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Abstract

Novel coronavirus disease 2019 (COVID-19) is by far the worst pandemic disease in the current millennium. The first human-to-
human transmission was observed in December 2019 in China and is caused by the highly contagious severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which has infected millions of people within months across the globe. SARS-CoV-2 is
a spike protein enveloped virus with particle-like characteristics and a diameter of 60-140 nm. Real-time PCR, reverse tran-
scriptase PCR, isothermal PCR, immunological-based detection technique and nano-based diagnostic system have been ex-
plained for the identification and differentiation of different types of virus including SARS-COV-2. Synthetic nanoparticles can
closely mimic the virus and interact strongly with its virulent proteins due to their morphological similarities. Some of the
antiviral nanomaterials are also discussed, for example zinc oxide nanoparticle is an antiviral agent with a tetrapod morphology
that mimics the cell surface by interacting with the viral capsid. It suppressed the viral proteins upon UV radiation due to reaction
caused by photocatalysis. Hence, nanoparticle-based strategies for tackling viruses have immense potential. The second part of
the review points to the latest in vitro and in vivo procedures for screening viral particles and the usage of nanoparticles in
diagnostic and therapeutics. This would be beneficial for early detection and assists for the safe and effective therapeutic
management of COVID-19.

Keywords COVID-19 - Biosensor - Nanotechnology - In vitro assay - COVID-19 testing

1 Introduction

Nanotechnology is a relatively new field of science that has
attracted attention of researchers because of its immense po-
tential in various applications ranging from energy production
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to biomedical applications. Nanotechnology-based system is
useful in surgery, cancer diagnosis and therapy along with
identification of molecular disease markers, implant technol-
ogy, devices for drug delivery etc. [1-3]. The superiority of
nanomaterial is due to their unique size-dependent properties
and has become indispensable in many areas of human activ-
ity. The ongoing COVID-19 pandemic can only be handled
with multidimensional scientific approaches. The first and ba-
sic requirement is the diagnosis and detection of the causative
virion particles. It is also very important to develop fast and
cost-effective testing methods that enable us to identify and
isolate infected people, thereby containing the spread of the
virus. A large-scale speedy tracking-testing-therapy (t-t-t) is
required for SARS-CoV-2 as many of the patients are asymp-
tomatic in nature. Since a large population needs to be tested,
the testing methods need to be precise and patient compliant,
which have the ability to be scaled up and most importantly
cheap. Various types of testing method are available based on
the nucleic acid, antigen, antibody, nanotechnology and bio-
chemical technique. Variation in PCR is used for the detection
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of DNA in sample. Real-time PCR, a rapid and sensitive tech-
nique uses SYBR-Green or other probes to detect the presence
of'viral DNA or RNA [4]. Antigen and antibody-based immu-
noassay is also used for detection of presence of viral capsid
protein in infected sample. ELISA is one of the examples
which can detect SARS-CoV-2 spike protein or antibody with
high specificity and sensitivity [5, 6]. Antiviral medicinal ther-
apeutics are very essential to reduce the spreading and mor-
tality caused by the virus particles [7]. The in vitro and in vivo
bioassay may be carried out for diagnosis and development of
therapeutic agent against SARS-COV-2. The in vitro method
was developed to evaluate the SARS-CoV-2 inhibitors by
application of DEP (Dual Envelope Pseudovirion) technique.
This process includes the coating the protein envelope by the
luciferase enzyme and the second one encodes the control
from the target virus [8]. The in vitro analysis of carbon-
based nanomaterial on the inhibition of virus was also well
explained. The mode of action depends on how it interacts
with the host cells and the way the nanoparticles are injected
at different time intervals, so that it could prevent the virus
from damaging the host cells. For example, the study on the
glycofullerenes demonstrated to be very effective in the cur-
rent ongoing pandemic virus SARS-CoV-2 which involves
the click chemistry strategy to anchor the ligands to inhibit
the virus [9]. Therefore, the aim of this review article is to
focus on the various methods of diagnosis, therapeutic and
in vitro and in vivo screening technique against SARS-
COV-2 for control and manage the COVID-19 pandemic
across the globe.

2 Nanoparticle and diagnosis of SARS-CoV-2

Diagnosis of SARS-CoV-2 is an important step that depends
on the understanding of virus structural protein and genetic
components. The replication of SARS-CoV-2 virus starts up-
on the entry through the specific binding with ACE2 protein
on host cells [10, 11]. The current technique for detection of
SARS-CoV-2 is based on the presence of C-reactive protein
and serological components. CRP identifies the presence of
virus particle by reacting with piece of genetic code of SARS-
CoV-2 whereas the serological method is dependent on the
extent of immunological reaction against the virus [12]. In
serological methods, the presence of igG and igM is recog-
nized in blood sample but the production of antibody occurs
after 7 days of commencement of symptom [13]. However,
the CRP confirms the presence of genetic material of virus in
the body approximately until the day when symptom appears
[14].

Today, diverse techniques are employed as highly sensitive
diagnostic system for identification of SARS-CoV-2 and
many new methods need to be investigated. In this regard,
US researchers designed a rapid test using gold nanoparticles
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and termed it as efficient and fast approaches for the diagnosis
of COVID-19, thereby maximizing the sensitivity and reliabil-
ity of the tests [15, 16]. The idea of the authors behind it is to
attach a specific molecule to the gold nanoparticles that detect
a particular protein from the genetic sequence of the SARS-
CoV-2 virus [16]. This interaction initiated when the biosen-
sor binds to the virus’ gene sequence, and the gold nanoparti-
cles are responsible for the transition of the liquid reagent from
purple to blue. This way the visual change indicated direct
diagnosis of the SARS-CoV-2 virus in the sample. They allow
the coupling of biological molecules forming hybrid struc-
tures biological Au nanoparticle, promoting a target detection
of the virus. Bio-Au nanoparticle-based diagnostic system
shows increased level of the sensitivity of the test and a better
detection range which reduces the detection time [17].
Researchers have also used gold nanoparticles for the devel-
opment of a rapid detection kit for IgG and IgM antibodies
against SARS-CoV-2, which helps in minimizing the diag-
nostic time and the results can be displayed in less than
10 min [18]. Some of the problem associated with the present
diagnostic system can be minimized by increasing the sample
life. Samples collected from the patients need to be tested
immediately to save the degradation of components such as
RNA and protein because of the lack of availability of refrig-
erated transportation. In this regard, researchers have done
amazing work to develop a sample collection kit containing
an RNA stabilization fluid using nanotechnology. The kit pro-
tects viral RNA to remain stable at room temperature for up to
a week, helping its safe transportation from one place to other
place as per requirement. Two-dimensional nanoparticles
coupled with functional DNA receptor are utilized to develop
biosensor for diagnosis of SARS-CoV-2 [19]. Zhu et al. de-
veloped a diagnostic technique based on nanoparticle that
used isothermal amplification mediated by multiplex tran-
scription loop. Their results based on analysis of 33 oropha-
ryngeal samples of patients with COVID-19 demonstrated
100% of sensitivity and 100% specificity up on analysis of
96 samples collected from non-COVID-19 patients [20].

The different modification of PCR can also be used to fulfil
the requirement of highly sensitive and specific detection sys-
tem of enteric virus. The reverse transcriptase PCR in integra-
tion with cell culture technique can be used to detect the slow
growing or either unable to display cytoplasmic effects [21].
Propidium monoazide (PMA) is also used to differentiate the
enteric virus with non-infectious virus along with RT-PCR
[22]. The logic behind using the PMA is that it penetrates
the damaged capsid wall of non-infectious virus; thereafter,
it covalently binds to RNA on exposure to visible light. The
covalently conjugated RNA became unavailable to RT-PCR
for amplification. Sequence-independent single-primer ampli-
fication (SISPA), a variation in PCR technique, can be applied
for diagnosis of new strain or highly diverse type of virus of
unknown sequence [23]. Here, an adaptor/linker of known
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sequences can be designed and ligated to both the end of
known sequences followed by amplification with a primer of
known sequences. This technique is already successfully done
for the detection of Norovirus concerned with gastroenteritis
[24]. The real-time PCR is one of the excellent and rapid tools
for the sensitive detection and quantification of virus in the
sample where amplification product florescence is due to de-
position of SYBR green dye or various probes [25]. The mul-
tiplex Luminex Assay show better results with high sensitivity
than the conventional RT-PCR used [26]. This PCR has been
successfully applied for the diagnosis of many enteric viruses
simultaneously [27]. The major drawback associated with the
use of this PCR is inter-laboratory variation in the plotting of
standard curve along with the use of standard materials.
Therefore, the application of PCR is one of the easy tools,
which are applied for the diagnosis of SARS-CoV-2 virus
and may be developed for detection of new variant of the
same.

3 Nanoparticle as therapeutic agent
against COVID-19

One of the immediate challenges is to discover the safe and
effective therapeutic agent against novel coronavirus SARS-
CoV-2. The best approach to introduce rapid therapy is to test
available drugs on the market because these have reported
safety and security profile as studied previously.
Nevertheless, the pathophysiological properties of COVID-
19 should be taken into consideration while using the previ-
ously known drug that possesses established anti-microbial
property as per FDA approval. For example,
hydroxychloroquine and chloroquine were initially used as
anti-parasitic agent, but we must be cautioned about the de-
velopment of cardiotoxicity in patients with COVID-19 dur-
ing consumption [28]. Ivermectin has been used successfully
for controlling viral load to contain the replication of the virus
[29]. Several applications of antiviral drugs have been used by
repurposing to treat the COVID-19 such as Ribavirin,
Remdesivir, and Favipiravir but show tremendous adverse
reactions. In order to handle this loophole, we may use
nanocarrier coupled with receptor ligand-based drug delivery
for effective management of viral pandemic [30].

According to the literature, nanotechnology provides ad-
vantages over present system of diagnosis such as liposomes,
polymeric and lipid nanoparticles, metallic nanoparticles, and
micelles. The merits of the use of nanoparticle include the
proper encapsulation of drugs, slow release of drugs, and
assisting in the improvement of properties of drug molecules
[31].

Researchers from Cyprus have done great work on chito-
san nanoparticles for aerosol application, which allow drugs to
target on the epithelial tissues of lungs and ensuring the

controlled release and minimizing the toxicity level [32]. In
this regard, the authors’ statement is very important as chito-
san nanoparticles, called Novochizol, permit the encapsula-
tion of several drugs to transport them to the lungs in order
to have effective action to cure severe COVID-19 infections.
According to the developers of this product, Novochizol aero-
sols can provide a therapeutic dose to a patient for a period
ranging from 25 min to 3 h. Using chitosan as nanoparticle
provides a lot of benefits such as low toxicity and biodegrad-
ability in both in vitro and in vivo model. Furthermore, re-
search on chitosan shows very good applicability in drug
transport to lungs [33]. Therefore, chitosan nanoparticle may
be the potential alternative to use it in transport of drug against
SARS-CoV-2. Furthermore, chitosan has very good
mucoadhesive properties which helps in the reduction of in-
testinal reaction caused due to COVID-19 infection [34].
Research on the COVID-19 patient has also confirmed that
the SARS-CoV-2 virus changes the gastrointestinal
microbiome even after the patient recovered from SARS-
CoV-2. The presence of microorganism such as
Coprobacillus, Clostridium ramosum, and Clostridium
hathewayi in intestine may be a big concern with the severity
of COVID-19 [35]. This could happen due to the dysbiosis of
the microorganism in the gastrointestinal tract. Therefore, we
can say that chitosan nanoparticle could be helpful in the con-
trol, transportation and release of drugs and shows good ben-
efits to patients at pulmonary and intestinal level. An impor-
tant nanoparticle such as nano sponges from pulmonary type
II epithelial cells or human macrophages has been developed.
This nano sponges are very good attractant of SARS-CoV-2
virus and can be neutralized after being captured. Therefore, it
could be helpful in the development of preventive measures of
SARS-CoV-2 [36].

COVID-19 patients may suffer from organ failure due to
cytokine storm. Cytokine storm is COVID-19-associated se-
rious complication, which consists of hyper production of
proinflammatory cytokine [37].

The chemokine receptor CCR2 may be inhibited by encap-
sulating the small interfering RNA (siRNA) in lipid nanopar-
ticle. The sufficient degradation of CCR2 mRNA in mono-
cytes checks the deposition of cytokine at inflammatory sites.
Through this process, the body immune system controls the
recruitment of unwanted monocytes during the inflammatory
process and demonstrated the effective results in mouse model
[38]. As previously known, some of the commercial marketed
medicines such as tocilizumab and c1 esterase inhibitors have
shown the very effective outcome in the management of cy-
tokine storm [39]. Further study by Dormont et al. on the
conjugation of nanoparticles with squalene with the anti-
inflammatory drug adenosine and alpha-tocopherol have been
used at the targeted region for acute inflammation [40]. The
mice with acute inflammatory state and cytokine storm were
treated with application of squalene nanoparticle and show the
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reduction in level in proinflammatory cytokine along with
increasing the concentration of IL10 to control the inflamma-
tory response. The efficiency of nanoparticle can also be en-
hanced by modifying the different functional groups on the
surface and to bond with specific receptor. This approach may
be applied for blocking the contact of the virus with target cell.
The work of Loczechine et al. on the carbon quantum dots
(CQDs) that were combined with boric acid showed the in-
hibitory effect on the human coronavirus HCoV-229E. This
study demonstrated the interaction of functional group (boron-
ic acid) of the CQDs with the receptors of the virus and gly-
coprotein spike protein (S), leading to the binding inhibition
of virus with cell [41]. Thus, this kind of approach could be
effective in controlling the spread of SARS-CoV-2 at various
stages of infection.

4 Application of nanomaterials
in the development of biosensors
for SARS-CoV-2

Nanomaterial incorporated biosensor is one of the options for
development of rapid sensitive and is considered a low-cost
method for the identification and diagnosis of virus of viral
diseases as per previous record. Nano-based biosensor may
provide easy, rapid and sensitive detection of SARS-CoV 2,
which supports the better control, diagnosing and treatment of
COVID-19 [42]. The mechanism of biosensor for the detec-
tion of SARS-CoV-2 carries three important aspects, includ-
ing the target for identification (e.g. viral RNA and proteins,
or human immunoglobulins), identification methods (based
on aptamers, antibodies, nucleic acid probes, receptors), and
the amplification of signals and transduction systems
(based on electrical, surface plasmon resonance, electrochem-
ical, optical, mechanical systems, and fluorescent signals)
[43-45].

The SARS-CoV-2 can be detected by the application of
field effect transistor (FET)-based biosensing gadgets and its
performance is evaluated by using the cultured virus, protein
antigen and nasopharyangeal swab sample taken from
COVID-19 patients. This biosensor is designed with graphene
sheet FET coated with antibody against SARS-CoV-2 spike
protein. The decorated FET sensor can detect SARS-CoV-2
spike protein at the concentration 1 fg/ml in phosphate-
buffered saline, and 100 fg/ml in medical transfer vehicle.
This FET-based biosensor also demonstrated good sensitivity
for the identification of SARS-CoV-2 with no pretreatment
required [46]. The important aspect associated with the sensor
device is that it does not show any cross-reactivity with MER-
CoV, demonstrating significant potential in detection of
SARS-CoV-2 spike antigen in sample.

The nanoparticle containing magnetic characters coupled
with specific receptor of virus can also be employed for the
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detection of COVID-19. The device uses viral genome
ssSRNA and SARS-CoV-2 spike protein was designed with
the help of magnetic nanoparticles. The detection of SARS-
CoV-2 can be done with the help of giant magnetoresistive
biosensor (GMR) along with magnetic nanoparticles, reveal-
ing the good sensitive and potential biosensing [47].

Further study was conducted on gold NPs that were
used for the construction of electrochemical biosensor in
order to detect SARS-CoV-2 spike S1 protein antigen.
They had designed the substrate of biosensor with a
fluorine-doped tin oxide, while gold NPs were applied
as a signal amplifier owing to the significant electrical
conductivity [48]. For the preparation of efficient biosens-
ing method, the monoclonal antibodies developed against
SARS-CoV-2 were immobilized to prepare the
immunosensor. The limit of detection (LOD) of the
immunosensor was about 10 fM for detection of the
COVID-19 antigen (spike protein). In addition, a very
cheap and sensitive electro sensor was designed based
on cobalt-coupled TiO, nanotubes for the detection of
SARS-CoV-2 spike located on the surface of the virus
within about 30 s [49]. This immunosensor could recog-
nize the S-receptor binding protein of SARS-CoV-2 at
very low concentration ranging from 14 to 1400 nM.
Further, the limits of detection of virus particle can be
enhanced by using the modern gene editing CRISPER-
cas during the viral diagnosis [50]. This gene editing tech-
nique was previously modified to biological sensor using
CRISPER-Chip coupled with graphene-based field effect
transistor (FET) that is capable of detection of 1.7 fM
concentration of nucleic acid within 15 min without using
any amplification system [51]. Currently, this technique
has been applied for the detection of SARS-COV-2 in less
than 40 min. The surface plasmon resonance and localized
surface plasmon resonance (LSPR)-based biosensor is
previously studied in relation to detection of nucleic acid
and viral infection [52]. Recently, nucleocapsid-based an-
tibody was diagnosed by use of SPR-based biosensor,
which is SARS-COV-2 specific in undiluted human se-
rum [53]. SPR-based biosensor conjugated with peptide
and SARS-CoV-2 nucleoprotein recombinant protein de-
tected anti-SARS-COV-2 antibody in nanometre range of
concentration.

An innovative idea for rapid and sensitive detection of the
SARS-CoV-2 spike-1 (S1) protein has been introduced that is
the use of the SARS-CoV-2 receptor ACE-2 protein matched
pairs with commercially available antibodies [54]. ACE-2 and
monoclonal antibody against S1 protein (S1-mAb) were
paired with each other for detection in a lateral flow immuno-
assay (LFIA). The system did not show cross-reactivity with
the SARS-CoV Spike-1 or MERS-CoV Spike 1 protein.
Subsequently, the SARS-CoV-2 S1 protein was recognized
in the ACE2-based LFIA system. The limit of detection
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(LOD) was found to be about 1.86 x 10> copies/mL in clinical
specimens from COVID-19 patients without any cross-
reactivity for nasal swabs [54]. Owing to all these, it can be
said that the biosensors designed based on the nanotechnology
are rapid/easy to use, specific in nature without cross reaction.
The SPR-based biosensor is rapid and highly sensitive and
detects the sample within 15 min.

4.1 In vitro assay procedures for screening and
evaluation of viral entry inhibitors

There are different types of assays which include cell-cell
fusion assays, cell-virus fusion assays, and in vitro biochem-
ical assays that were developed for screening the inhibitors of
viral entry (Fig. 1). The entry in the case of enveloped viruses
will be formed by the fusion of the envelope in the cellular
membrane. This process is mediated by the glycoprotein
which consists of transmembrane gp41 and binds to the cell
receptors like CD4, CXCR4 or CCRS5 by activating the
refolding the glycoprotein [56]. The refolding encompasses
the N and C terminal domains of the glycoprotein by forming
helical bundle. Another in vitro assay method was developed
for evaluating the SARS-CoV inhibitors by DEP (Dual
Envelope Pseudovirion) method. In this process, it encodes
the protein envelope by the luciferase enzyme and the second
one encodes the control from the target virus. By the Dual-Glo
Luciferase assay, this reduces the false positive results and it is
used to screen the molecules, which prevents the entry of
viruses. By this screening method, it can identify multiple

compounds having inhibitory activity against different kinds
of viruses [57, 58].

4.2 In vitro assay procedures for screening viral capsid
inhibitors

Most of the viruses enter the host cells through endocytosis
mechanism. There are mainly two methods that are involved
for screening the viral capsid and they are utilization of virus
specific restriction factors and ultracentrifugation [59]. The
ultracentrifugation process (in vitro core stability assay) is
the one in which it dissolves the viral membrane and turns
into a gradient layer of sucrose where the core of viral particles
is concentrated [60]. In this assay, this involves the cellular
factors to wash out the infection by the antiviral components
by binding to the capsid core. The virions were separated by
the centrifugation by the velocity gradient mechanism in
which it binds to the capsid core by dissolving the membrane
to release the viral core. It depends on the processes such as
pH lowering, changing the ionic strength and adding
uncoating factors which affect the viral core [61].

4.3 In vitro assay procedures for screening and
evaluation of replication inhibitors

The enzymes such as polymerase, methyl transferase,
helicase, kinase and integrase play a major role in
inhibiting the replication of viruses. The inhibitors of po-
lymerase enzyme represent many clinically approved an-
tiviral moieties which also inhibits the protease, integrase

Capsid Denaturation Mimicking Cell Surface

Mechanical Breaking

Fig. 1 Illustration of the main mechanisms of blocking virus entry into host cells: capsid denaturation, mimicking cell surface, and mechanical breaking

of the virus [55]
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and immunostimulatory. Usually, polymerase was consid-
ered to be the desired target for the various inhibitors.
They inhibit the nucleotide, pyrophosphate and non-
nucleoside analogues by inhibiting the replication of vi-
ruses. The plaque assay method which is a non-specific
assay method is used for analysing the effectiveness of the
polymerase inhibitor and also it prevents the cytopathic
activity of the virus [62, 63]. Then, the methyl transferase
enzyme involves the methylation process in which the
viral gRNA mimics the cellular mRNA cap to improve
the probability of escaping the virus from the cellular
defence mechanism. This methyl transferase is a very ef-
ficient therapeutic agent and in which the C terminal part
of the SARS nspl14 protein exhibits N7-methyltransferase
activity forming the gRNA cap. This N terminus improves
the prevention of viral replication by inducing antiviral
signalling pathways [64, 65]. Helicase is the other enzyme
which helps in inhibiting the viral replication and it is
used in the fluorescence assays to find the inhibitors
targeting the SARS-CoV helicase (nsp 13). This method
is also used for the analysis of RNA helicase activity of
the virus. Recently, a colorimetric assay is used to deter-
mine the helicase activity using DNA-conjugated gold
nanoparticles. It is based on the optical properties of the
Au nanoparticles in which it induces DNA unwinding to
enhance the inhibitor activity. Another assay involves in
the inhibition of replication is fluorescence method, in
which the helicase analyses the unwinding of DNA. An
example is the graphene oxide-based fluorescence moni-
toring of viral helicase activity. Here, it measures the
changes in the luminescent property of the transition
metals along with the DNA during the helicase mediated
inhibition [66, 67]. The fourth important enzyme for the
inhibition of viral replication is tyrosine kinases and
serine/threonine kinases in which they induce fluores-
cence emission. The assay methods involving kinase en-
zymes are fluorescence polarization, immunochemical,
Western blotting, ELISA, or immune precipitation
methods. In the fluorescence polarization, the SARS-
CoV kinase inhibitors are based on the preventing the
replication by phosphorylation reaction. Here, they use
the specific antibodies like phosphorylated serine/
phosphorylated threonine in which they detect the pro-
tein/peptides. Furthermore, the mass spectrometry-based
analysis proves that the kinase inhibitors depend on liti-
gation method which used against the protein target to
prevent the replication of virus [68, 69]. The integrase
enzyme involves two methods to assess the screening
and evaluation of replication inhibitors. The first one is
radiolabeled DNA which contains cis-sequence of viral
DNA wherein it targets the DNA strand to inhibit the
replication. Another method involves less time-
consuming non-radioactive method for the fluorescence
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anisotropy measurement of DNA. This process analyses
the binding of integrase enzyme to the viral DNA and it
inhibits the replication when it inhibits the binding of
integrase enzyme to the DNA [70, 71].

4.4 In vitro assay procedures for screening and
evaluation of viral assembly inhibitors

The capsid protein is the building block of virus in which it is
surrounded by the nucleic acid and reverse transcriptase.
In vitro assay involves the modified capsid protein by elimi-
nating the nucleic acid which is useful for capsid assembly
and it is fluorescently labelled by dimerizing the capsid pro-
teins by bringing the residues together resulting in inhibiting
the assembly of viral proteins. Another method used here is
turbidometric method for screening the assembly of viral pro-
tein inhibitors. In this method, it involves the N terminal part
of'the protein and the capsid part by mixing the protein and the
nucleic acid, and during the assembly, the turbidity is formed.
The assembly of viral inhibitors was monitored by measuring
the turbidity of the mixture [72, 73].

4.5 In vitro assay procedures for screening and
evaluation of viral maturation inhibitors

The proteases have the tendency to cleave the viral
polyprotein precursors to release the functional protein of
the virus. The proteases such as papain proteases of corona-
virus program the cell signal pathway to inhibit the degra-
dation of viral components. There are many in vitro assays
used to determine the protease activity and it involves syn-
thetic peptide, a classical method which mimics the protease
activity. Through which the viral protease inhibitors chang-
es the peptide sequence to target the protease site and they
can be evaluated by colorimetric and fluorescence method.
By this procedure, it is easy to determine the coronavirus
protease activity and some of them employed nanoparticles
or quantum dots to monitor the analysis of proteolytic prod-
ucts through mass spectrometric methods. An example is in
which the cells are transfected with the precursor protease to
cleave the cellular protein which results in cell death and
apoptosis. These are the in vitro methods which are suitable
for screening the antiviral components to target the virus or
the proteins [74, 75].

4.6 In vitro analysis of metal nanoparticles

Most of the studies have reported that the silver nanoparticles
are excellent in controlling and preventing various viral dis-
eases. The mechanism of AgNPs is that it prevents the virus
from entering the host and also it prevents the virus from
binding with the cell receptor (Fig. 2). The important fact of
AgNPs is that it deactivates the virus by denaturing the surface
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Fig. 2 Potential antiviral mechanism of AgNPs. (1) AgNPs interact with
viral envelope and/or viral surface proteins; (2) AgNPs interact with cell
membranes and block viral penetration; (3) AgNPs block cellular path-
ways of viral entry; (4) AgNPs interact with viral genome; (5) AgNPs

proteins (cysteine, methionine) which are present on the cap-
sid [76]. Then, it interacts with the glycoprotein (gp120) of the
sulphur bearing groups which are distributed on the lipid
membrane of the viral cells by inhibiting the virus from bind-
ing to the receptor of the host cells. In the in vitro viral ad-
sorption assay, it was observed that the antiviral activity is due
to the particle size and shape rather than the silver ions in the
solution. Moreover, the silver salts such as silver sulfadiazine
and silver nitrate were evaluated and it shows a very low
therapeutic index which indicates that they are less efficient.
The in vitro assay reveals that the antiviral efficiency of the
AgNPs is not only associated with the Ag ions present in the
solution but also regulated by the other parameters such as
size, structure and surface modification. In addition, it is also
said that the smaller AgNPs have excellent antiviral activity
which is related to the increase in the surface area; thereby, it
strongly binds to the viral particles by exerting the effect [77,
78]. Another study reveals that the nanosilver was combined
with the nucleic acid of the virus to modify the structure of
capsid which affects the replication of the genetic material of
the virus by making the virus inactive. In the morphological
analysis, it shows that the virus has changed its shape to an
irregular shape by damaging its fibres and proteins to prevent
the virus from binding and also it terminates the viral genetic
DNA. Moreover, they can also bind to the double-stranded
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interact with viral factors necessary for viral replication; and (6) AgNPs
interact with cellular factors necessary for productive viral replication.
Reproduced with permission from ref. [76]. Copyright 2016 Taylor and
Francis

genetic DNA to inhibit and prevent the cell replication by
providing antiviral activity [79, 80].

The surface modification of the AgNPs will also show the
synergistic antiviral activity. The AgNPs functionalized with
biopolymers exhibit an excellent antiviral activity against the
viruses. They interact with the viral glycoproteins and inhibit
them by preventing their entry into the cells which acts as an
effective antiviral activity. This functionalized AgNP blocks
the interaction of the virus with the host cells through the
electrostatic interactions between the polymer and the virus.
It was reported in a study that the curcumin was used as a
reducing and the stabilizing agent which prevents the replica-
tion and also it blocks the budding of the viruses. It was used
as a capping agent in the AgNPs to formulate a stable
cAgNPs. This curcumin-capped AgNP reduces the cytopathic
effects produced by the virus and showed an excellent antivi-
ral activity by inactivating the virus directly before entering
into the host cells. The antiviral action of the functionalized
cAgNPs is higher than that of the unmodified AgNPs and
curcumin alone [81] (Fig. 3).

There are studies in which they have used drugs
(zanamivir, amantadine and oseltamivir) to prepare the sur-
face modified AgNPs through the chemical methods. These
studies showed that these functionalized AgNPs can inter-
act with the virus particles directly which results in
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Fig. 3 Schematic representation A
of the synthesis of cAgNPs (A)
and a proposed inhibition mode of
cAgNPs against RSV infection
(B). The inhibition mode of (B)

shows that cAgNPs can reduce R ~
the binding ability of virus with o o
the binding centres on the surface H,CO S P

of cells (b) as compared to those
without cAgNPs (a). Reproduced
with permission from ref. [81].
Copyright 2016 Royal Chemistry

Society B

destroying the virus and blocks the entry of virus.
Therefore, the antiviral activity depends on the alteration
of the capsid structure, surface protein denaturation and the
adsorption of virus particle. Moreover, the antiviral activity
also depends on the size, shape, surface activity and
functionalization of the silver ions to interrupt the virus
cycle replication [82—84].

When compared to the silver nanoparticles, gold nanoparti-
cles (AuNPs) exhibit reduced toxicity on the healthy normal
cells which makes them more attractive for the in vivo applica-
tions. AuNPs interact with the glycoprotein haemagglutinin
(HA) in which the Au can able to oxidize the disulfide bond
which causes inactivation of the virus [85-87]. To target the
HA is a very effective emerging approach particularly for the
pandemic viruses which have a much accelerated speed of mu-
tation of the surface proteins. This strategy has been applied to
most of the pandemic viruses in which the morphology of the
AuNPs plays an important role to inhibit the viral infection
more efficiently. The porous AuNPs have the higher surface
area which favours the interaction with the capsid by increasing
their antiviral activity than the nonporous material. The surface
modification of the AuNPs enhances their therapeutic activity
by introducing the target ligands during the formulation. In the
in vitro conditions, the gold ions with the presence of gallic acid
produce a homogenous AuNPs to inhibit the viral infection.
The functionalized AuNPs have many benefits like higher cir-
culation time and low concentration, which has the specific
patterns to target the virus. Usually, the negative charge is used
to imitate the cell surface and the molecular patterns are useful
in targeting the virus [88—90]. The sulphonate and the organic
sulphates were used to interact with the capsid proteins of the
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virus cell and prevent the HA activity. The sulphonate function-
alized AuNPs exhibited an increased inhibition of virus when
compared to the succinic acid functionalized one. In a study, it
is reported that the thiol functionalized AuNPs showed a very
powerful inhibition of virus in the in vitro conditions.
Functionalized AuNPs can able to prevent the replication of
virus even at a very less concentration and also reduce the
ICs, of about 2 orders of magnitude [91].

The main benefits of using NPs are they release the ions
and clusters very slowly from the particles which lead to the
improved antiviral activity. In addition, the metal nanoparti-
cles like copper and iron in the form of ions will generate the
radicals through Fenton-like reactions, which oxidizes the
capsid proteins and also inhibits the virus replication at the
early stage. For example, copper ions in the form of sulphates
and iodides were widely used as antiviral agents because they
act on all kinds of viruses [92, 93]. It mainly depends on the
formation of ions (Cu*) which are derived from the iodide or
the sulphates were used as the antiviral components because
of'its action on the enveloped and non-enveloped viruses. The
main mechanism is that it purely depends on the Cu® ions
from the nanoparticles which generate the hydroxyl radicals.
Cuprous and cupric oxide nanoparticles have extensively used
as antiviral components for the in vitro applications. It shows
that the Cu nanoparticle has an excellent antiviral activity
without cytotoxicity by binding and entering the host against
the viruses [94, 95]. A ZnO nanoparticle is another antiviral
agent having a tetrapod morphology in which it mimics the
cell surface by interacting with the viral capsid. By
photocatalysis method, it destroys or inhibit the viral proteins
upon UV radiation [96].
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4.7 In vitro analysis of carbon-based nanomaterials

The carbon-based nanomaterials showed a tremendous in-
crease in the field of antiviral activity. Fullerene and its
derivatives are the most researched carbon nanomaterials
in the field of antivirals. Because of its low solubility,
functionalization method is used to increase the solubility,
and by modifying its shape and function, fullerene deriv-
atives possess antiviral properties by inhibiting the entry
of virus and replication. Mostly, carbon dots and the
graphene oxide are used as antiviral components to pre-
vent the entry of virus in the host cells. An example is
that glycofullerenes were made into a supramolecular for-
mulation which leads to the formation of micelles. These
micelles are spherically shaped and more uniform and the
aggregation synthetic route enables a controlled prepara-
tion of giant molecule glycofullerenes [97] (Fig. 4). The
functionalized self-assembled Cgo with the mannose units
has the carbohydrate on the surface which leads to inhibit
the virus. The in vitro studies displayed a good biocom-
patibility and produce the promising results against the
SARS-CoV. The functionalized fullerenes compete with
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the virus by the lectin receptors and they have large
amount of mannose to improve the multivalency and in-
crease the therapeutic activity (Fig. 4). These
glycofullerenes can decrease the infectivity but they are
capable of inactivating the virus to a large extent.
Moreover, the mechanism of action depends on the inter-
action with the host cells, and while injected at the differ-
ent time intervals, it prevents the virus from damaging the
host cells. The well-developed surface chemistry of the
glycofullerenes was very effective in the current pandemic
virus SARS-CoV-2 which involves the click chemistry
strategy to anchor the ligands by inhibiting the virus
[98, 99].

The carbon dots (CDs) are zero-dimensional particle
which is prepared by the hydrothermal decomposition
method. They have less toxicity, easily functionalized
and have fluorescence properties. The carbon dot pre-
vents the viral infection in the in vitro analysis and it
has the hydroxyl and carboxyl groups on the surface
which interacts with the membrane of the virus [100].
Antiviral agents are grafted on the surface of the CDs
to improve its activity which involves the two-step
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Fig. 4 Chemical design and general scheme to block the viral entry by
glycofullerenes. Three different shapes of glycofullerenes can act as
inhibitor of viral infection: (A) shape composed of monodisperse fuller-
ene bearing mannose, (B) assembly as “sugar balls” of tridecafullerenes
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exhibiting mannose on the edges, and (C) supramolecular micellar aggre-
gates of fullerenes bearing mannose. Reproduced with permission from
Ref [55] (copyright permission from ACS nano)
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reaction. In the first step, it consists of addition of the
antiviral agent directly in the preparation process by
generating a preferred functional CD. Then, hydrother-
mal treatment is initiated to the process which alters the
chemical structure of the therapeutic moiety. The second
step involves a two-step process in which it undergoes
post functionalization through amide formation on the
surface of the CDs which are rich in the carboxylic
groups. The functionalized antiviral agent shows the in-
hibition of virus into the cell which has the broad-
spectrum action for the enveloped and the non-
enveloped viruses (Fig. 5). The results obtained were
due to the efficient binding of the CDs to the virus
and thereby inhibiting its replication [101, 102].

The graphene-based materials such as graphene oxide
(GO) and reduced graphene oxide (rGO) have been
used for biomedical applications. GO will block the
entry of virus in the host cells and they are called as
two-dimensional materials which contain hydrophobic
and hydrophilic domains which adsorb the nucleic acids
and proteins. This GO can be used as a photothermal
agent and also used in photodynamic therapy which
involves in deactivating the viral capsids through the
irradiation and thermal shock [103, 104]. GO along with
the antiviral agent were functionalized and used for the
treatment of the viral infection. They have used organic
and metal nanoparticles for the functionalization to pre-
vent the viral infection in the host cell by binding with
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the viral membrane. The rGO-FeNP involves the
photothermal therapy for the treatment of all kinds of
viruses in which it strongly adsorbs proteins
(coronation) by inhibiting the viral entry to the cells
[105, 106].

4.8 In vivo analysis

In the in vivo analysis, the selenium nanoparticles
(SeNPs) were studied for the antiviral efficiency. They
completely depend on the decrease in the concentration
of ROS in the host cells. This method alleviates the
toxicity by improving the cell viability through the an-
tiviral activity. This method prevents the viral infection
and also the survival of the host cell [107]. The main
mechanism of action is that these nanoparticles
completely depend on the quenching of free radicals in
the host because of the infection, preventing the mito-
chondrial depolarization and apoptosis. The SeNP ad-
sorbs on the surface of viral capsid by reducing the
infection and it is prepared by the mixing the Se salt
with the presence of reducing agent. The SeNPs were
functionalized with the drug molecule and they are used
to prevent the viral entry to the cell which is adminis-
tered through intranasal route for 3 days of every 24 h
[107-110]. The results showed that the infected mice
had recovered from the alveolar collapse and
perivascular and peribronchiolar edema compared to

_Host cell

Cytoplasm
Golgi network

Fig. 5 Illustration of benzoxazine-functionalized CDs and their broad antiviral entry activity. Reproduced with permission from ref. [101]. Copyright

2019 Elsevier B.V
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the other groups. Owing to its very low cytotoxicity and
efficacy, the SeNPs are considered an efficient compo-
nent for treating the viral disease such as SARS-Cov-2.
The symptoms of COVID-19 lead to chronic inflamma-
tion and the oxidative stress results in the spread of
infection. Hence, the use of SeNPs eradicates the toxic-
ity of infected persons and it reacts against the conta-
gious virus (Fig. 6). The biosafety and long-term toxic-
ity are the important challenges to be studied for the
clinical translation [111, 112].

The use of nanoparticles with similar size of virus im-
proves the immune response in the host cells. It adsorbs
the viral particles and presents it to the immune system
and these nanomaterials were administered in the in vivo
conditions and tested for its efficiency. The ZnO NP
which has the tetrapod morphology is inoculated with
the virus and it can able to prevent the cell adhesion to
display the viral antigens to the T cells. The in vivo study
showed that it has 90% antiviral activity and it mimics the
couple cells (Fig. 7) [113, 114].

The calcium phosphate nanoparticles (CaPNPs) were
functionalized covalently with the lysozyme which

24 hours
-
Vv

b Control

shows an immunization 100 times higher when given
a subdermal injection in mice. For the iron oxide nano-
particles, they have given two subdermal injections to
the mice for 14 days and they exhibited the block in the
entry to the cell [115]. The CaPNPs were covalently
modified with the alum and two peptides were adjuvant
and the antigens. The nanomaterials highly stimulate the
immune system which generates the efficient antibodies
to block the cell from the infection by the virus (3 .M
injection for every mice for 14 days). Therefore, the
nanomaterials increase the survival rate of about 100%
when compared to controls (Fig. 8) [116, 117].

5 Conclusion

Since the discovery of nanoparticle, nanotechnology has
wide range of application due to having high surface area
to volume ratio. The nanoscale product has also helped in
development of new field to study the use of the same.
Traditional technique of PCR and sequencing is a time-
consuming process of detection of virus and may show
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Fig. 6 In vivo antiviral efficiency of SeNPs functionalized with ribavirin
(Se@RBV). a Mice infected by HIN1 virus were treated with
physiological saline (Mock), RBV, SeNPs, or Se@RBV. b H&E and

tunnel staining showing that Se@RBV-treated mice displayed reduced
lung damages compared to Mock. Reproduced with permission from ref.
[107]. Copyright 2018 Dove Press Ltd.
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Fig. 7 a Scanning electron microscopy images of ZnO tetrapod
nanoparticles (ZOTEN) synthesized by flame transport synthesis. b
Mice were challenged intravaginally with HSV-2333 with or without
ZOTEN. ¢ To monitor progression of infection, mice were observed daily

individual specific false outcome. The variation of PCR
technique has been discussed in order to develop fast and
specific detection of SARS-CoV-2 that is responsible for
ongoing pandemic. ELISA is very fast, specific and highly
sensitive detection system for diagnosis of patient infected
with SARS-CoV-2. CRISPER-cas technique is recently
discovered edited tools which have potential to detect very
low 1.7 fM concentration of nucleic acid within 15 min.
Currently, the uses of nanomedicines which enable to en-
hance the therapeutic effect of drugs reduce the toxicity
level. The uses of nanotechnology-based medicine have
demonstrated the significant improvement of therapeutic
care of various diseases from cancer to infection. During
the pandemic, a scientist has experienced extensive
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for the development of lesions around the vaginal opening, and base of
the tail. Representative images from three independent experiments are
shown. Reproduced with permission from ref. [113]. Copyright 2016 the
American Association of Immunologists, Inc.

knowledge gained over the years; the nanotechnology has
played a key role in COVID-19 management. The appro-
priate knowledge of nanotechnology has assisted in the de-
velopment of rapid and effective diagnostic system for
COVID-19. During the COVID-19 pandemic, there is ur-
gency of extensive study which needs to be done in order to
develop nanotechnology-based therapeutic drugs to pre-
vent the novel corona virus.

Author contributions AT and PP conceived the original idea and de-
signed the review paper. AT and RR contributed equally and wrote the
manuscript in consultation with the help of AK, MDC and PP. ST
corrected the final manuscript. All the authors approved the submitted
version.



emergent mater. (2021) 4:101-117

113

CaP nanoparticle + HSV-1 antigens

Immunization of mice

Induction of HSV-1 cell-to-cell
spread inhibiting antibodies

=5 /4 = |CaP_P1 CaP_P2
S oW
\
—— S—
N
Y
Protection from lethal HSV-1 infection
100 °
< o0 p =0.06
:—; 60- -e- Mock
g -e- CaP_P1
5 401 - CaP_P2
»n
20 )
; 0 . . ’ . : :
CaP/PEI/CpG™/SiO,-SH ] 0 : 10 15 20 25 30

Time post infection (days)
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