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Abstract

Recent COVID-19 pandemic situation caused due to the novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) affected global health as well as economics. There is global attention on prevention, diagnosis as well as treatment
of COVID-19 infection which would help in easing the current situation. The use of nanotechnology and nanomedicine has
been considered to be promising due to its excellent potential in managing various medical issues such as viruses which is
a major threat. Nanoparticles have shown great potential in various biomedical applications and can prove to be of great
use in antiviral therapy, especially over other conventional antiviral agents. This review focusses on the pathophysiology of
SARS-CoV-2 and the progression of the COVID-19 disease followed by currently available treatments for the same. Use of
nanotechnology has been elaborated by exploiting various nanoparticles like metal and metal oxide nanoparticles, carbon-
based nanoparticles, quantum dots, polymeric nanoparticles as well as lipid-based nanoparticles along with its mechanism
of action against viruses which can prove to be beneficial in COVID-19 therapeutics. However, it needs to be considered
that use of these nanotechnology-based approaches in COVID-19 therapeutics only aids the human immunity in fighting the

infection. The main function is performed by the immune system in combatting any infection.
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Introduction

Infectious diseases, also called as communicable disease, are
those which spread directly or with the help of any medium
indirectly by causative agents such as bacteria, fungi,
viruses, protozoa, parasites, etc. Viruses are known to affect
different cells, tissues and organs upon infection, which can
even lead to death in severe cases (Singh et al. 2017; Chen
and Liang 2020). Till date, viral diseases have accounted
for hundreds of deaths world-wide thereby posing a threat
of human health as well as global economy (Mehendale
et al. 2013). Viruses have accounted for several outbreaks
in recent times. Different viruses such as Ebola, Zika, Nipah,
influenza, Chikungunya, coronavirus, etc., have contributed
to alarming mortalities worldwide. One such example is the
outbreak of the coronavirus disease which started spread-
ing in late 2019 (COVID-19). The COVID-19 outbreak
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was initiated from Wuhan, present in the Hubei Province
of China. The causative agent of the COVID-19 disease
has been identified to be severe acute respiratory syndrome
causing novel coronavirus 2 (SARS-CoV-2) which propa-
gates through eyes, nose and mouth (Gurunathan et al. 2020;
Nikaeen et al. 2020). COVID-19 disease outbreak has been
declared to be a pandemic by the World Health Organiza-
tion (WHO) in March 2020 with incidence of 55,510,763
confirmed cases and 1,335,191 deaths worldwide as on 17th
November 2020. The worldwide impact of this pandemic is
scary and it might worsen further until medicines or vac-
cines specifically targeting the COVID-19 disease come into
market (Chauhan et al. 2020; Campos et al. 2020).

The Coronaviridae family, commonly called as corona-
viruses, consists of single stranded RNA viruses which can
infect mammals as well as birds. These RNA viruses consist
of membrane with spike-shaped transmembrane glycopro-
teins which encapsulate the viral genome. Coronaviruses
get their name from the protein spikes of club shape pre-
sent upon their outer membrane and are further divided into
four classes, i.e., a, B, y and & coronaviruses. The recent
COVID-19 pandemic has arisen on account of p type of
coronaviruses which also include viruses causing severe
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acute respiratory syndrome (SARS) as well as Middle East
respiratory syndrome (MERS) (Song et al. 2019; Zhou et al.
2020a). The frequently occurring indications of the COVID-
19 disease are dry cough, fever, breathing trouble, fatigue,
etc., whereas symptoms like headache, sore throat, loss of
appetite, diarrhea, body pain, etc., are the lesser common
ones. The SARS-CoV-2 further results in viral pneumonia
as well as acute respiratory distress syndrome (ARDS) in
most severe cases accounting for inflammation, oxidative
stress as well as aggravated immune response which might
further lead to death due to associated co-morbidities like
hypertension, heart diseases as well as diabetes (Weiss
et al. 2020). Amongst confirmed COVID-19 cases, 80% of
the affected patients show only mild symptoms while the
remaining patients display moderate to severe symptoms
which might require medical attention. Even though symp-
toms of hospitalized patients may appear to be moderate in
initial phases, they may escalate further causing hypoxic
conditions followed by ARDS which then requires intensive
care with artificial ventilation. The progression of COVID-
19 disease triggers inflammation in a progressive manner
which may excessively activate coagulation leading to com-
plications (Mehta et al. 2020; Zheng et al. 2020a). Patients
have reported severe damage to several vital organs like
heart, kidney, liver, gastro-intestinal tract, central nervous
system associated with COVID-19 which may progress into
multi-organ complications ultimately causing death in severe
cases (Zheng et al. 2020b).

In the current pandemic situation, there are two things of
prime concern crucial for controlling the situation; one is
decreasing the rate of infection and other is increasing the
rate of recovery. The world is focusing on development of
COVID-19 vaccines as well as therapeutic drugs so as bring
this pandemic under control as soon as possible. The pres-
ence of 63 candidate vaccines already under clinical studies
along with 172 candidates under preclinical development
has been reported by the WHO as on January 5, 2021 (Kyri-
akidis et al. 2021). Most of these vaccines are inactivated or
live attenuated viral vaccines, recombinant vaccines, DNA-
based vaccines or messenger RNA (mRNA)-based vaccines
(Tang et al. 2020; Kaur and Gupta 2020). Some of these
COVID-19 vaccines which have received emergency use
authorization in these pandemic times have been developed
by Oxford/AstraZeneca (UK) (Covishield), Johnson and
Johnson (USA) (JNJ-78436735/Ad26.COV2.S), Gamaleya
Research Institute (Russia) (Sputnik V), Bharat Biotech
(India) (Covaxin), SinoVac (China) (CoronaVac), Sinop-
harm (China) and others (Khurana et al. 2021). These are
typically inactivated or live attenuated viral vaccines with
associated merits like strong immune response as well as
easy storage. However, there are associated demerits as well
which include problems during large-scale production, high
cost and requirement of booster doses for development of
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required immunity levels (Bouazzaoui et al. 2021). These
disadvantages have been overcome using mRNA-based
vaccines developed by Pfizer/BioNTech/Fosun Pharma
(mRNA-BNT162b2/Comirnaty) and Moderna/US NIAID
(mRNA-1273) which were approved for EUA due to its
efficiency in maintaining mRNA stability as well as high
levels of targeted delivery in the host cell (Thi et al. 2021).
These mRNA-based vaccines have used lipid nanoparticles
as carrier molecules thus underlining the importance of
nanotechnology in vaccine development. Also, there several
therapeutic drugs which are being developed specifically tar-
geting SARS-CoV-2, but those are still under clinical studies
(Al-Horani et al. 2020).

The present treatment of the COVID-19 disease is purely
symptomatic as it includes broad spectrum antivirals and
antibiotics which treat secondary infections as well as cor-
ticosteroids to control inflammatory responses which can
only manage mild to moderate symptoms (Kumar and
Rathi 2020). However, there is need for development of
specific therapy for targeting the COVID-19 disease. Vari-
ous upcoming therapeutics employed to control COVID-19
infection specifically target viral entry, replication, different
vital enzymes like RNA polymerase, protease, etc., along
with involvement of nanotechnology-based drug delivery
systems. Various antiviral therapies have been efficiently
designed using concepts of nanotechnology due to multi-
faceted nature of nanoparticles aiding in various biomedical
applications (Agarwal et al. 2017; Chhikara et al. 2020). The
already established nano-delivery systems can be used for
combating COVID-19 with high efficacy using therapeutic
drugs and vaccines specific to SARS-CoV-2. Hence, there
is need to access the use of nanotechnology for manage-
ment of COVID-19 pandemic for developing drugs/vaccines
specific against SARS-CoV-2 (Abdul et al. 2020). Herein,
this review focusses on pathophysiology of SARS-CoV-2,
available treatments present in COVID-19 therapeutics and
role of nanotechnology in improving these treatments thus
efficiently combatting SARS-CoV-2 infection.

Life cycle and pathology of SARS-CoV-2

SARS-CoV-2 is a novel RNA virus having single stranded
RNA of length 34 kb as the genetic material surrounded by
nucleocapsid with helical symmetry having 80% similarity
with the SARS-CoV as well as 96% similarity with the Bat-
CoV RaTG13 (Zhou et al. 2020a). The morphological char-
acteristics of the novel SARS-CoV-2 have been elucidated
with the help of electron microscopy. SARS-CoV-2 has
been observed to show coronavirus-specific structure with
viral particles within the size range 70-90 nm which have
been found in various intracellular organelles or membrane
vesicles. There are multiple speculations stating structural
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similarities in SARS-CoV and SARS-CoV-2 because of
immense similarities in their genetic sequences. The mor-
phology of SARS-CoV-2 has been depicted in Fig. 1. Dif-
ferent viral structural proteins have been embedded into
the lipid bilayer derived from the host cell surrounding the
nucleocapsid along with the viral genetic material. The
viral genome encodes for 29 proteins which are subdivided
into 4 structural proteins, 9 accessory proteins as well as 16
non-structural proteins (Astuti and Ysrafil 2020; Khailany
et al. 2020). The four viral structural proteins include the
spike glycoprotein (S protein) involved in attachment of
the virus with the host cell receptor, membrane protein (M
protein) involved in maintaining viral membrane integrity,
nucleocapsid protein (N protein) associated with the viral
RNA genome and the envelope protein (E protein) which
provides structural assembly surrounding the viral genome
The spike protein has driven a lot of focus due to its impor-
tant role in receptor binding as membrane fusion thereby
leading to viral entry into the host cell because of which it
has been a target molecule for neutralizing SARS-CoV-2.
There are three subunits forming the S protein which get
separated to form S monomers upon action of host cell pro-
teases which are critical for viral infection. (Tooze et al.
1984; de Haan and Rottier 2005; Liu et al. 2014; Masters
2006; Chen et al. 2020). Apart of structural proteins, there
are cellular proteases such as trypsin, trypsin-like proteases,
cathepsin L, plasmin, furin, transmembrane protease serine
2 (TMPRSS2), etc., involved in viral ingress followed by its
penetration into the host cells.

The genome similarities between SARS, MERS and
the novel SARS-CoV-2 contribute to the similar nature of
their infection mechanisms using the same host receptor
angiotensin converting enzyme 2 (ACE2). The progression
of the SARS-CoV-2 infection into the human host cell has
been well represented in Fig. 2 (Bertram et al. 2011). The
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Fig. 1 Schematic representation of structural characteristics of
SARS-CoV-2 Reprinted with permission from Chen et al. (2020)
Application prospect of polysaccharides in the development of anti-
novel coronavirus drugs and vaccines. Int J Biol Macromol 164:331—
343. Copyright @ Elsevier

infiltration of coronaviruses into the host cells is governed
by interaction of the viral spike protein with the host cell
receptor along with its priming using host cell proteases.
Similar to SARS-CoV, SARS-CoV-2 also utilized ACE2
receptor in the host cell so as to internalize the viral parti-
cles as well as host cell-specific TMPRSS?2 serine proteases
which are used for S protein priming. S protein of SARS-
CoV-2 is involved in attachment of the viral particles with
the human host cells with subsequent membrane fusion of
the host and the virus. S protein associates with the host
cell through the membrane-bounded receptor, angiotensin
converting enzyme 2 (ACE2) which is abundantly expressed
in respiratory cells, macrophages as well as monocytes (Lu
et al. 2020; Wrapp et al. 2020). The S protein includes two
subunits which play important role in pathophysiology of
SARS-CoV-2. The first S1 subunit is associated with recep-
tor binding whereas the other S2 subunit is associated with
membrane fusion of the host and the virus which is crucial
for viral infection (Simmons et al. 2004; Song et al. 2018; Li
et al. 2005). Once S1 subunit present in the S protein binds
with the ACE2 receptor, SARS-CoV-2 enters into the human
host cell via clathrin-mediated endocytosis following which
S2 subunit present in the S protein is cleaved by furin pro-
tease thereby activating the S protein (Yang and Shen 2020;
Hoffmann et al. 2020a). Membrane fusion of the virus and
the host cells is triggered following action of cathepsin L
in the endolysosome thereby releasing viral RNA. Alterna-
tively, the S protein-ACE2 receptor complex can also enter
the host cell through direct membrane fusion following its
activation by transmembrane protease serine 2 (TMPRSS2)
ultimately resulting in release of viral RNA. Once the viral
RNA enters the host cell environment, viral genome replica-
tion and synthesis of nucleocapsid protein takes place in the
cytoplasm whereas other structural proteins such as envelope
protein, spike protein and the membrane protein are synthe-
sized in the endoplasmic reticulum (ER) which is further
carried to the Golgi apparatus. Assembly of viral genome
along with N protein and the S, M and E protein takes place
in the ER-Golgi intermediate compartment (ERGIC) fol-
lowing which viral particles are assembled and released.
The progression of viral infection leads to symptoms like
inflammation, coagulopathy, hypoxia, etc. (Hoffmann et al.
2020b; Liu et al. 2020Db).

Treatment of COVID-19

Currently, therapeutic drugs specifically targeting SARS-
CoV-2 are still under clinical studies. Due to lack of medi-
cation which would specifically target SARS-CoV-2, the
existing therapy employed in COVID-19 treatment includes
use of immunomodulatory drugs and broad spectrum anti-
viral drugs such as neuraminidase inhibitors, RNA synthesis
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Fig.2 Pathophysiology of SARS-CoV-2 and its mode of infection in
human host cells Reprinted with permission from Chen et al. (2020)
Application prospect of polysaccharides in the development of anti-

inhibitors, nucleoside analogs, EK1 peptides, etc., which
are involved in decreasing the severity of its symptoms
(Lu 2020). Based upon clinical experience and pharmaco-
logical evidences several drugs like favipiravir, remdesvir,
oseltamivir, interferons, mycophenolate, ribavirin, ritonavir,
tocilizumab, plasma therapy, etc., have been approved for
treatment of COVID-19 disease along with additional oxy-
gen supply and artificial ventilation (Donders et al. 2020;
Ziaie et al. 2020). Combination of antiviral remdesvir with
antimalarial chloroquine has been commonly used to con-
trol symptoms of COVID-19 disease. However, the exact
mechanism with which this drug combination controls
SARS-CoV-2 infection is still not understood. Remdesvir
is a broad spectrum antiviral drug which inhibits most of
the RNA viruses as it interferes with RNA dependant RNA
polymerase. It has been used for treating COVID-19 as
SARS-CoV-2 is a RNA virus (Agostini et al. 2018). Fur-
ther, comparative studies between hydroxychloroquine and
chloroquine have shown that hydroxychloroquine shows
higher efficacy and lower cytotoxicity in affected patients
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novel coronavirus drugs and vaccines. Int J Biol Macromol 164:331—
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and hence is a better option than chloroquine (Liu et al.
2020a; Aguiar et al. 2018). Ivermectin, which is an anti-
parasitic drug known to inhibit RNA replication along with
decreasing RNA load, has been observed to show positive
results for treating COVID-19 patients (Caly et al. 2020). In
the current pandemic situation, any therapeutic drug which
acts upon one or more cellular events leading to weakening
of the virus thus limiting its propagation within the host cells
is being used to control further propagation of the COVID-
19 disease.

However, use of broad spectrum antiviral agents and
immunomodulatory agents exhibit lack of specificity and
can be cytotoxic towards host cells. In case of most therapeu-
tic drugs used against COVID-19, there is still need for bet-
ter understanding about its biosafety as well as efficacy. The
side effects that the use of this antiviral therapy would cause
are also not fully understood. Hence, case by case evalua-
tion of antiviral therapy is necessary so as to understand its
cross-reactivity in patients (Cardoso et al. 2020). Consider-
ing all these shortcomings, there is need for development
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of alternative therapeutics which would be safe, tunable,
target-specific, biocompatible, cost-effective, etc., for effi-
cient treatment of diseases like COVID-19 (Gurunathan
et al. 2020). The use of nanotechnology in this regard can
prove to be a boon considering its applications in prevention,
detection as well as treatment of COVID-19 disease.

Use of nanotechnology for treating
COVID-19

Nanotechnology deals with design and manipulation of
materials within the size range 1-100 nm. Nanotechnology
comprises of synthesis and application of different nanoma-
terials which have been observed to show unique physical,
chemical, mechanical, optical as well as electronic proper-
ties in comparison with their bulkier counterparts and hence
show their applications in various fields like cosmetics, agri-
culture, textiles, construction, environmental remediation,
electronics, biomedicine, etc. (Gharpure et al. 2019a, b;
Gharpure and Ankamwar 2020). Biological applications of
nanomaterials include its use in bio-sensing, bio-imaging,
drug delivery, therapy, detection, regenerative medicine,
antimicrobial agents, etc., by virtue of various properties
like high surface area to volume ratio, biocompatible nature,
catalytic efficacy, antioxidant potential, easy functionaliza-
tion, etc. Due to its multi-faceted nature, nanoparticles have
been extensively used in prevention, detection, therapy as
well as control of several infectious diseases (Kirtiwar et al.
2018; Ankamwar and Gharpure 2019). Likewise, nanotech-
nology-based approaches hold a lot of potential which needs
to be exploited for management of the COVID-19 pandemic.
Nanotechnology can offer favorable options to be used for
prevention, diagnosis as well as treatment of COVID-19 dis-
ease (Valdiglesias and Laffon 2020).

The strategies for combating SARS-CoV-2 and deal-
ing with COVID-19 disease using nanotechnology-based
approaches make use of nanomaterials as carrier systems
and/or adjuvants in development of potential vaccine candi-
dates under clinical evaluation. It also exploits nanomaterials
as carrier systems for drug delivery and/or nano-encapsu-
lation using some active components for targeted release
to be used in therapeutic applications (Nikaeen et al. 2020;
Sivasankarapillai et al. 2020). The use of nanotechnology
in treatment of COVID-19 disease focusses upon inhibiting
one or more viral processes like interaction of viral par-
ticles with host cell, fusion of both the viral and host cell
membranes, viral protein synthesis, viral genome replica-
tion, etc. (Mainardes and Diedrich 2020). Some of the most
commonly used nanoparticles for antiviral therapy include
metal and metal oxide nanoparticles, carbon-based nano-
particles, quantum dots, polymeric nanoparticles as well as
lipid-based nanoparticles which have been already known

for their antimicrobial, antiviral as well as drug delivery
applications. With the help of these nanoparticles, COVID-
19 pandemic can be managed by development of personal
protective equipment (PPE) with high level of infection
protection as well as effective anti-viral disinfectants so as
to inactivate the virus thereby controlling its propagation,
development of diagnostic tools for effective recognition
of SARS-CoV-2 which are easy to use, less time consum-
ing, reliable and cost effective, development of therapeutic
drugs for treating COVID-19 disease with low cytotoxicity,
high specificity and efficacy as well as development of an
efficient vaccine to boost immunity to fight the infection
without causing any side effects. Here, we will focus upon
use of different types of nanoparticles as well as antiviral
agents contributing to high biocompatibility, increased effi-
cacy as well as high specificity to be used in COVID-19
therapeutics.

Metal and metal oxide nanoparticles

The multi-faceted nature of nanoparticles have a lot of
potential in aiding management of COVID-19 pandemic
through development of strategies for prevention, diagnosis,
treatment as well as vaccine development of the COVID-19
disease (Chan 2020). Metal and metal oxide nanoparticles
possess a lot of potential of COVID-19 management by
virtue of their multi-faceted properties like increased sur-
face area to volume ratio, ease of synthesis, tunable size
and morphology, surface chemistry, easy functionalization,
high biocompatibility, etc. (Shankar et al. 2004; Ankam-
war et al. 2016; Ankamwar 2020). Different metal-based
nanoparticles have already been reported to show antiviral
properties against various viruses such as influenza virus,
hepatitis B virus (HBV), herpes simplex virus, human
immunodeficiency virus (HIV), monkeypox virus, etc., and
hence their applicability can be extrapolated in COVID-19
therapeutics (Galdiero et al. 2011). These antiviral attrib-
utes of metal and metal oxide nanoparticles are dependent
primarily upon their physico-chemical properties which in
turn influence their loading capacity, neutralization potential
as well as efficacy of membrane penetration and membrane
fusion. In addition to this, these nanoparticles mimic living
cells thus enabling fusion of nanoparticles with the viruses.
These nanoparticles also act as carrier systems for targeted
drug delivery in a controlled manner along with improved
loading capacity, bio-availability, retention times as well as
drug stability because of which they can be preferred over
traditional antibiotics (Singh et al. 2017). Antiviral therapies
make use of metal nanoparticles like gold, silver, copper,
zinc, etc., in addition to metal oxide nanoparticles like iron
oxide, zinc oxide, silica, titanium dioxide, etc., due to its
antiviral properties as elaborated in Table 1 (Chen and Liang
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Table 1 Antiviral properties of metal and metal oxide nanoparticles

Nanoparticles

Virus

Mode of action

References

Polysaccharide-coated silver nano-
particles

Silver nanoparticles

Polyvinylpyrrolidone-coated silver
nanoparticles, bovine serum albu-
min-coated silver nanoparticles

Polyvinylpyrrolidone-coated silver
nanoparticles

Sialic-acid-functionalized gold nano-

particles

Multi-sufonated ligand functional-
ized gold nanoparticles

Copper nanoparticles

Copper nanoparticles

Copper nanoparticles

Zinc oxide nanoparticles

Zinc oxide nanoparticles

Iron oxide nanoparticles

Superparamagnetic iron oxide
nanoparticles

Monkeypox virus

Murine norovirus

Human immunodeficiency virus

Severe acute respiratory syndrome
coronavirus 2

Influenza virus

Dengue virus

Herpes simplex virus

Human coronavirus 229E

Severe acute respiratory syndrome
coronavirus 1

Herpes simplex virus 2

Nidovirus
MS 2 coliphage

MS?2 bacteriophage, Herpes simplex
virus, Viral hemorrhagic septicae-
mia virus, Infectious pancreatic

Inhibition of host cell binding and/or

disruption of host cell biochemical
pathways

Interaction of Ag® with the thiol
groups of the murine norovirus-1
protein capsid, making the RNA
accessible

Preferential binding with the gp120
subunit of the viral envelope
glycoprotein inhibit the virus from
binding to host cells

Interference with viral entry into the
host cell

Interference with interaction of virus

and host cell thereby inhibiting
viral entry

Binding with viral envelope protein
inhibits viral interaction with the
host cell

Increase in ROS production caus-
ing oxidative damage to the viral
genome

Destruction of the viral RNA and
irreversible damage to viral enve-
lope protein and spike protein

Cu?* ions irreversibly damage viral

proteins and lipids along with ROS

generation causing viral inactiva-
tion

Blockage of viral entry into the host
cells

Cu?* interferes with viral replication

Direct interaction with viral particles

leads to its inactivation

Irreversible damage to the viral
genome and inhibition of viral
genome replication

Rogers et al. (2008)

Gusseme et al. (2010)

Elechiguerra et al. (2005)

Jeremiah et al. (2020)

Papp et al. (2010)

Zacheo et al. (2020)

Sagripanti et al. (1993)

Warnes et al. (2015)

van Doremalen et al. (2020)

Antoine et al. (2016)

Ishida (2019)
Kim et al. (2011)

Bromberg et al. (2012)

necrosis virus

2020). However, the exact mechanism responsible for their
antiviral potential is not yet understood.

Silver nanoparticles

There are several reports which show antimicrobial, anti-
viral, anticancer, anti-inflammatory, anti-angiogenic and
anti-coagulant properties of silver nanoparticles (AgNPs) by
virtue of its unique characteristics (Gurunathan et al. 2018,
2020; Park et al. 2014). As AgNPs show antiviral poten-
tial without any surface functionalization, they have been
looked at as a potential candidate to be used for inactivat-
ing SARS-CoV-2. There is a previous report which shows
antiviral activity of bare AgNPs against monkeypox virus
by prevention of internalization of viral particles. However,
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intrinsic cytotoxicity has been observed towards host cells
which can be overcome through surface functionalization
(Rogers et al. 2008; Elbaz et al. 2016). AgNPs shows high
affinity with sulphur containing groups which explains its
strong association with cysteine, methionine and glutathione
which are usually present in active sites of several proteins.
Thus presence of AgNPs might interfere with viral genome
replication as well as protein synthesis due to inactivation
of associated proteins thereby contributing to its antiviral
potential. This antiviral mechanism of AgNPs has been
demonstrated against bacteriophage MS2 as well as murine
norovirus MNV1 (Zodrow et al. 2009; de Gusseme et al.
2010). Also, action of Ag,S nanoclusters has been observed
to inhibit replication of the viral RNA genome in porcine
epidemic diarrhea virus (PEDV) in Vero cells which has
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been observed to be statistically significant (p value <0.01).
As AgNPs show efficient antiviral activities against RNA
viruses, it can be a probable candidate to be tested for inhib-
iting novel SARS-CoV-2 as well (Du et al. 2018). Associa-
tion of AgNPs with the virus results in generation of reactive
oxygen species on the surface of the nanoparticles which
then results in disruption of the viral surface. This disrup-
tion of viral surface contributes to the antiviral potential of
AgNPs.

AgNPs have also been observed to prevent physical asso-
ciation of the virus with the host cells thereby decreasing
its infectivity thus contributing to their antiviral potential.
Antiviral activity of AgNPs in a size-dependent manner
has been observed in HIV-1 within the size range 1-10 nm
where AgNPs around 10 nm were observed to show highest
antiviral activity which was concluded to be its optimal size
(Elechiguerra et al. 2005). In another study, antiviral activ-
ity of polyvinylpyrrolidone functionalized AgNPs has been
depicted in a size dependent and dose dependent manner as
demonstrated in Fig. 3. Two different cell lines, one of non-
human origin (VeroE6/TMPRSS2) and other human lung
epithelial cell line (Calu-3) were infected with SARS-CoV-2
at different viral concentrations measured as multiplicity of
infection (MOI) and then were checked for cell viability and
viral load after treatment with PVP-AgNPs. Cell viability
was checked for infected VeroE6/TMPRSS?2 to calculate
the proportion of cells killed by the virus. The amount of

viral load present in Calu-3 cells was further quantified
using real time reverse transcriptase quantitative polymer-
ase chain reaction (RT-qPCR). PVP-AgNPs were observed
to show significant antiviral effect denoted by increase in
viability of infected VeroE6/TMPRSS2 cells at concen-
trations within the range 1-10 ppm in triplicate testing (p
value < 0.005). Similarly, Calu-3 cells showed remarkable
decrease in viral load after treatment with silver nanoparti-
cles within the same concentration range in triplicates with p
value < 0.001. Effect of size on antiviral properties of AgNPs
was tested by virus pre-treatment assay using AgNPs with
sizes ranging from 2 to 100 nm. It was observed that AgNPs
with size 2—15 nm show significant antiviral properties and
hence AgNPs with size 10 nm were considered for further
studies. PVP-AgNPs could also rescue VeroE6/TMPRSS2
cells already infected by the SARS-CoV-2 represented by
increase in proportion of living cells as well as decrease in
viral load. Thus, PVP-AgNPs have shown antiviral activities
against SARS-CoV-2 probably by inhibiting viral ingress
or inactivating viral particles via association with the viral
particles at initial phases of infection. Thus, AgNPs have
been observed to show antiviral activities against SARS-
CoV-2 by disruption of disulfide linkages between the ACE2
receptor and S proteins which is critical for viral entry into
the host cell. The mechanism behind antiviral properties
of AgNPs might be destruction of these disulfide linkages
or other intracellular mechanisms (Jeremiah et al. 2020).

Virus

MOI

AgNP10 AgNP100

1 0.5 025 0.1

Virus only

Virus with
PVP-AgNP,,

Fig. 3 Inhibitory effect of polyvinylpyrrolidone functionalized sil-
ver nanoparticles against SARS-CoV-2 in rescuing Vero/TMPRSS2
cells in size-dependent and dose-dependent manner Reprinted with

0.05 0.025 0.01

v v
u@".‘

500000000
200000000
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permission from Jeremiah et al. (2020) Potent antiviral effect of sil-
ver nanoparticles on SARS-CoV-2. Biochem Biophys Res Commun
533:195-200. Copyright @ Elsevier
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Thus, AgNPs contribute to antiviral activities against vari-
ous viruses by one of the three mechanisms, viz., attach-
ment of AgNPs with the virus resulting failure in penetration
into the host cells, association of AgNPs with the host cell
membrane inhibits membrane fusion of the host cells with
the viral particles and inhibition of viral genome replication
(Rai et al. 2016).

Gold nanoparticles

Gold nanoparticles are extensively used for biomedical
applications as a result of its associated unique properties
such as surface chemistry, tunable size and shape, high
biocompatibility, ease of synthesis, easy functionalization,
etc. (Ankamwar and Gharpure 2019). Gold nanoparticles
(AuNPs) have been widely used in detection and therapy
of cancer, bacteria and viruses attributed to their antibacte-
rial, antiviral as well as anticancer properties. Functionalized
gold nanoparticles have been observed to exhibit enhanced
antiviral properties especially against influenza virus, HIV
as well as herpes simplex virus by virtue of multiple interac-
tions between AuNPs and the viral particles (Bowman et al.
2008; Andresen et al. 2014). For example, the extent of inhi-
bition that sialic acid functionalized AuNPs exhibits against
influenza virus due to its multivalent interactions is higher in
comparison with traditional antiviral agents like zanamavir
thus proving to be a potential candidate to be used in antivi-
ral therapy (Wen et al. 2009; Papp et al. 2010). Due to high
affinity of AuNPs with thiol groups, sulfonated ligands have
been frequently used for surface coating of AuNPs (Yang
et al. 2015). There is a study which reports excellent anti-
viral potential through irreversible deformation of various
viruses using AuNPs coated with mercaptoethanesulfonate
(MES) in addition to mercaptoundecanesulfonic acid (MUS)
as it disintegrates viral capsid structure due to multivalent
interactions between the sulfonated AuNPs and the viral
particles. Also, sulfonated ligands are known to mimic pro-
teoglycans present on the host cell surface because of which
the virus binds to the sulfonated AuNPs and the host cell
is rescued from viral infection through competitive inhibi-
tion. These multivalent interactions of functionalized AuNPs
with the virus can be used as a strategy for development of
therapeutic agents to fight SARS-CoV-2 (Cagno et al. 2018;
Baram-Pinto et al. 2010).

AuNPs coated with sulfonated polysaccharides have been
reported to contribute to its antiviral properties. For exam-
ple, sulfonated glucose and lactose-coated AuNPs have been
reported to show promising antiviral activity against dengue
virus (DENV). Docking experiments were used to confirm
that varying ligand length is a crucial parameter in deciding
antiviral properties of AuNPs. AuNPs with excellent antivi-
ral potential were the one which perfectly fitted the n-octyl-
B-p-glucoside binding pocket of envelope protein present in
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DENV. Thus, presence of surface ligands on AuNPs also
influences its antiviral properties (Zacheo et al. 2020). In
another study, similar results have been observed to inhibit
interaction between MERS envelope and host cell membrane
as represented in Fig. 4. S2 protein in MERS virus, a subunit
of S protein, which is responsible for viral envelope fusion
to the host cell membrane consists of three domains, heptad
repeat 1 (HR1), heptad repeat 2 (HR2), and fusion peptides
(FP). Upon insertion of FP into the host cell membrane,
HR1 and HR2 fuse to form 6-helix bundle (6-HB) which
mediates fusion of viral envelope and host cell membrane
thereby releasing viral genetic material into the host cell.
An a-helix peptide, pregnancy induced hypertension pep-
tide (PIH), has been reported in this study which imitates
HR2 by selective interaction with HR1 thereby preventing
formation of 6-HB complex which ultimately results in
preventing association between the virus and the host cell
and selectively interact with HR1 to block the formation
of 6-HB. PIH functionalized gold nanorods (PIH-AuNRs)
have been assessed for their inhibitory effect with the help of
cell fusion model. PIH-AuNRs were observed to completely
inhibit fusion of viral envelope and the host cell membrane
at the concentration of 1.0 pM which was tenfold higher
than only PIH in triplicate testing with p value <0.001 which
was statistically significant. Also, PIH was observed to be
highly biocompatible when tested on biocompatibility and
did not affect the cell viability on 293T, Huh-7, and L0O2
cells. Thus, PIH-AuNRs show tenfold increase in prevention
of membrane fusion as compared to only PIH along with
excellent biocompatibility and increased metabolic stabil-
ity thereby proving to be an excellent alternative for MERS
therapeutics (Huang et al. 2019). As peptide-functionalized
AuNPs have been reported to show antiviral properties for
treating MERS-CoV, similar approach can be undertaken in
development of antiviral agents for inhibiting SARS-CoV-2
thereby treating COVID-19 disease.

Apart from use of AuNPs in antiviral therapy, they have
also been used as nanocarriers for targeted release of tradi-
tional antiviral drugs thereby increasing efficiency of the
antiviral treatment. The use of AuNPs as nanocarriers in
antiviral therapy has been observed to increase its efficiency
as compared to free antiviral agents, especially in case of
retroviruses. The efficacy of AuNPs loaded with ribavi-
rin was tested against measles virus on Vero cells against
free ribavirin. There was significant increase in reduction
of viral load by AuNPs loaded with ribavirin which was
78.1% as compared to free ribavirin which showed 25.4%
reduction (Ahmed et al. 2020). In another study, AuNPs
have been reported to be used as nano-carriers for delivery
of the antiretroviral drug stavudine against HIV in human
macrophage cells. The action of AuNPs-stavudine on mac-
rophages results in pro-inflammatory activation which is an
indicator of associated antiviral activity and hence can be
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Fig.4 Antiviral activity of pregnancy-induced hypertension (PIH)
peptide functionalized gold nanorods by prevention of membrane
fusion of Middle East respiratory syndrome coronavirus and host
cells thereby inhibiting viral ingress Reprinted with permission from

considered as a promising candidate to be used in antiret-
roviral therapy (Zazo et al. 2017). This depicts that use of
AuNPs increases the therapeutic potential of antiviral agents
which can be exploited in COVID-19 therapeutics as well.

Copper nanoparticles

Copper is considered as an essential element required in
trace amounts in human body for functioning and mainte-
nance of immune system (Linder and Hazegh-Azam 1996).
Presence of copper plays an inevitable role in functioning
of various immune cells like natural killer cells, T cells, B
cells, macrophages, monocytes, neutrophils, dendritic cells,
etc., involved in killing infectious pathogens and elicita-
tion of immune response through innate as well as adap-
tive immunity. Copper nanoparticles have been reported
to exhibit antiviral potential against different viruses like
human immunodeficiency virus, polio virus, influenza virus,
retroviruses, etc. (Percival 1998; Koller et al. 1987). There
are initial reports which elaborate use of copper in inactiva-
tion of poliovirus (Murray and Laband 1979). There are also
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Huang et al. (2019) Novel gold nanorod-based HR1 peptide inhibitor
for Middle East respiratory syndrome coronavirus. ACS Appl Mater
Interfaces 11:19799-19807. Copyright @ American Chemical Soci-
ety

reports showing antiviral properties of copper against Emil-
iania huxleyi virus 86 (EhV86) from the Phycodnaviridae
family by disruption of its lytic cycle due to increase in pro-
duction of reactive oxygen species (ROS). Copper nanopar-
ticles dissociate into Cu* ions which increase ROS produc-
tion thereby causing oxidative damage to the viral genome
thus inhibiting herpes simplex virus (Sagripanti et al. 1993).
Surfaces coated with copper have been observed to cause
significant reduction in viral load in case of influenza A
virus. This is because copper intercalates between the DNA
strands which permanently damage the viral genome and
hence it cannot replicate further thereby inhibiting the virus
(Noyce et al. 2007).

Antiviral activity of copper against human coronavirus
229 (HuCoV 229) has been demonstrated by destruction of
the viral RNA genome along with irreversible damage to
the various structural proteins such as the envelope protein
and the spike protein associated with the virus. HuCoV 229
has been observed to undergo irreversible inactivation in
less than an hour on surfaces coated with a minimum of
70% copper or Cu—Ni alloys which comprises of more than
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90% copper as compared to other smooth surfaces like Tef-
lon, glass, stainless steel, ceramic tiles, polyvinyl chloride,
etc., where the virus can stay in its infectious state for more
the 6 days (Warnes et al. 2015; Kampf et al. 2020). Simi-
larly, retention of SARS-CoV-1 as well as SARS-CoV-2 on
copper containing surface was observed to be ~4 h as com-
pared to plastic and stainless steel where the virus persists
of 24-48 h and cardboard where it can remain viable upto
24 h. This occurs via action of Cu** ions on viral proteins
and lipids which cause irreversible damage to viral protein
along with ROS generation which results in inactivation
of viral particles. Thus, use of copper containing alloys as
surface disinfectants can inactivate SARS-CoV-2 thus help-
ing in limiting the COVID-19 pandemic (van Doremalen
et al. 2020). In addition to this, copper iodide nanoparticles
have been reported to show antiviral properties when tested
against HIN1 human influenza virus. Gold/copper sulphide
core—shell nanostructures show varying antiviral properties
against human norovirus (HuNoV) by irreversible damage
to the nucleocapsid structure (Baez-Santos 2015). Cu”* ions
were observed to inhibit SARS-CoV-1 genome replication
under in vitro conditions by inactivating papain-like pro-
teases which are crucial for the viral replication process
(Ishida 2018). Thus, similar approaches can be exploited to
inactivate SARS-CoV-2 thereby enabling use of copper in
COVID-19 therapeutics.

Zinc oxide nanoparticles

Zinc oxide nanoparticles (ZnO NPs) are known to pos-
sess unique physico-chemical, opto-electronic as well as
mechanical characteristics which have been exploited in
various fields like textile, cosmetics, electronics, environ-
mental remediation, biomedicine, catalysis, etc. (Gharpure
and Ankamwar 2020; Mishra et al. 2017). ZnO NPs have
been observed to show excellent antimicrobial (bacteria,
fungi, viruses), anticancer, anti-inflammatory as well
as anti-diabetic potentials which have been extensively
applied in multiple areas of biomedicine (Gharpure et al.
2021a, b). ZnO has been listed as “generally recognized as
safe”” according to the United States Food and Drug Asso-
ciation (US-FDA) due to its biocompatible nature thereby
increasing its use in biomedical applications (Rasmussen
et al. 2010). Moreover, zinc is known to be a trace element
in human body which is essential for crucial metabolic
processes like protein synthesis, DNA/RNA synthesis,
hemotopoesis, nerve development, etc., because of which
administration of ZnO NPs is not a problem as these nan-
oparticles can be easily metabolized (Zhou et al. 2006;
Jiang et al. 2018). In addition to this, there are several
reports which show antiviral properties of zinc as well as
influence of zinc in human body for antiviral immunity
(Mishra et al. 2011). ZnO NPs have been observed to show
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antiviral properties against different viruses like influenza
virus, rhinovirus, herpes simplex virus, etc. (Abdul et al.
2020). For example, ZnO tetrapods have been reported to
show antiviral potential when tested against herpes sim-
plex virus 2 (HSV-2) by blocking the entry of viral parti-
cles into the host cells like human vaginal epithelium as
well as HeLa cells thereby inhibiting the spread of viral
infection. ZnO tetrapods do so by neutralizing the viral
particles thus contributing to significantly reduced infec-
tion rates (Antoine et al. 2016). In another study, compara-
tive analysis of antiviral properties of ZnO NPs along with
polyethylene glycol (PEG) coated ZnO NPs against HIN1
influenza virus have been reported. PEG coated ZnO NPs
were observed to show enhanced antiviral potential as
compared to bare ZnO NPs which was observed to be sta-
tistically significant (p value <0.0001). This may be due
to reduced ROS generation and Zn?* release because of
surface coating, size reduction as well as easy diffusion
of PEG coated ZnO NPs as compared to ZnO NPs. Thus,
PEG-coated ZnO NPs is a promising candidate to be used
in antiviral therapy against HIN1 influenza virus (Ghaffari
et al. 2019). Increase in intracellular Zn>** concentration
has been observed to inhibit viral genome replication of
Nidovirus and other RNA viruses thereby inactivating the
virus (Ishida 2019). As coronavirus is a RNA virus, ZnO
NPs can prove as an effective antiviral agent to be used in
COVID-19 therapeutics.

Additionally, zinc supplementation has been imple-
mented to generate host resistance against SARS-CoV-2
infection by reducing the severity of symptoms by decreas-
ing the viral load as a result of its antiviral potential (Eby
1997; Read et al. 2019; Razzaque 2020). This is because
there are previous reports stating inhibitory effect of zinc
on SARS-CoV replication. Use of zinc-based supple-
ments has been observed to significantly reduce number
of SARS-CoV by inactivation of RNA dependent RNA
polymerase as well as proteolytic enzymes essential for
viral genome replication (te Velthuis et al. 2010; Han et al.
2005; Hsu et al. 2004). However, since there is no concrete
evidence, additional studies on SARS-CoV-2 are needed
to confirm similar action of zinc on viral inactivation.
In this COVID-19 pandemic, zinc supplementation has
been used as an inexpensive adjunct therapy along with
potential antiviral drugs to impart additional host resist-
ance against SARS-CoV-2. This would require clinical
validation, but using zinc in COVID-19 patients in the
current situation would in turn serve as a well-intended
trial (Rahman and Idid 2020). Using ZnO NPs would thus
not only help in inactivation of SARS-CoV-2, but also
boost antiviral immunity of the host by increasing the con-
centration of Zn>* in the human body once these ZnO NPs
are metabolized and hence can be considered to be used in
COVID-19 therapeutics.
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Iron oxide nanoparticles

Iron oxide nanoparticles (IONPs) are extensively employed
for various bio- applications like antimicrobial agents, drug
delivery, cell separation, photo-thermal therapy, regenerative
medicine, bio-imaging, etc., by virtue of their multi-faceted
properties. Owing to its excellent magnetic properties, bio-
compatibility, stability, etc., different forms of IONPs such as
magnetite (Fe;O,), maghemite (y-Fe;0,) as well as hematite
(a-Fe;0,4) have been the most preferred amongst magnetic
nanoparticles for various biomedical applications (Vallabani
and Singh 2018). Activity of IONPs as antimicrobial, antivi-
ral and anticancer agent is further enhanced by surface func-
tionalization as it helps in modifying its physico-chemical
characteristics, reduce ROS generation as well as preserves
its magnetic properties thereby contributing to enhanced
biocompatibility and colloidal stability (Arakha et al. 2015;
Khalid et al. 2019). IONPs have been reported to enhance
inactivation of MS2 bacteriophage thereby underlining its
antiviral potential (Park et al. 2015). In another study, anti-
viral activity of superparamagnetic iron oxide nanoparticles
(SPIONs) forming the core which is surrounded by silica
nanoparticles attached to poly(hexamethylene biguanide)
(PHMBG) or polyethyleneimine (PEI) have been reported.
These biguanide or aziridine functionalized core—shell
nanostructure inactivate several viruses such as MS2 bac-
teriophage, herpes simplex virus (HSV), viral hemorrhagic
septicaemia virus (VHSV) as well as infectious pancreatic
necrosis virus (IPNV) by causing irreversible damage to the
viral genome as well as inhibiting viral genome replication
along with easy separation due to associated magnetic prop-
erties of SPIONs thereby proving to be an excellent antiviral
agent (Bromberg et al. 2012).

With the advent of COVID-19 pandemic, increasing
attention has been paid to use of IONPs against SARS-
CoV-2 infection. A molecular docking approach has been
used to analyze interactions of Fe,O; and Fe;O, IONPs
with the receptor binding domain which is a part of the
spike protein (S1-RBD) present in SARS-CoV-2 which
is involved in anchoring of the virus upon the host cell
receptors These molecular docking analysis has revealed
effective interactions of both Fe,O; and Fe;O, nanopar-
ticles with the S1-RBD with Fe;O, nanoparticles form-
ing a more stable complex in comparison with Fe,O;
nanoparticles. The association of IONPs with SARS-
CoV-2 S1-RBD has been estimated to result in irrevers-
ible conformational changes thereby resulting in inacti-
vation of the virus. However, in vivo studies need to be
performed to confirm the antiviral activities of IONPs
against SARS-CoV-2 (Abo-zeid et al. 2020). IONPs were
found to effectively controlling HIN1 influenza virus pan-
demic due to its associated antiviral potential in a time
and concentration dependent manner (Kumar et al. 2019).

Antiviral properties of iron oxide nanozymes have been
represented in Fig. 5. Nanozymes are a new generation
of artificial enzymes which has enzyme-like activities.
However, they have an upper edge as compared to tradi-
tional enzymes as their enzyme activities can be enhanced
by modulation of their physico-chemical properties like
size, shape, surface charge, surface modification, etc. Iron
oxide nanoparticles (IONPs) are one of the most com-
monly used nanozymes, called as iron oxide nanozymes
(IONzymes), which have dual enzyme activities such as
peroxidase and catalase activities. IONzymes with per-
oxidase activity have shown excellent antiviral activi-
ties against influenza A virus. Interaction of IONzymes
with influenza A viruses showed considerable membrane
damage to the viral envelope which was assessed using
transmission electron microscopy. Also, hemagglutinin
and matrix protein showed destruction, but nucleocapsid
protein was unaffected. Due to the presence of transmem-
brane domains of both these proteins, they were observed
to undergo destruction due to lipid peroxidation which was
confirmed as purified hemagglutinin also showed signifi-
cant damage upon action of IONzymes. These IONzymes
cause peroxidation of lipids present in the viral lipid
envelope followed by disintegration of the viral structural
proteins further leading to inactivation of the virus. Effi-
ciency of the IONzymes treated viral particles to infect
the host cells was further tested using MDCK cells by
examining attachment, proliferation and release of H5SN1
viruses. IONzymes were observed to abolish the H5N1
viral infectivity against the host cells by hampering initial
attachment and invasion in viral proliferation. Thus, treat-
ment with IONzymes prevented the viral particles from
infecting the host cells by interfering in the proliferation
process thereby preventing its successive transmission as
well (Qin et al. 2019). As Influenza A virus is a single
stranded RNA virus similar to SARS-CoV-2, this approach
can used for treatment of COVID-19 disease as well as
prevention of its further transmission.

However, while using IONPs against SARS-CoV-2, there
is need to consider associated complications in COVID-19
affected patients. COVID-19 patients have been frequently
observed to show iron dysregulation. There are recent
reports which depict association of SARS-CoV-2 spike pro-
tein along with haemoglobin (Hb) via cell receptors such as
CD147, CD26, etc., present on the erythrocyte as well as
other blood cell precursors and ferroportin blockage due to
hepcidin mimicking activity of the viral spike protein. These
pathological conditions have resulted in decreased Hb,
increased iron load in cells and tissues as well as ferroptosis
due to ROS generation and lipid peroxidation (Cavezzi et al.
2020). Thus, further increasing iron content in COVID-19
patients might intensify these complications which must be
considered while using IONPs for COVID-19 therapeutics.
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Fig.5 Mechanism of inhibitory effect of iron oxide nanoparticles-
based nanozymes (IONzymes) against Influenza A virus leading to its
transmission arrest Reprinted with permission from Qin et al. (2019)

Carbon-based nanoparticles

Different carbon-based nanoparticles like carbon nano-
tubes (CNTs), graphene along with its derivatives, fuller-
enes, nanodiamonds, carbon quantum dots, etc., have been
known for their extensive use in different fields like bio-
medicine, environmental remediation, electronic, smart
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Catalytic inactivation of influenza virus by iron oxide nanozyme.
Theranostics 9:6920-6935. Copyright @ Ivyspring International Pub-
lishers

devices, textile, wastewater treatment, etc., by virtue of their
physico-chemical, opto-electronic, thermal and mechanical
properties (Osman et al. 2020; Cui et al. 2018). Carbon-
based nanoparticles have been extensively used for differ-
ent bio-applications such as bio-imaging, drug delivery,
disease theranostics, bio-sensing, antimicrobial agent, anti-
viral agent, anticancer agent, etc. (Maiti et al. 2019). The
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physico-chemical attributes of carbon-based nanoparticles
like size, shape, surface charge, surface coating, etc., have
been modulated depending upon the application for which it
needs to be used. These nanoparticles have shown low cyto-
toxicity as well as high specificity in its antiviral properties
and hence can be used for antiviral therapy acting via inac-
tivation through direct contact, photocatalysis or mimetic
action as elaborated in Table 2 (Innocenzi and Stagi 2020).

Graphene and its derivatives

Graphene is a two-dimensional planar sheet made of car-
bon atoms with sp? hybridization which further undergoes
surface modification to form its derivatives thereby show-
ing easy surface modification, high biocompatibility and
excellent dispersion. Graphene and its derivatives have
shown high potential to be used as antiviral agents due to
associated properties like high surface area: volume ratio,
high retention capacity, enhanced mechanical strength,
high loading capacity, etc. (Donskyi et al. 2019; Lategan
et al. 2018; Aliyev et al. 2019). As graphene oxide (GO)
as well as reduced graphene oxide (rGO) show enhanced
antimicrobial properties, they might act as promising anti-
viral agents as well. Antiviral activities of GO and rGO have
been tested against DNA and RNA viruses and these nano-
particles have been observed to inactivate porcine epidemic
diarrhoea virus (PEDV) and pseudorabies virus (PRV) in a

Table 2 Antiviral properties of carbon-based nanoparticles

dose-dependent and time-dependent manner where physical
interactions between graphene derivatives and the virus have
been reported to be responsible for its antiviral potential
(Ye et al. 2015; Lee 2015). As PEDV is a coronavirus, it is
estimated that GO might serve as an effective antiviral agent
against SARS-CoV-2 as well. However, detailed experimen-
tal evidences are needed for the same. GO has also been
reported to inactivate bacteriophage MS2 by virtue of its
photocatalytic potential. GO-aptamer-based nanosheets
have been used to capture MS2 bacteriophage followed by
its inactivation by damaging its capsid protein thereby kill-
ing the virus (Hu et al. 2012).

Functionalized graphene derivatives have also been used
as a mimic of cell membrane receptors thereby avoiding
interaction of virus with the cell membrane thus preventing
entry of virus into the host cell (Sametband et al. 2014). For
example, polyglycerol sulfate-functionalized GO has shown
to inhibit entry of PRV as well as African swine flu virus
(ASFV). Both the viruses interact with polyglycerol sulfate-
functionalized GO as it mimics heparin sulfate which is nat-
urally present in the host cell membrane and is responsible
for viral entry. As the virus associates with functionalized
GO, it does not interact with the host cell, thereby inhibiting
viral entry (Ziem et al. 2017). GO has been used as a plat-
form in enzyme activity assays for inhibiting viral helicase.
GO has been observed to interact with the viral genome
via n-n stacking thereby inhibiting viral genome replication.

Nanoparticles

Virus

Mode of action

References

Graphene oxide, reduced graphene
oxide

Polyglycerol sulphate functionalized
graphene oxide
Graphene oxide

Boronic acid-conjugated carbon dots

Poly-ethylene diamine and ascorbate
functionalized carbon dots

Boronic acid-conjugated carbon dots
Protoporphyrin IX functionalized

multi-walled carbon nanotubes

Fullerene derivatives

Fullerene derivatives

Porcine epidemic diarrhoea virus,
Pseudorabies virus

African swine flu virus, Pseudora-
bies virus

Severe acute respiratory syndrome
coronavirus

Herpes simplex virus 1

Porcine reproductive and respira-
tory syndrome virus, Pseudorabies
virus

Human coronavirus 229E

Influenza virus

Influenza A virus

Human immunodeficiency virus

Direct interaction with the virus
results in viral inactivation

Inhibition of interaction between the
virs and the host cell

Inactivation of viral helicases
thereby inhibiting viral replication

Interference with the viral ingress in
the host cells

Inhibition of viral replication

Interaction with the receptor spike
protein resullts in inhibition of
viral entry into the host cells

RNA degradation, protein oxidation
and protein-RNA crosslinking due
to ROS generation

Inactivation of PA endonuclease
results in inhibition of viral replica-
tion or or inhibition of viral entry
into the host cells

Inhibition of Gag and Gag-Pol
polyproteins thereby arresting viral
maturation

Ye et al. (2015), Lee (2015)
Ziem et al. (2017)

Jang et al. (2010)

Barras et al. (2016)

Du et al. (2016)

Loczechin et al. (2019)

Kumar et al. (2014)

Shoji et al. (2013)

Martinez et al. (2016)
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This approach has been used in inactivation of hepatitis C
virus as well as SARS-CoV (Jang et al. 2010, 2013). Thus,
graphene-based nanomaterials have been reported to inacti-
vate the virus by one or more mechanisms such as inhibition
of association of the virus and the host cell, inhibition of
RNA replication and inactivation of the virus through physi-
cal interactions. Antiviral therapy using graphene-based
nanomaterials targeting one or more such mechanisms can
be developed against SARS-CoV-2. However, there is need
of relevant experimental evidences of their use in COVID-19
therapeutics for their clinical applications.

Carbon dots

Carbon dots (CDs) are carbon-based nanoparticles showing
quasi-spherical morphology and size range 1-10 nm which
exhibits optical properties of traditional semi-conductors
as well as electrical properties of sp>-hybridized carbon
atoms (Wang et al. 2017). Owing to its multi-faceted prop-
erties like tunable photoluminescence, high quantum yield,
inert nature, ease of synthesis, feasibility in surface func-
tionalization, low cytotoxicity, photocatalytic characteris-
tics, etc. these CDs have been exploited in various fields
like bio-sensing, bio-imaging, drug delivery, antimicrobial
therapy, catalysis, biomedicine, etc. (Kasouni et al. 2019;
Dong et al. 2017). Antiviral properties of CDs are relatively
recent; however, they show excellent potential for its use in
antiviral therapy with detailed study. A recent study demon-
strates use of boronic acid-conjugated CDs against HSV-1 in
Vero and A549 cells. Three boronic acid-conjugated CDs,
i.e., phenylboronic acid functionalized CDs (PBA-CDs),

4-aminophenylboronic acid hydrochloride (4-APBA-
CDs) functionalized CDs and 3-aminophenylboronic acid
(3-APBA-CDs) functionalized CDs have been tested for bio-
compatibility as well as antiviral activity. All three boronic
acid-conjugated CDs do not show any cytotoxicity against
A549 cells. Vero cells show moderate cytotoxic response
on treatment with 3-APBA-CDs in comparison with PBA-
CDs and 4-APBA-CDs which show no cytotoxicity. Both
3-APBA-CDs and 4-APBA-CDs show excellent antiviral
properties with no trace of viral infection and 100% bio-
compatibility whereas PBA-CDs do not show any antiviral
activity. Modified boronic acid conjugated CDs inhibit viral
infection by interfering with the viral ingress in the host cells
thereby contributing to the antiviral properties of function-
alized CDs (Barras et al. 2016). In another study, antivi-
ral potential of PEG-diamine and ascorbate functionalized
CDs against porcine reproductive and respiratory syndrome
virus (PRRSV) as well as Pseudorabies Virus (PRV) has
been reported as represented in Fig. 6. Monkey kidney cells
(MARC-145) have been infected by PRRSV while porcine
kidney cells (PK-15) have been infected by PRV. Antiviral
activities of CDs on PRV and PRRSV were investigated by
checking its effect upon viral replication using plaque assay.
There was significant decrease in intracellular as well as
extracellular viral titers after treatment with CDs as com-
pared to untreated cells highlighted antiviral properties of
CDs when tested in triplicates with a p value < 0.05 against
both the viruses. Furthermore, effect of CDs on the expres-
sion profiles of type 1 interferon o (IFN-a) and interferon
stimulating genes (ISGs) with downstream action were ana-
lyzed to understand the plausible mechanism for antiviral

Fig.6 Antiviral activity of poly-ethylene glycol diamine and ascor-
bate functionalized carbon dots (CDs) against porcine reproductive
and respiratory syndrome virus (PRRSV) and pseudorabies Virus
(PRV) by inhibition of viral replication Reproduced with permission
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from Du et al. (2016) Carbon dots as inhibitors of virus by activa-
tion of type I interferon response. Carbon 110:278-285. Copyright @
Elsevier
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potential of CDs. There was a fivefold increase in IFN-«a
expression levels in treated cells as compared to the control
group along with significant upregulation of several ISGs
like interferon inducible protein 10 (IP-10), interferon stimu-
lated gene 15 (ISG-15) and interferon stimulated gene 54
(ISG-54) showing 24.8-fold 11.8-fold and 4.6-fold increase
in treated cells as compared to untreated cells. Thus, antivi-
ral potential of CDs was a cumulative effect of IFN-a activa-
tion along with upregulation of ISGs thereby inhibiting viral
replication (Du et al. 2016).

CDs have also been observed to show antiviral potential
against coronavirus making it a promising candidate to be
exploited for antiviral therapy thereby controlling the cur-
rent COVID-19 pandemic crisis which the world has been
facing. Curcumin-mediated synthesis of cationic carbon
dots (CCM-CDs) have shown antiviral properties against
porcine epidemic diarrhea virus (PEDV) used as model
system for studying coronavirus as shown in Fig. 7. Anti-
viral activity of the CCM-CDs was studied with the help of
one-step growth curve assay by evaluating the infectivity
levels of PEDV. Vero cells were treated with PEDV which
were further exposed to CCM-CDs at a concentration of
125 pg/mL after which viral replication was quantified by
measuring viral titers in treated and control groups. Decrease
in viral titers was observed in treated cells in comparison
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Fig.7 Comparative analysis of antiviral activities of curcumin coated
cationic carbon dots (CCM-CDs) and ethylenediamine functional-
ized carbon dots (EDA-CDs) against porcine epidemic diarrhea virus
(PEDV) in a dose-dependent manner Reproduced with permission

with untreated cells showing antiviral properties of CCM-
CDs on PEDV. Similarly, antiviral potential of ethylenedi-
amine functionalized CDs (EDA-CDs) on PEDV was also
evaluated. EDA-CDs could not inhibit viral infection even
at higher concentrations. Comparative analysis of antiviral
potential showed decreased viral titer and plaque formation
in CCM-CDs as compared to EDA-CDs. Thus, CCM-CDs
have been observed to inhibit viral replication with higher
efficiency as compared to EDA-CDs in a dose-dependent
manner. The cationic nature of CCM-CDs helps in stronger
associations of the CDs with viral particles as well as host
cell membrane thereby inhibiting attachment of PEDV to the
host cell through competitive inhibition. Moreover, CCM-
CDs also cause irreversible alterations of viral proteins along
with inhibition of viral genome replication by suppress-
ing RNA strands due to oxidative stress and production of
interferon-stimulated genes (ISGs) and cytokines which ulti-
mately leads to inactivation of the virus (Ting et al. 2018). In
another study, antiviral potential of seven different surface
functionalized CDs were tested using human coronavirus
HCoV-229E. Boronic acid-conjugated CDs synthesized
using ethylenediamine/citric acid was observed to inhibit
HCoV-229E in a dose-dependent manner. CDs synthesized
using 4-aminophenylboronic acid showed higher antiviral
activity with effective HCoV-229E inhibition. Both these
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CDs associate with the receptor spike protein inhibits inter-
action of the viral particles with host cell receptors thereby
inhibiting their entry into the host cells ultimately leading
to viral inactivation. In addition to this, these CDs were also
observed to cause viral inactivation by interfering with the
viral genome replication (Loczechin et al. 2019). As func-
tionalized CDs are known to inhibit coronavirus in general,
these nanoparticles can prove to be a promising antiviral
agent to be used in COVID-19 therapeutics. However,
experimental evidences regarding its mechanism of action
against SARS-CoV-2 are mandatory for its use in clinical
applications.

Carbon nanotubes

Carbon nanotubes (CNTs) have been reported to be cylin-
drical-shaped graphene sheet-like structures which consist
of carbon atoms with sp® hybridization. CNTs are catego-
rized into single-walled CNTs (SWCNTs), double-walled
CNTs (DWCNTs) as well as multi-walled CNTs (MWC-
NTs) considering the amount of graphene tubes in CNTs
(Ibrahim 2013). CNTs are widely exploited for different
applications involving polymers, catalysis, opto-electronics,
bio-sensors, energy conversion, nanocomposites, bio-med-
icine, etc. (Bekyarova et al. 2006). CNTs have been exten-
sively used in antimicrobial therapy, drug delivery, disease
therapy, regenerative medicine, bio-sensing, etc. (Alshehri
et al. 2016). The associated side-effects arising from use
of CNTs for biomedical applications include inherent cyto-
toxicity due to ROS generation and inflammation as well
as high hydrophobic nature which highly limit its use in
in vivo applications. These shortcomings have been over-
come by surface functionalization using natural polymers
as well as bio-macromolecules contributing to its hydrophi-
licity as well as biocompatibility. Functionalized CNTs are
then used for therapeutic applications (Eatemadi et al. 2014).
MWCNTs functionalized using protoporphyrin IX (PPIX)
have demonstrated to be used for treating influenza virus by
photodynamic therapy. PPIX-functionalized MWCNTs have
been observed to cause RNA degradation, protein oxidation
as well as crosslinking of proteins with RNA because of
ROS generation thereby causing inactivation of the influ-
enza virus. PPIX-functionalized MWCNTSs have also shown
similar action on multiple viruses making them a promis-
ing alternative to be used in antiviral therapy (Kumar et al.
2014). In another study, computational chemistry-based
approach was undertaken to study interactions of CNTs
with key structural proteins of HIV. Armchair, chiral and
zigzag CNTs were estimated for molecular interactions with
Vpr, Nef and Gag proteins of HIV through molecular dock-
ing studies. It was observed that CNTs showed high affinity
binding with these structural proteins which makes CNTs
a promising candidate to be explored for retroviral therapy
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(Krishnaraj et al. 2014). As CNTs have been reported to
show antiviral potential against HIV which is a retrovirus,
there is a possibility that it might also prove to be effective
against SARS-CoV-2. However, detailed understanding is
necessary for its use in COVID-19 therapeutics.

Additionally, functionalized CNTs have been reported to
show biocompatible nature in respiratory system underlin-
ing that if these nanoparticles are used in antiviral therapy
of SARS-CoV-2, it will only damage the virus and not the
host cells. Biocompatibility of CNTs functionalized using
hyaluronic acid was observed in bronchial cells. These hya-
luronic acid-functionalized CNTs further prevented onset of
inflammation in pulmonary tissues thereby underlining its
effective use against viral infections affecting the respiratory
system (Hussain et al. 2016). Increased specificity for lung
cell receptors has been observed upon action of SWCNTs
conjugated with anti-CTLA-4 antibodies thereby ensuring
targeted drug delivery (Wang et al. 2014). CNTs have also
been used as nano-carriers for loading retroviral drugs which
were efficient in inhibiting reverse transcriptase enzyme in
HIV-infected patients thereby underlining its potential use
in retroviral therapy (Iannazzo et al. 2015). Thus, given the
improved efficacy, controlled drug release, increased speci-
ficity as well as biocompatibility towards respiratory system,
CNTs can prove to be a promising antiviral agent in treating
SARS-CoV-2. However, there is need to study the antiviral
potential of CNTs in COVID-19 therapeutics in depth for its
clinical applications.

Fullerenes

Fullerene molecules are the most commonly occurring allo-
trope of carbon which is entirely made up of carbon atoms
constituting structures like sphere, tube or ellipse. These
C60 molecules are highly symmetrical conjugated with
double bonds. Fullerene structures consist of 20 hexagons
along with 12 pentagons which are fused with each other
(Taylor et al. 1990). The unique physical and chemical
properties such as high conductivity, enhanced surface area,
inert nature, biocompatibility as well as easy functionaliza-
tion attributed to these fullerene molecules have resulted
in exploitation of these molecules for various biomedical
applications such as drug delivery, gene delivery, cancer
therapy, disease treatment, bio-imaging, antiviral therapy,
bio-sensing, etc. Fullerene molecules have been used in
antimicrobial and antiviral therapy as well as drug delivery
applications by virtue of its unique physico-chemical proper-
ties, ease of surface functionalization, reduction in oxidative
stress as well as high biocompatibility (Partha and Conyers
2009; Bakry et al. 2007). However, low solubility and high
cytotoxicity of fullerene molecules has always been an issue
with its use in in vivo applications. Surface functionalization
has aided in enhancing the hydrophilic nature and decreasing
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cytotoxicity of fullerene molecules rendering it useful in
various biomedical applications (Nakamura and Isobe 2003;
Troshina et al. 2007). Antiviral potential of several fullerene
derivatives have been analyzed against influenza viruses. A
series of 12 different fullerene derivatives were checked for
its antiviral properties via estimating its influence on in vitro
PA endonuclease activity as PA is a subunit of influenza A
RNA polymerase. Out of the 12 fullerene derivatives, 8 have
been observed to show antiviral activities against influenza
virus by PA endonuclease inhibition. This antiviral activity
is by virtue of RNA cleavage which arrests viral genome
replication or inhibition of viral entry into the host cells.
Thus, fullerene derivatives show excellent potential to be
developed into anti-influenza drugs (Shoji et al. 2013).

Additionally, fullerene derivatives have been reported to
be used in antiviral therapy. There are many reports regard-
ing its use in antiretroviral therapy against HIV by inhibiting
different enzymes critical in life cycle of HIV (Innocenzi
and Stagi 2020). For example, fullerene molecules bind to
HIV proteases into the hydrophobic cavity by virtue of its
hydrophobic nature and inhibit viral replication of HIV via
competitive inhibition (Friedman et al. 1993). In another
study, different fullerene derivatives have been observed
to inhibit Gag and Gag-Pol derived polyproteins which are
crucial for maturation of HIV-1. These fullerene derivatives
have been found to inhibit processing of Gag independent of
protease action thereby arresting viral maturation. The viral
particles so formed released from the host cell are immature
and lack virulence. The use of fullerene derivatives can also
be done in antiretroviral therapy against HIV strains resistant
to protease inhibition (Martinez et al. 2016). As HIV and
SARS-CoV-2 both are retroviruses, approaches involved in
inactivation of HIV by fullerene derivatives can be further
extrapolated in COVID-19 therapeutics, provided detailed
analysis is performed to study the action of fullerene deriva-
tives on SARS-CoV-2.

Table 3 Antiviral properties of quantum dots

Quantum dots

Quantum dots (QDs) are semiconductor-based nanoparti-
cles which include elements from group II to group VI with
diameter within the range of 1-10 nm with unique properties
in comparison with larger nanoparticles (Chan et al. 2002).
QDs have been observed to display distinctive photolumi-
nescence as well as electronic characteristics which include
broad and uninterrupted absorption spectra, restricted emis-
sion spectra as well as enhanced photo-stability (Bruchez
et al. 1998). Due to its multi-faceted natures, QDs have been
widely used in various bio-applications like intracellular
tracking of biomolecules, cellular tracking at tissue level,
bio-labeling organelles and cells, bio-imaging, clinical appli-
cations, etc. (Valizadeh et al. 2012). Some frequently used
quantum dots include cadmium telluride (CdTe), cadmium
selenide (CdSe), zinc selenide (ZnSe), zinc sulphide (ZnS),
carbon, silver, gold, etc. (Michalet et al. 2005). However,
there are very few studies reporting antiviral properties
of QDs as mentioned in Table 3 (Manivannan and Ponnu-
chamy, 2020).

There are reports displaying interaction of positive
charged QDs with negative RNA viral strand thereby caus-
ing increased ROS generation ultimately resulting in viral
inactivation which can be extrapolated for inactivation of
SARS-CoV-2 (Dong et al. 2017; Chen and Liang 2020).
Carbon dots functionalized with 4-aminophenyl boronic acid
hydrochloride (4-AB/C-dots) have been observed to show
antiviral properties against herpes simplex virus type 1 by
inhibiting the viral infection at an early stage (Barras et al.
2016). Similarly, antiviral potential of carbon dots against
pseudorabies virus as well as porcine reproductive and res-
piratory syndrome virus have also been reported (Du et al.
2016). Carbon quantum dots (CQDs) synthesized by hydro-
thermal carbonization of ethylenediamine/citric acid have
been observed to inhibit the viral entry and replication by

Nanoparticles Virus

Mode of action References

4-aminophenyl boronic acid hydrochlo- Herpes simplex virus 1
ride functionalized carbon dots

Poly-ethylene glycol diamine and ascor- Porcine reproductive and respira-
tory syndrome virus, Pseudorabies

bate functionalized carbon dots
virus

Carbon quantum dots Human coronavirus 229E

Curcumin-functionalized cationic
carbon dots

Porcine epidemic diarrhea virus

Inhibition of viral infection at an early
stage

Barras et al. (2016)

Inhibition of viral replication Du et al. (2016)

Inhibition the viral entry and replica-
tion by interfering with the viral
binding with the host cell receptors
functioning in viral entry

F.oczechin et al. (2019)

Structural modification of the viral sur-
face protein followed by suppression
of viral replication, viral budding and
ultimately inhibition viral entry into
the host cell by ROS generation

Du et al. (2018)
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interfering with the binding of HCoV-229E with the host
cell receptors functioning in viral entry (Loczechin et al.
2019). Furthermore, functionalization of carbon dots with
biomolecules result in increased biocompatibility as well
as stability because of which it is a much preferred alterna-
tive. This has been confirmed in case of curcumin-function-
alized cationic carbon dots (CCM-CDots) which showed
much higher antiviral potential by inhibiting viral prolifera-
tion when tested against porcine epidemic diarrhea virus
(PEDV) which acts as a coronavirus model as compared
to non-CCM-CDots. The mechanism for viral inactivation
by CCM-CDots include structural modification of the viral
surface protein followed by suppression of viral replication,
viral budding and ultimately inhibition viral entry into the
host cell by ROS generation (Du et al. 2018).

Even though enhanced antiviral properties have been
observed using quantum dots with different surface func-
tionalization, the exact mechanism with which these nano-
particles act is not yet completely understood. Also, quantum
dots have been observed to show high cytotoxicity in in vivo
studies which majorly limits their use. Thus, detailed analy-
sis needs to be done by designing approaches for synthesiz-
ing QDs followed by functionalization with novel molecules
which would act against SARS-CoV-2 thereby inactivating it
and facilitating the control of COVID-19 infection.

Polymeric nanoparticles

Polymeric nanoparticles have been extensively utilized for
different biomedical applications as a result of their attrib-
uted properties such as easy design, biocompatible nature,
high stability, specificity, bioavailability, efficacy and other
bio-imitative properties (ElI-Say and El-Sawy 2017). Pol-
ymeric nanoparticles can be synthesized using natural,

Table 4 Antiviral properties of polymeric nanoparticles

synthetic as well as semi-synthetic polymers. Some poly-
mers like polylactic acid (PLA), polyethylene glycol (PEG),
polyglycolic acid (PGA), polystyrene, polylactic-co-glycolic
acid (PLGA), polymethacrylate (PMMA), chitosan, cellu-
lose, gelatin, starch, etc., have been extensively used espe-
cially in drug delivery applications due to their biocompat-
ibility and biodegradability (Torchilin 2009; Calzoni et al.
2019). Polymeric nanoparticles can be used in antiviral ther-
apy as multi-faceted properties of these nanoparticles can be
easily modulated so as to ensure targeted delivery of loaded
drugs to specific target locations as represented in Table 4.
These nanoparticles can be used as nano-carriers to deliver
antiviral agents into the host cells which then interfere with
the life cycle of the infected virus thereby resulting in its
inactivation (Chakravarty and Vora 2020). For example,
B-cyclodextrin-poly(4-acryloylmorpholine) mono-conjugate
(B-CD-PACM)-based polymeric nanoparticles have shown
excellent intracellular uptake ensuring effective delivery to
target location inside the cell. p-CD-PACM nanoparticles
loaded with antiviral drugs like acyclovir has shown remark-
able antiviral activity against HSV-1 in comparison free
drugs as well as p-CD-PACM nano-carriers by inhibiting
viral entry/attachment to the host cells (Cavalli et al. 2009).
In another study, PEG-PLGA diblock copolymer-based
nanoparticles loaded with V-ATPase inhibitors diphyllin
and bafilomycin have been observed to increase antiviral
efficiency against two influenza virus subtypes (HIN1 and
H3N2) along with decreased cytotoxicity in lung cells. The
higher antiviral property of polymeric nanoparticles loaded
with V-ATPase inhibitors as compared to free drugs makes
them suitable to be used as anti-influenza drugs (Hu et al.
2018).

Different polymeric nanoparticles have been used
as nano-carriers for targeted release of silencing RNA

Nanoparticles Virus

Mode of action References

B-cyclodextrin-poly(4-
acryloylmorpholine) mono-conjugate
based polymeric nanoparticles

Herpes simplex virus 1

Poly(lactic-co-glycolic acid) polymeric Herpes simplex virus 2
nanoparticles loaded with siRNA
against UL28

Hydrophilic N-(2-hydroxypropyl)-
3-trimethylammonium chitosan
chloride (HTCC), hydrophobically
modified HTCC (HM-HTCC)

Human coronavirus NL63

Diphyllin functionalized poly(ethylene Feline infectious peritonitis virus

glycol)-block-poly(lactide-co-gly-
colide) polymeric nanoparticles

type I

Mercaptoethane sulfonate functional-
ized bovine serum albumin-coated

tellurium nanoparticles diarrhea virus

Porcine reproductive and respiratory
syndrome virus, Porcine epidemic

inhibiting viral entry/attachment into  Cavalli et al. (2009)

the host cells

Inactivation of HSV protein crucial for Steinbach et al. (2012)
viral genome replication

Inhibition of viral replication through  Milewska et al. (2013)

direct interactions

Inhibition of the downstream virus
replication

Hu et al. (2017)

Repression of adsorption, internaliza-  Zhou et al. (2020a)
tion and replication stages of viral

infection
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(siRNA) molecules for viral inhibition. siRNA molecules
have been observed to silence mRNA molecules by binding
to complementary mRNA strands resulting in inhibition of
protein synthesis of viral proteins important in life cycle
of the virus thereby causing viral inactivation. Antiviral
therapies have been adapted against several viral families
by designing siRNA molecules targeting mRNA sequences
conserved throughout the viral family thereby resulting in
broad spectrum viral inhibition (Reynolds et al. 2017). For
example, poly(lactic-co-glycolic acid) (PLGA) polymeric
nanoparticles loaded with siRNA against UL28 which is a
HSV protein crucial for viral genome replications as well
as nectinl which is HSV receptor on the host cell have
been observed to prolong survival of host cells by knocking
down HSV-2 infection. The increased host cell survival has
been observed from 9 days in untreated mice to 28 days in
PLGA-siRNA treated mice thus proving its antiviral poten-
tial against HSV-2 (Steinbach et al. 2012). In another study,
polyethyleneimine (PEI) nanoparticles have been used as
nano-carriers to load siRNA against conserved sequences in
influenza virus. PEI-based siRNA delivery system was used
for preferential delivery of siRNA molecules to the lungs as
well as inhibition of the influenza virus by interfering with

No inhibitor

HM-HTCC

Fig.8 Antiviral activities of hydrophilic N-(2-hydroxypropyl)-3-tri-
methylammonium chitosan chloride (HTCC) as well as hydrophobi-
cally-modified HTCC (HM-HTCC) HTCC and HM-HTCC against
human coronavirus NL63 (HCoV-NL63) and murine hepatitis virus
(MHV) using LLC-MK2 and LR7 cells and its cell viability stud-

the viral replication causing more than 1000-fold reduction
in the viral titer. However, PEI-based nano-carriers cause
acute inflammatory response in the lung cells which can be
overcome by conjugating them with PEG. PEG-PEI-based
nano-carriers show reduced pro-inflammatory response with
minimal ROS generation in lungs which is favorable for its
use in siRNA delivery (Ge et al. 2004; Beyerle et al. 2011).
As far as use of polymeric nanoparticles for targeting lung
infections is concerned, surface modification with PEG has
been observed to be a promising strategy as it ensures even
distribution and high circulation times in the lung tissue,
thus increasing the efficacy of antiviral therapy (Shen et al.
2015).

Polymeric nanoparticles have been reported to be used in
antiviral therapy against coronavirus. Two chitosan deriva-
tives, viz., hydrophilic N-(2-hydroxypropyl)-3-trimethyl-
ammonium chitosan chloride (HTCC) as well as hydro-
phobically modified HTCC (HM-HTCC) were evaluated
for biocompatibility using LLC-MK2 and LR7 cell lines as
well as antiviral activities against human coronavirus HCoV-
NL63 as represented in Fig. 8. Both the polymers were
evaluated for their antiviral potential on cytopathic effect
which include morphological alterations and cell attachment
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ies using human airway epithelium (HAE) cell cultures Reproduced
with permission from Milewska et al. (2013) Novel polymeric inhibi-
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after infection with human coronavirus NL63 (HCoV-NL63)
and murine hepatitis virus (MHV). CPE is evident usually
4-6 days after infection which is a direct measure of pro-
duction of viral particles. Both HTCC and HM-HTCC were
observed to prevent morphological alterations as well as host
cell death following viral infection. However, reduced CPE
may be due to intrinsic cellular mechanisms of the host cell
and not actual inhibition of viral entry or replication. To con-
firm this, viral titers were evaluated using quantitative RT-
PCR—based assay under treatment with HTCC and HM-
HTCC. It was observed that there is remarkable reduction in
viral titre after treatment with the both polymers. However,
there was significant difference in ICs, values with HTCC
and HM-HTCC showing ICs, values of 2.75+1.18 pg/
ml (13.41 nM) and 68.52+18.71 pg/ml (308.65 nM),
respectively, thus highlighting higher antiviral activities of
HM-HTCC as compared to HTCC. Furthermore, antiviral
potential of both the polymers were tested on human airway
epithelium (HAE) cell cultures to assess their activity in
a more natural environment as HAE culture imitates natu-
ral conductive airway epithelium. Viral titers were evalu-
ated in HCoV-NL63 infected HAE cultures after treatment
with both the polymers using quantitative RT-PCR-based
assay. Significant reduction in viral titres was observed post-
treatment with both the polymers. Also, these polymers did
not show any cytotoxicity against HAE cultures. Thus, both
HTCC and HM-HTCC showed high biocompatibility when
tested using HAE cultures. Significant antiviral activities
were observed in both polymers when tested against HCoV-
NL63. As size and surface charge of polymers do not influ-
ence its antiviral potential, HTCC polymers inhibit viral rep-
lication through direct interactions. These polymers can thus
be used as anticoronviral drugs (Milewska et al. 2013). It is
known that association of spike protein of SARS-CoV-2 and
the ACE2 receptors of the host cells is critical in attachment/
entry of viral particles into the host cell (Yang and Shen
2020). Inhibition of this interaction might also severe as a
strategy to avoid SARS-CoV-2 infection. Antagonistic effect

Table 5 Antiviral properties of lipid-based nanoparticles

of non-peptide angiotensin receptors blockers conjugated
with branched PEG and poly(amido amine) (PAMAM) on
angiotensin receptors can be useful in preventing associa-
tion of SARS-CoV-2 with the ACE2 receptors ultimately
inhibiting viral entry by blocking the ACE2 receptors. This
inhibition of association of SARS-CoV-2 spike protein with
the ACE2 receptors ultimately leads to viral inactivation due
to lack of entry/attachment of viral particles into the host
cells (Figueroa et al. 2019; Hennig et al. 2015). In the light
of current COVID-19 pandemic situation, the strategies
undertaken for inactivation of other viruses belonging to
the coronavirus family may pose to be effective in inhibiting
the novel SARS-CoV-2 as well.

Lipid-based nanoparticles

Lipid-based nanoparticles are yet another class of nano-
particles which have been exploited in various biomedical
applications. These nanoparticles have been frequently used
in targeted delivery of antiviral agents due to their unique
properties like high biocompatibility, highly biodegradable
nature, inertness, negligible cytotoxicity, minimal immu-
nogenicity, easy availability, low cost, etc. as elaborated in
Table 5 (Garcia-Pinel et al. 2019). Lipid-based nanoparti-
cles have been preferred over other classes of nanoparticles
due to their biocompatible nature as lipids constitute one of
the major components of every living cell and hence there
is no associated immune response even after repeated use
(Kulkarni 2012). Various types of lipid-based nanoparti-
cles such as micelles, solid lipid nanoparticles, liposomes,
nanostructured lipid carriers, lipid nanocapsules, drug-lipid
composites, etc., have been used as successful drug delivery
systems after loading them with therapeutic drugs, vaccines
or any other material of choice which needs to be delivered
in living systems (Moghimi et al. 2005; Battaglia and Ugazio
2019). Use of lipid-based nanoparticles as nano-carriers has
been already established in antiviral therapy of HIV, HSV,

Nanoparticles Virus

Mode of action References

Ivermectin loaded liposomes Dengue virus

Positively charged liposomes contain-
ing N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium, nega-
tively charged liposomes containing
phosphatidylserine, neutral phos-
phatidylcholine containing liposomes

Equine herpes virus type 1

Stearylamine embedded cationic
liposomes

Herpes simplex virus 1

Solid lipid nanoparticles loaded with
atazanavir

Interference with viral genome replica- Croci et al. (2016)
tion

Facilitate membrane fusion of the viral
particles and the liposomes thereby
avoiding viral attachment to the host

cells thereby inhibiting viral entry

Kolyvushko et al. (2020)

Hinderance of viral attachment to the
host cells

Tahara et al. (2018)

Human immunodeficiency virus Inactivation of viral protease leading to Chattopadhyay et al. (2008)

inhibition of viral replication
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hepatitis B virus, hepatitis C virus, etc., for targeted delivery
(Jain et al. 2011; Pollock et al. 2010).

Liposomes are nano-assemblies consisting of one or
more lipid bilayers composed of amphipathic lipid mol-
ecules which can encapsulate hydrophilic as well as hydro-
phobic molecules. Liposomes have lower retention times
but show high loading capacities and hence have been used
as nano-carriers for targeted delivery of antiviral agents as
well as vaccines (Zolnik et al. 2010). Liposome mediated
delivery of ivermectin generally used to treat RNA viruses
such as dengue virus, Yellow fever virus, West Nile virus,
etc., showed higher solubility and low cytotoxicity in com-
parison with free ivermectin which show low solubility and
higher cytotoxicity. Ivermectin-loaded liposomes have been
observed to hamper viral genome replication thereby inac-
tivating dengue virus (Croci et al. 2016). The constituents
of the liposomes have also been observed to affect its anti-
viral potential. Comparative analysis of efficiency of viral
inhibition of charged and uncharged liposomes showed that
positively charged liposomes containing N-[1-(2,3-Dio-
leoyloxy)propyl]-N,N,N-trimethylammonium (DOTAP),
negatively charged liposomes containing phosphatidylserine
(PS) and liposomes containing neutral phosphatidylcholine
(PC) against equine herpesvirus type 1 (EHV-1) has been
reported. Charged DOTAP and PS facilitate membrane
fusion of the viral particles and the liposomes thereby
avoiding attachment of EHV-1 to the host cells resulting in
inhibition of viral entry. On the contrary, neutral liposomes
containing PC show no effect on viral inhibition (Koly-
vushko et al. 2020). Surface modifications of liposomes
further impart specificity in addition to enhancing efficient
delivery to the target location. Various ligands like hydro-
philic polymers, biomacromolecules, antibodies, etc. have
been used to functionalize liposomes. Stearylamine (SA)
embedded cationic liposomes have been observed to show
excellent antiviral activities against recombinant baculovirus
(BV) even without the presence of any antiviral drug. These
SA-conjugated liposomes have shown comparable antivi-
ral activities to that of the antiviral drug acyclovir against
HSV-1 by hindering viral attachment to the host cells along
with low cytotoxicity against A549 cells (Tahara et al. 2018).
Surface functionalization of liposomes using polyethylene
glycol (PEG) as well as hyperbranched polyglycerol (hbPG)
has resulted in significant reduction in total proteins adsorp-
tion. PEG functionalization decreased non-specific cellular
uptake whereas hbPG functionalization enhanced interaction
with macrophages (Weber et al. 2019). Though there are
no direct studies on use of liposomes against coronavirus,
strategies involving its antiviral potential against retroviruses
and specific cellular uptake can be extrapolated for COVID-
19 therapeutics.

As compared to liposomes, solid lipid nanoparticles
(SLNs) have been considered to be a promising alternative

in various biomedical applications due to its easy synthe-
sis, controlled drug release, increased circulation times,
biocompatible nature, biodegradability as well as mini-
mal cytotoxicity. SLNs are colloidal nanoparticles within
size range 50-400 nm consisting of surfactant-stabilized
lipid molecules which can be further loaded with hydro-
philic/hydrophobic therapeutic drugs to be used in antiviral
therapy (Puri et al. 2009; Almeida and Souto 2007). SLNs
have been extensively used for targeted delivery of various
antiviral drugs like acyclovir, ritonavir, efavirenz, penci-
clovir, etc. (da Silva Meira et al. 2020; Alex et al. 2011;
Negi et al. 2013; El-Gizawy et al. 2019). SLNs loaded with
adefovir dipivoxil (ADV) have been reported to be used in
antiviral therapy against hepatitis B virus (HBV). ADV is
a nucleotide analogue used to reduce serum HBV DNA lev-
els thereby fighting the infection. SLNs loaded with ADV
have been observed to show significant reduction in HBsAg,
HBeAg as well as HBV DNA level in concentration as well
as time-dependent manner (Xing-Guo et al. 2008). SLNs
loaded with atazanavir which is commonly used protease
inhibitor against HIV has shown higher bioavailability in
endothelial cell monolayer as compared to free atazanavir
thus proving efficient passage through blood brain barrier
(BBB) which can be used against HIV encephalitis. Due to
its prominent antiviral potential as well as ability to cross
BBB, atazanavir-loaded SLNs form a potent antiviral agent
to be used in antiretroviral therapy against HIV (Chattopad-
hyay et al. 2008). SLNs loaded with rifampicin have been
observed to show biocompatible nature when tested against
alveolar macrophages (AMs) as well as alveolar epithelial
type II cells (AECs). These rifampicin-loaded SLNs further
showed highly preferential uptake in AMs as compared to
AECs which is crucial for successful treatment of pulmonary
infections (Chuan et al. 2013). There is no direct evidence
of use of SLNs as nano-carriers for controlled release of
antiviral agents against coronavirus, but its excellent efficacy
in antiretroviral therapy, low cytotoxicity against host cells
as well as preferential uptake by AMs makes it a suitable
candidate to be explored for COVID-19 therapeutics.

Conclusions and future challenges

Infectious diseases which are caused by various bacteria,
fungi, viruses, protozoans, parasites, etc., majorly contribute
to hundreds of deaths world-wide thereby posing a threat to
human health as well as global economy. Viral diseases have
contributed to a large number of mortalities worldwide of
which respiratory infections caused by coronaviruses con-
tributes a major portion. The world is currently facing a
pandemic situation due to outbreak of one such respiratory
viral infection, the COVID-19 disease. COVID-19 disease
outbreak has been declared to be a pandemic according to
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the World Health Organization (WHO) in March 2020 with
incidence of 55,510,763 confirmed cases and 1,335,191
deaths worldwide as on 17th November 2020. Moreover,
the alarming rate of infection spread in the second wave has
further increased severity of this pandemic as a result of its
catastrophic impact on health and economy. Due to limited
understanding about SARS-CoV-2 which is responsible for
the current COVID-19 disease, there is lack of therapeutic
drugs or vaccines specifically targeting the virus. There is
need to have a detailed understanding about physiology, epi-
demiology and mechanism of action of the virus as well as
response of immune system towards the virus for devising
various measures involved in diagnostics, prevention as well
as therapeutics which would collectively help in control-
ling the infection. Nanotechnology-based approaches which
have been commonly used in diagnostics and treatment of
other viral diseases can prove to be a promising approach in
controlling COVID-19 disease. Nanoparticles have shown
great potential in various biomedical applications and can
prove to be of great use in antiviral therapy as well espe-
cially over conventional antiviral agents. Unlike traditional
antiviral drugs, nanotechnology-based drugs aid in reducing
antiviral resistance due to their unique physico-chemical,
mechanical as well as opto-electronic properties. Further-
more, use of nanotechnology-based antiviral drugs in the
current pandemic situation is preferred over traditional anti-
viral therapy due to its easy synthesis, convenient modula-
tion of properties, high stability, inertness, low cytotoxicity,
cost effective nature, etc. We have elaborated upon action
of different nanoparticles such as metal and metal oxide
nanoparticles, carbon-based nanoparticles, quantum dots,
polymeric nanoparticles and lipid-based nanoparticles upon
various viruses along with its antiviral mechanism and how
they can be exploited in controlling the spread of SARS-
CoV-2 by understanding the pathophysiology of the virus in
causing COVID-19 disease. With the world’s attention on
COVID-19 vaccine development, several candidates have
exploited nanotechnology-based approaches while develop-
ing vaccines against SARS-CoV-2. However, these are still
under clinical trials and it is yet to be seen which vaccines
gets approval to be released into the international markets.
However, it is important to consider some of the cru-
cial shortcomings associated with use of nanotechnology-
based drugs in antiviral therapy. Firstly, specific targeting
at a defined location is necessary for which receptor-based
nanoparticles should be used ensuring nano-systems particu-
larly damage the specific viruses. Secondly, there is need to
pay attention to surface functionalization of nanoparticles
to be used as antiviral agents so as to make sure that these
functionalized nanoparticles reach the target location and
act against the viruses without being cleared by the immune
system. Thirdly, biocompatible nature of these nanoparticles
upon interaction with the host cells needs to be considered,
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as these nanoparticles should only act against the viruses
and not the host cells, thus minimizing the associated side
effects. Fourthly, efficacy of nanoparticles along with con-
ventional antiviral drugs needs to be standardized for use
in antiviral therapy in concentration and time-dependent
manner. Lastly, multi-faceted focus is needed to consider
various aspects such as different categories of viruses, their
variability, mutable nature, associated antiviral drugs and
its response when used in vivo to use such nanotechnology-
based antiviral agents particularly in the current pandemic
situation. Thus, nanotechnology can help us tackle COVID-
19 disease by development of specific treatment by minimiz-
ing the associated shortcomings thereby revolutionizing our
fight against SARS-CoV-2 infection. However, it needs to be
noted that these nanotechnology-based approaches help the
immunity in eliminating SARS-CoV-2 from human body.
The main function is performed by human immune system
for combatting COVID-19 disease which is in turn influ-
enced by various factors like age, sex, lifestyle, nutrition,
co-morbidities, etc., but it would need further studies for
detailed understanding.
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