SARSCoV-2, ACS Biomater. Sci.
Eng. 6 (2020) 4858–4861.

[135] V. Palmieri, M. Papi, Can graphene take part in the fight against COVID-19?,
Nano Today 33 (2020) 100883

[136] B.S.T. Peddinti, S.N. Downs, J. Yan, S.D. Smith, R.A. Ghiladi, V. Mhetar, et al.,
Rapid and repetitive inactivation of SARS-CoV-2 and Human coronavirus on
self-disinfecting anionic polymers, Advanced, Science 8 (2021) 2003503.

[137] I.D.L. Cavalcanti, M.L. Nogueira, Pharmaceutical nanotechnology: which
products are been designed against COVID-19?, J Nanopart. Res. 22 (2020) 276.

[138] C.I. Idumah, Influence of nanotechnology in polymeric textiles, applications,
and fight against COVID-19, The Journal of the Textile Institute 112 (2020)
2056–2076.

[139] S. Semple, J.W. Cherrie, Covid-19: protecting worker health, Ann Work Expo
Health 64 (2020) 461–464.

[140] T.M. Cook, Personal protective equipment during the coronavirus disease
(COVID) 2019 pandemic – a narrative review, Anaesthesia 75 (2020) 920–
927.
17
[141] A. Garai, T. Gorai, Improvement of personal protection for Covid19 infection,
Int Res J Mod. 02 (2020).

[142] P.S. Thind, A. Sareen, D.D. Singh, S. Singh, S. John, Compromising situation of
India’s bio-medical waste incineration units during pandemic outbreak of
COVID-19: associated environmentalhealth impacts and mitigation
measures, Environ Pollut. 276 (2021) 116621.

[143] Z. Wang, C. An, X. Chen, K. Lee, B. Zhang, Q. Feng, Disposable masks release
microplastics to the aqueous environment with exacerbation by natural
weathering, J Hazard Mater. 417 (2021) 126036.

[144] R. Akhbarizadeh, S. Dobaradaran, I. Nabipour, M. Tangestani, D. Tabedi, F.
Javanfakr, et al., Abandoned Covid-19 personal protective equipment along
the Bushehr shores, the Persian Gulf: an emerging source of secondary
microplastics in coastlines, Mar. Pollut. Bull. 168 (2021) 112386.

[145] G.E. De-la-torre, R.J. Rakib, C.I. Pizarro-Orteg, D.C. Dioses-Salinas, Occurrence
of personal protective equipment (PPE) associated with the COVID-19
pandemic along the coast of Lima, Peru, Sci Total Environ 774 (2021)
145774.

[146] N.A. Hasan, R.D. Heal, A. Bashar, M.M. Haque, Face masks: protecting the
wearer but neglecting the aquatic environment? - A perspective from
Bangladesh, Environ Challenges 4 (2021) 100126.

[147] N.B. Rodríguez, G. Formentini, C. Favi, M. Marconi, Environmental implication
of personal protective equipments, in the pandemic era: LCA comparison of
face masks typologies, Procedia CIRP. 98 (2021) 306–311.

[148] V. Palmieria, F.D. Demaio, M.D. Spirito, M. Papi, Face masks and
nanotechnology: keep the blue side up, Nano Today 37 (2021) 101077.

[149] S. Bhattacharjee, R. Joshi, A.A. Chughtai, Graphene modified multifunctional
personal protective clothing, Adv Mater Interfaces 6 (2019) 1900622.

[150] D. Wang, B. Sun, J.X. Wang, Y.Y. Zhou, Z.W. Chen, Y. Fang, et al., Can masks be
reused after hot water decontamination during the COVID-19 pandemic?,
Engineering 6 (2020) 1115–1121

[151] M. Riediker, Nano-safety research lessons for dealing with aerosol
transmissions of COVID-19, Nanotoxicology 14 (2020) 866–868.

[152] A.P. Krajnc, L. Pirker, U.G. Centa, A. Gradisek, I.B. Mekjavic, M. Godnic, et al.,
Size- and time-dependent particle removal efficiency of face masks and
improvised respiratory protection equipment used during the COVID-19
pandemic, Sensors 21 (2021) 1567.

[153] A. Facciolà, G. Visalli, P. Laganà, V. La Fauci, R. Squeri, G.F. Pellicano, et al., The
new era of vaccines: the ‘‘nanovaccinology”, Eur Rev Med Pharmacol Sci. 23
(2019) 7163–7182.

[154] J.J. Coté, J. Haggstrom, R. Vivekanandan, K.A. Cote, D.L. Real, D.P. Weber, et al.,
COVID-19 and a novel initiative to improve safety by 3D printing personal
protective equipment parts from computed tomography, 3D Printing in
Medicine 6 (2020) 20.

[155] G.B. Ramaiah, A. Tegegne, B. Melese, Functionality of nanomaterials and its
technological aspects – used in preventing, diagnosing and treating COVID-
19, Mater Today Proc. 47 (2021) 2337–2344.

[156] S. Talebian, G.G. Wallace, A. Schroeder, F. Stellacci, J. Conde, Nanotechnology-
based disinfectants and sensors for SARS-CoV2, Nat. Nanotechnol. 15 (2020)
618–624.

[157] F. Vahedifard, K. Chakravarthy, Nanomedicine for COVID-19: the role of
nanotechnology in the treatment and diagnosis of COVID-19, Emerg Mater 4
(2021) 75–99.

[158] M.K. Ahmed, M. Afifi, V. Uskokovi, Protecting healthcare workers during
COVID-19 pandemic with nanotechnology: a protocol for a new device from
Egypt, J Infect Public Health 13 (2020) 1243–1246.

[159] O’K. Dowd, K.M. Nair, P. Forouzandeh, S. Mathew, J. Grant, R. Mohan, et al.,
Face masks and respirators in the fight against the COVID-19 pandemic: a
review of current materials, advances and future perspectives, Materials,
2020, 13, 3363.

[160] S. Adhikari, U. Adhikari, A. Mishra, B.S. Guragain, Nanomaterials for
diagnostic, treatment and prevention of COVID-19, Appl Sci Technol Ann. 1
(2020) 155–164.

[161] A.D. Chintagunta, S.M. Krishna, S. Nalluru, S.N.S. Kumar, Nanotechnology: an
emerging approach to combat COVID-19, Emerg Mater. 4 (2021) 119–130.

[162] M.D. Shin, S. Shukla, Y.H. Chung, V. Beiss, S.K. Chin, O.A. Ortega-Rivera, et al.,
COVID-19 vaccine development and a potential nanomaterial path forward,
Nat. Nanotechnol. 15 (2020) 646–655.

[163] V. Cagno, P. Andreozzi, M. D’Alicarnasso, P.J. Silva, M. Mueller, M. Galloux,
et al., Broad-spectrum non-toxic antiviral nanoparticles with a virucidal
inhibition mechanism, Nat. Mater. 17 (2018) 195–203.

[164] P. Paliwal, S. Sargolzaei, S.K. Bhardwaj, V. Bhardwaj, C. Dixit, A. Kaushik,
Grandchallenges in bio-nanotechnology to manage COVID-19 pandemic,
Frontiers in Nanotechnology 2 (2020) 5.

[165] R.E. Hitzky, M. Darder, B. Wicklein, M.R. Sampedro, P. Aranda,
Nanotechnology responsesto COVID-19, Adv Healthcare Mater. 9 (2020)
2000979.

[166] H.F. Florindo, R. Kleiner, D. Vaskovich-Koubi, R.C. Acurcio, B. Carreira, E. Yeini,
G. Tiram, Y. Liubomirski, R.S. Fainaro, Immune-mediated approaches against
COVID-19, Nat. Nanotechnol. 15 (2020) 630–645.

[167] S.P. Varahachalam, B. Lahooti, M. Chamaneh, S. Bagchi, T. Chhibber, K. Morris,
J.F. Bolanas, N.Y. Kim, A. Kaushik, Nanomedicine for the SARS-CoV-2: state-
of-the-art and future prospects, Int J Nanomedicine 16 (2021) 539–560.

http://refhub.elsevier.com/S0167-7322(22)01333-2/h0790
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0790
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0795
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0795
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0795
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0795
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0805
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0805
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0805
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0805
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0810
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0810
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0810
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0810
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0815
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0815
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0815
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0820
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0820
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0820
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0825
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0825
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0825
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0830
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0830
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0830
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0835
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0835
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0835
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0845
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0845
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0850
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0850
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0850
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0855
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0855
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0855
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0860
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0860
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0865
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0865
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0865
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0870
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0870
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0875
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0875
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0875
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0880
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0880
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0880
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0885
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0885
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0885
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0895
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0895
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0895
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0900
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0900
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0900
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0905
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0905
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0905
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0910
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0910
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0915
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0915
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0915
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0920
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0920
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0925
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0925
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0925
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0930
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0930
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0935
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0935
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0935
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0940
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0940
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0945
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0945
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0945
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0945
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0950
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0950
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0950
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0955
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0955
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0955
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0955
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0960
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0960
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0960
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0960
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0965
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0965
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0965
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0970
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0970
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0970
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0975
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0975
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0980
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0980
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0985
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0985
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0985
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0990
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0990
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0995
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0995
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0995
http://refhub.elsevier.com/S0167-7322(22)01333-2/h0995
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1000
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1000
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1000
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1000
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1005
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1010
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1010
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1010
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1015
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1020
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1020
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1020
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1025
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1025
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1025
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1035
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1035
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1035
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1040
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1040
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1045
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1045
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1045
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1050
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1050
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1050
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1055
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1055
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1055
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1060
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1060
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1060
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1065
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1065
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1065
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1070
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1070
http://refhub.elsevier.com/S0167-7322(22)01333-2/h1070

	A systemic review on liquid crystals, nanoformulations and its application for detection and treatment of SARS – CoV- 2 (COVID – 19)
	1 Introduction
	2 Cellular mechanism for the SARS-CoV-2 pathway
	3 Detection of SARS-CoV-2 using liquid crystal as biosensors
	4 Liquid crystal – Based immunosensor
	4.1 Preparation of antigen immobilized nanostructure surfaces
	4.2 Anti-SARS-CoV-2 N antibody detection

	5 Nanodiagnostic application in SARS-CoV-2
	5.1 Nanostructured biosensors
	5.2 Detection using nanomaterials and smartphone
	5.3 Nps for detection of SARS-COV- 2

	6 Treatment of SARS-CoV-2 (COVID-19) using nano based systems
	6.1 Role of antiviral materials
	6.1.1 Antiviral nanostructure materials
	6.1.2 Antiviral drugs


	7 Nanovaccines
	8 Nanotechnology to combat COVID − 19
	9 Nano-preventive applications
	9.1 Surface disinfection using nanotechnology
	9.2 Personal protection equipment improved by nanotechnology (PPE)

	10 Conclusion, limitations and future perspectives
	10.1 Limitations
	10.2 Future Perspectives

	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


