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ABSTRACT ARTICLEINFORMATION

Coronavirus disease, also called COVID-19, a universal health concern, has affected more than 200 countries after Article history:

its declaration as a pandemic on 11 March 2020 by the World Health Organization, WHO. COVID-19 results due Received 3 August 2021

to SARS-CoV-2 entrance into the epithelial cells of the human’s lung. Recently, nanotechnology has turned to be Received in revised form 27 September 2021
a great promising method used in the medical field regarding viruses. By mitigating infection, nanotechnology Accepted 19 December 2021

plays an important part in the diagnostics, prevention, and therapeutic approaches for controlling COVID-19.

The development of nanomaterials for viral disease is based on preventive measures and disinfectants, diagnostic
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devices, and therapeutic drugs or vaccines to transfer antiviral drugs into the human body. Being at the same 4 .
. . X . . . . SARS-coronavirus

scale as viruses, nanoparticles can replicate the functional and structural properties of viruses, and nanomaterials

Nanocompounds

COVID-19
graphene, carbon, liposomes, and polymeric compounds, have antiviral activity and can be employed in vaccine
Nanotechnology

can be the best substitute for developing vaccines. A broad range of nanostructures, including gold, silver, zinc,

development or inactivation of the virus.
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has been announced as a pandemic by the World Health Organization
(WHO) on 11 March 2020 [1]. The COVID-19 occurs by the entrance
of the virus to the epithelial cells of the human lung via the S protein,

1. Introduction

The COVID-19 is a result of the severe acute respiratory syndrome ) . . . . .
interacting with the human receptor angiotensin-converting enzyme 2

receptor protein (ACE2) [3].
The outbreak of the COVID-19 was first reported in Wuhan city in

coronavirus 2 or SARS-CoV-2 and has come to be a major concern of
global health [1]. The nano-sized SARS-CoV-2 (100-160 nm) has a
positive-stranded 27-32 kb RNA genome [2]. The COVID-19 outbreak
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Fig. 1. Use of nanotechnology in COVID-19 diagnosis, prevention, and treat-
ment.
December 2019 while SARS-CoV-2 was speedily transferring across the

world and even in a few animals such as bats, camels, and cats. Cur-
rently, SARS-CoV-2 could transfer from animals to humans and among
humans resulting in respiratory issues [4]. Moreover, this virus could be
active for several hours on surfaces like cloths, plastics, papers, and met-
als based on humidity, temperature, topological and chemical behavior
of the surface. Touching these surfaces, followed by touching the mouth,
nose, or eyes, can also transmit the virus [5]. The genome of COVID-19
has contained ~30000 nucleotides. It has been encoded via four structur-
al proteins, including Envelop (E) protein, Spike (S) protein, Membrane
(M) protein, and Nucleocapsid (N) protein. The capsid includes the pro-
tein shell, and there is N-protein or nuclear capsid into the capsid. It is
bound to the single positive-strand RNA of the virus which makes it
possible for the virus to grab the cells of humans and change them into
factories of the virus. The viral RNA genome is coated by the N protein.
It has a significant role in its transcription and replication. The N-termi-
nal of the N protein is binding to subgenomic and genomic RNAs in IBV
and MHYV virions, and then processes the viral transcription and repli-
cation [6]. The majority of patients infected by COVID-19 experience
mild symptoms including shortened breath, fever, and cough, as stated
by the Centers for Disease Control and Prevention; nevertheless, 20% of
patients express acute signs including pneumonia and respiratory issues
or even death [7]. Currently, nanotechnology presents a crucial role to
solve health problems regarding viruses. However, the fast advancement
of drug resistance to recently available treatments and unfavorable influ-
ences owing to extended use is a significant public health problem. The
advancement of new therapy techniques is needed. The nanostructure
interactions with microorganisms cause the rapid revolution in the bio-
medical area via providing benefits in both therapeutic and diagnostic
fields. Nanoparticles present desirable physical characteristics which
have relataed to advantages for drug delivery. These are mainly because
of the extended drug payloads, adjustable surface charge of the particle
with the feasibility of encapsulation, large surface area to volume ra-
tio (enhanced solubility compared to larger particles), and particle size
(that influences circulation time and bioavailability) which can be fitted.
These features make nanoparticulate drug delivery systems as the favor-
able candidates to improve and/or achieve therapeutic impacts which are
despite of similar bulk composites [8]. For example, nanotechnology has
provided a potent approach for alleviating infections by preventing, di-
agnosing, and treating COVID-19. These methods consist of the advent
of nanomaterial-based strategies for providing: (i) preventive disinfec-
tants and measures, (ii) fast and accurate diagnostic devices, and (iii)
vaccines or therapeutic agents to supply antiviral factors. Nanoparticles
(NPs) and viruses possess the same size range, which provides them
with the ability to reproduce the functional and structural characteristics
of viruses and makes nanotechnology very influential in vaccine evolu-
tion and immuno-engineering [9]. Nanomaterials largely contribute to
the advent of new drugs against viruses. A wide variety of metal NPs
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Fig. 2. A variety of NPs used against viruses.

present an antiviral effect and can interact with nanocomposites through
the host cell receptors, leading to the virus inactivation or blockage of
the virus entrance in the host cell [4, 10]. The special properties of nano-
materials, including size, enhanced solubility, and multi-functionality,
presents efficient gene modification, drug delivery, and ideal interactions
between capturing molecules of sensors and targeted analytic [11].

This review focuses on the role of nanotechnology in the prevention,
diagnosing, and treating of COVID-19. The latest advances in nano-
technology for COVID-19, as well as a comprehensive survey on their
application and performance, have been provided. The review begins
with an outline of the COVID-19 outbreak and SARS-CoV-2. Then,
the applications of various nanocompounds, including metal, magnetic,
carbon, graphene, quantum dots, liposomes, and polymeric-based nano-
compounds in fighting COVID-19, are comprehensively discussed re-
garding the three primary challenges of prevention, diagnosis, and treat-
ment. The benefits of each nanomaterial are discussed for preventing the
spread of COVID-19 (using protective tools and vaccines), diagnosing
(using nucleic acid and antibody detection), and treating methods (using
nanodrugs). Finally, the main challenges and future of nanotechnology
for managing COVID-19 are studied.

2. SARS-CoV-2 and Outbreak of SARS-CoV-2

Some local health authorities stated various patient groups diagnosed
with unknown pneumonia which were related to a seafood shopping
center in Wuhan, China in the last days of December 2019 [12]. Local
hospitals identified COVID-19 using a monitoring approach for “pneu-
monia of unidentified etiology,” previously established in 2003 after the
outbreak of COVID-19 [13]. The WHO declared that COVID-19 is a
“public-health emergency of international concern” on 30 January 2020
[14]. Several cases with unknown pneumonia have been repeatedly re-
ported in a few hospitals in Wuhan city. A large number of patients were
exposed to a seafood marketplace in Wuhan city. Afterward, the virus
has been spread across the world, and the pandemic is growing rapidly,
and groups of patients with no traveling history to Wuhan have been
appeared [15].

The simultaneous emergence of this virus outbreak with the lunar
New Year increased the number of travels between cities, resulting
in the spread of the virus to other cities of China. A month after, this
virus spread significantly to all provinces of China. The International
Committee on Taxonomy of Viruses called the newly-emerged coro-
navirus ‘SARS- CoV-2’ on 11 February, and the WHO designated it
as ‘COVID-19’. Since 11 March 2020, despite the efficient control of
COVID-19 in China, the number of cases has risen rapidly in the USA,
Europe, and other countries. Based on the online instant reports of the
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Fig. 3. Schematic of targets in SARS-CoV-2 treatment using NPs.

Center for System Science and Engineering at Johns Hopkins Universi-
ty, more than 200 countries in six continents have announced over 200
million patients of COVID-19 until 22 August 2021, and more than 4
million patients had died. The country with the highest number of cases
is the USA up to now [2]. The European Centre for Disease Prevention
and Control (ECDC) has now evaluated the risk level from moderate to
high [15].

SARS-CoV-2 is an enveloped, non-segmented, single-stranded posi-
tive-sense RNA virus with coronas on its surface [16]. This type of virus
has four basic structural proteins: envelope (E) glycoprotein, nucleocap-
sid (N) protein, spike (S) glycoprotein, and membrane (M) glycoprotein
[17]. Also, the major target proteins of SARS-CoV-2 are mainly viral
spike proteins [18], 3-chymotrypsin-like protease (3CLpro), 3 CL hy-
drolase [18], papain-like protease (PLpro), RNA-dependent RNA poly-
merase [19], envelop proteins [20], 2’-O-ribose methyltransferase [21,
22], nonstructural protein-3 (Nsp3) [23], and nucleocapsid protein [24].
The SARS-CoV-2 genomes are the same as other coronaviruses. The
ACE2 receptors existing on the host cells are the major target of this
virus. The SARS-CoV-2 connects to the ACE2 receptor of the host cell
via its C-terminal domain (CTD) and receptor binding domain (RBD)
composed of envelop-embedded S-protein [25-27]. The initial step of
infection includes the attachment of S-protein to ACE2 receptor. Thus,
treating the related disease comprises of targeting this binding process
[28]. The virus entrance into a cell is promoted through transmembrane
serine protease 2 (TMPRSS2) via protease function. After this, the virus
enters endosomes. Because of the low pH of endosomes, the uncovered
viruses secrete the genome for synthesizing proteins, which provides
protein and viral RNA, generating additional infectious species and
emitting them into the host cell [29-32].

3. Application of nanotechnology for the viral infectious
diseases

Due to the nano size of coronaviruses, nanotechnology has a great
potential to grasp the lifespan, structure, and growth of this virus. Nan-
otechnology can provide novel and affordable detection approaches for
the development of protective tools and equipment as well as new ef-
ficient medical help. The role and capacity of nanotechnology will be
discussed in the following sections to deal with the main features of
COVID-19 [33].

The occurrence of COVID-19 cases has risen at a shocking rate. Pre-
vention methods of pandemics involve applying pharmaceutical (anti-
viral drugs and vaccines) as well as non-pharmaceutical remedies. As
sufficient pharmaceutical remedies are not normally available immedi-
ately, non-pharmaceutical measures are suggested as a vital procedure.
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Fig. 4. The mechanism of nanomedicine for diagnosing, preventing, and treating
COVID-19.
In this respect, nanotechnology provides novel possibilities to advent

approaches for COVID-19 prevention. Some examples of these proce-
dures are masks, disinfectants, and nano carriers for vaccines [34].

Nanomedicine, armed with a multivalent antigen presentation as
well as antigens stabilization, could contribute to the administration,
design, and delivery of COVID-19 vaccines. Moreover, they transport
adjuvants to stimulate immune activity and antigens delivery, including
an mRNA vaccine transmitted by liposomal NPs. The subunit and tradi-
tional vaccines show limitations like limited immunogenicity or rever-
sion to pathogenic virulence. However, these issues could be addressed
by using NPs and altering their characteristics, including shape, size, and
surface immunogenicity. Nevertheless, some researchers have reported
NPs toxicity [35-38].

The rapid spread of new diverse viruses needs modern remedies. The
primary restriction of contemporary antiviral therapies is low specificity,
causing the cytotoxicity of host cells. Nanotechnology generates a new
possibility for antiviral treatment. The flexibility of NPs makes them
adjustable for curative drug delivery and targeting the virus. Application
of NPs for fighting against SARS-CoV-2 may consist of methods that
prevent the entrance of virus in the host cell thereby causing viral deac-
tivation. The prevention of the proteins of viruses can cause the death
of the virus; thus, targeting NPs, special to virus expressed proteins, can
reduce the viral incorporation [34].

Viruses are intracellular parasites that could lead to a variety of dis-
eases, such as SARS, Ebola, acquired immune deficiency syndrome
(AIDS), flu, chicken pox, and influenza. Viruses possess a limited num-
ber of genes for the formation of new viruses, and a large number of
them employ enzymes generated by the host cell [39]. Therefore, rapid
diagnosis of these diseases is crucial because of the restricted treatment
methods. Detection of viruses normally requires particular strategies and
facilities such as gene sequencing, nucleic acid detection, hem agglutina-
tion assay, antibody detection, and cell culture, which are usually expen-
sive, time-consuming, and labor-intensive [40]. Traditional approaches
of COVID-19 detection were based on nucleic acid detection, including
RT-PCR with disadvantages like lack of special feature because of re-
semblance with other viral diseases, great false-negative, time-consum-
ing and limited sensitivity. NPs could limit these issues. Nanotechnolo-
gy has the potential to detect COVID-19 rapidly, enhancing the efficacy
of diagnostic measurements. In this regard, nano-bio sensors are largely
precise and sensitive and can identify low amounts of targeted elements
or species in bio-samples. A biosensor is a systematic tool composed of
biological components such as microorganisms, organelles, cell recep-
tors, enzymes, antibodies, and nucleic acids, which generate thermal,
optical, or electrical signals based on the interaction between a transduc-
er and examined component. The obtained signals are then transformed
into electrical signs. Biosensors have several clinical and medical appli-
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cations such as i) rapid diagnosis and illness therapy, ii) pathogens de-
tection, iii) evaluation of drugs and metabolites, iv) drugs development,
v) assessment of drug activity and vi) measurement of analytes [41].
Nanomedicine is efficient in identifying resistant organisms, enabling
it to be employed as a prophylactic route for the fast diagnosis of in-
fectious diseases, particularly in newly-emerged infections [37]. The
excellent characteristics of nanomaterials have been successfully used
in the advent of a broad variety of molecular and serological detection
approaches for virus isolation. These nanomaterial-based methods were
widely used in identifying and understanding MERS (Middle East respi-
ratory syndrome) and SARS viruses, relatives of SARS-CoV-2, account-
able for local outbreaks in recent years and are also being utilized to
grasp the life cycle and structure of SARS-CoV-2 [33]. Fig. 1 indicated
the most developments of nanotechnology in COVID-19 based on main

three classifications: diagnosis, prevention, and treatment.

4. Application of nanocompounds for the prevention,
diagnosis, and treatment of SARS-coronavirus

Nanotechnology can be used in various fields such as agriculture,
health, defense, etc. Nanotechnology provides low-cost, reliable, and
influential methods for the diagnosis and treatment of various severe
diseases. In the last years, the excellent research has been done on nano-
technology for enhancing the efficiency of the therapeutics for different
indications, which can be advanced to COVID-19 [42]. For instance,
Novavax, Inc. has fabricated a nanoparticulate vaccine via antigens ex-
tracted from the coronavirus S protein that is stably expressed in the sys-
tem of baculovirus [43]. Metal and non-metal NPs like nano clay [44],

Table 1.
Nanomaterials are used for inhibiting various viruses.
S. No Nanomaterial Virus Interaction
1 Multiwall carbon Influenza strain X-31 Reactive oxygen
nanotubes species
2 Silver NPs Human immunodefi- Deactivate
ciency virus type 1 bonds
3 Nano clay and its Human coronavirus Electrostatic
composites, silica 229E
nanoparticle, carbon Hepatitis C virus
nanotubes Dengue virus serotype 2
Protein epidemic diar-
rhea virus
4 Reduced graphene Pseudorabies virus Hydrophobic

oxide, graphene oxide,
graphite

feline coronavirus

and Electrostatic

Covid19 antigen

zinc oxide nanoparticles [45, 46], copper oxide nanoparticles [47], silver
nanoparticles [48], magnetic nanoparticles [49], gold nanoparticles [50],
silica nanoparticles [51], graphene oxide [52] and carbon nanomaterials
[53] act successfully in deactivating the COVID-19 (Fig. 1) [54]. Inor-
ganic NPs (INPs) with properties including controllable composition,
shape and size, great surface-to-volume ratio, luminescence, and the ca-
pacity to reveal multiple reciprocal sites on the surface, are promising
in this area [55].

The initial stage of viral infection is the binding of the virus to the
host cells. NPs could prevent the adherence of viruses to the host cell
[55]. The NPs interact with virus elements via electrostatic interaction,
dative bond, and interaction, hydrophobic interaction or reactive oxy-
gen interaction [41, 56]. Table 1 illustrates a variety of nanomaterials
utilized for preventing different viruses. Detection and inhibition of vi-
ruses could also be performed by employing nanomaterials as outward
incentives in biosensors. Different elements of the virus join with nano-
materials and act as an exterior spur, resulting in signal detection [57].

Nanomaterials like nanofibers are generally utilized in masks to
limit enormous respiratory droplets dispersion and shield individuals
against droplet spread. Filters composed of polypropylene microfibers
and electrostatic charges are applied for filtering masks (e.g. N95, FFP2,
and FFP3) with great performance. The function of masks against vi-
ruses and microbes has been improved through the use of nanofibers,
nanofiber webs, and antimicrobial materials [58]. Besides masks, nano-
materials have been employed in the preparation of medical gloves for
shielding against COVID-19 [59]. Organic NPs have been used for
transporting antiviral drugs like dapivirine, efavirenz, zidovudine, and
acyclovir to improve drug delivery, drug bioavailability, and targeted
antiviral function [60]. Antimicrobial drugs including ribavirin, ritona-
vir, remdesivir, chloroquine, and lopinavir have been examined in clin-
ical tests of COVID-19 and have presented beneficial outcomes against
SARS-CoV-2 [34]. The targeted ligand conjugated nanoparticle special-
ly binds with virus epitopes which lead to virus inactivation, prevent the
virus from entering the cells. Hence, the infection can be neutralized
with nanomedicine-based procedures [54]. A variety of NPs used against
viruses was depicted in Fig. 2.

4.1. Gold nanocompounds

Gold NPs (AuNPs) are widely utilized in nano vaccines due to their
beneficial properties, such as providing immunization and carrying anti-
gens [61]. Virus-like particles VLPs can be formed by incubating AuNPs
as a core with CoV S proteins (such as S protein of avian CoV), which
spontaneously functionalize the surface (S-AuNPs). Vaccines based on
S-AuNP could improve the delivery of lymphatic antigen and elevate
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humoral and cellular response relative to free antigens [62]. This vaccine
can be employed for other pathogenic CoV. Likewise, a vaccine based
on S-AuNPs has been prepared for SARS-CoV prevention [63]. The
prepared vaccine was capable of triggering a powerful IgG response.
AuNPs can also be tailored to detect CoV-based antibodies via electro-
chemical immunosensor test, which is composed of carbon electrodes
including a set of AuNPs [64].

AuNPs could be simply modified for intranasal transmission and
present the benefit of easy diffusion into lymph nodes and stimulating
CD8&+ (T-killer) cell-mediated immune response [65]. Moreover, AuNPs,
with regrad to their large atomic number, could operate as extremely
biocompatible and persistent contrast agents of X-ray for medical im-
aging in Computed Tomography (CT) [66]. AuNPs are also assessed as
siRNA-carriers and target-specific gene silencing due to their flexibility,

biocompatibility, and efficient delivery approach [67]. Huang X. et al.
demonstrated that the heptad repeat 1 (HR1) peptide inhibitor provid-
ed 10 times improved inhibitory function when transferred by gold na-
norods in comparison with free a-helix peptide (PIH) [68]. Additionally,
these nanocompounds presented elevated stability and biocompatibility
for treating patients diagnosed with MERS-CoV and other coronavirus-
es. In another study, Chen H. et al. mixed 100-nm- AuNPs with the S
protein of infectious bronchitis virus and expressed that AuNPs enhance
the delivery ability, particularly in the lymphatic system, leading to en-
hanced absorption by cells and increased complement function|69].
AuNPs have also been used in bio sensing and presented efficiency
in increasing biosensors’ detection limit [70, 71]. The electronic, optical
characteristics of AuNPs could be detected via various biosensors such

Table 2.
Nanomedicine as a promising approach for diagnosis, treatment, and prophylaxis
against COVID-19.

Platform Antigenic Virus Notes Ref.
component

S-AuNPs  Spike protein of  Avian CoV Significant [133]
avian CoV improvement
in vaccination

potency

Au NPs

S-Au NPs Spike protein ~ SARS-CoV  Induced strong [6]
1gG responses
Lung eosino-
philic immuno-
pathology

Fig. 6. The role of nanomedicine and
replication cycle in neutralizing vi-
rus-based diseases like SARS-CoV-2.

ACE2 receptor

Host cell membrane

Infected cell

as colorimetric and electrochemical ones [72]. AuNPs have specific op-
tical properties, including localized surface plasmons (LSPs), leading to
wavelength-selective intake with highly immense molar extinction coef-
ficients and excellent improvement of the regional electromagnetic field
near the AuNPs surface [73, 74]. Electrochemical sensors are efficient
in discovering viruses because of their elevated sensitivity and shrink-
age. The application of AuNPs in these sensors is far more efficient in
detecting viruses by immobilizing biomolecules whilst sustaining their
performance [75].

The application of gold nano rods in antiviral-based treatments for
MERS-CoV has been successful. After the entry of the virus into the
host cell, the infection could be inhibited using NPs, acting as antiviral
carriers [76]. AuNPs with relevant antigenic moieties has been assessed
as promising vaccines for fighting against viruses [77].

Additionally, INPs have small sizes as well as extremely active sur-
faces, clarifying their use in diagnosis devices [78]. For example, an
extremely sensitive AuNPs-based electrochemical immunosensor was
utilized to identify MERS-CoV at low amounts (0.4 pg/ml), which was
achieved because of the outstanding electronic and optical characteristics
of AuNPs, increasing as a result of the great surface area/volume ratios
[75]. Jung et al. [79] introduced Gold Nanorods (GNRs)-based therapy
accompanied with plasmonic photo thermal therapy. GNRs presented
convenient properties in-vivo, and PEGylated GNR concentration (48
00/ml) caused appropriate temperature for the in vivo assessments. The
obtained moderate hyperthermia enhances the cellular uptake rate of
NP-loaded vaccines and drugs via the improved internalization through
clathrin-mediated endocytosis. The mentioned photo thermal treatment
could be evaluated for prohibiting in-cell viral replication opposing
SARS-CoV-2. AuNPs functionalized with the influenza peptide con-
sensus M2e rest at the C-terminal through thiolate-Au. Nasal uptake of
M2e-AuNPs in mice is associated with a cytosine-guanine-rich oligonu-
cleotide presented a powerful immune activity as opposed to the influ-
enza virus PR strain [80]. In Fig. 3, targets for nanotherapeutics against
SARS-CoV-2 were illustrated. Different nanoplatforms, displaying rele-
vant antigenic moieties, including inorganic (gold and silver) NPs, poly-
meric NPs, Virus-Like Particles (VLPs), liposomes, and self-assembled
protein NPs have been studied as potential viral vaccines formulations
(Figure 1).

As the current COVID-19 diagnosing approach based on nucleic
acid may cause false negatives and is challenging for being employed
for every patient due to the asymptomatic carriers, a colloidal AuNPs-
based lateral flow test was evolved to obtain a fast diagnosis of the
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IgM antibdy fighting the SARS-CoV-2. AuNPs-LF test had a sensi-
tivity of 100% and presented great selectivity for detecting IgM for the
SARS-CoV-2 without any interference with other viruses. AuNPs-LF
test provided results in 15 min and required as low as 10-20 pL serum.
Overall, this test has several advantages, including high stability and
specificity, simple operation, low price, and low detection time, making
it a convenient experiment for COVID-19 diagnosis in hospitals, partic-
ularly in emergency sections requiring several tests [81]. Fig. 4 shows
the mechanism of nanomedicine for diagnosis, vaccination, and therapy.
Nanoparticles-based vaccination against coronavirus reported in . De-
tection strips of NP-based flow as the remarkable procedures to monitor
the disease for SARS-CoV-2 have been advanced to rapid monitoring
and prevention of necessity to transfer the samples to specific facilities
(Fig. 5) [64].

4.2. Silver nanocompounds

Silver NPs are known for their excellent antimicrobial activity, which
are active ingredients of pharmaceutical materials, including silver-sul-
fasalazine [76]. These NPs have been employed for treating wounds and
burnt tissues. In addition, silver has presented antibacterial, antifungal,
anti-angiogenesis, antiplatelet, anti-inflammatory, and anti-cancer prop-

erties. Silver NPs are under evaluation for antiviral function. As coro-

Table 3.
Inorganic nanocarrier’s role in treating viruses and SARS-CoV-2.
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navirus remains on surfaces for about 12 h, silver-based coatings could
neutralize them [54]. Various approved silver-based biocides need to
be tested for SARS-CoV-2. Silver nanocompounds loaded on graphene
oxide (GO) show promising results against enveloped and non-envel-
oped viruses [82, 83]. Facial masks based on the silver-nanocluster/sil-
ica composite present a vital impact against SARS-CoV-2 and could be
used with metal, ceramic, and glass surfaces, indicating its beneficence
in public places such as schools, hospitals, and supermarkets [84, 85].
Table 3 lists a variety of metal NP/hybrid structures used against SARS-
CoV-2. Fig. 6 shows the role of nanomedicine and replication cycle in
neutralizing virus-based diseases like SARS-CoV-2. It is as a common
RNA virus family (Fig. 6) divided into four classes- a, B, v, and d. It also
possesses a genetic material formed as a single-stranded RNA with a
capsid of the virus enclosed with club-shaped protein spikes and a virus
genome on the surface [54].

The most important reasons for the spread of COVID-19 are face-
to-face interaction and the resulting respiratory droplets of the diseased
person. Nano-based gloves, personal protective equipment (PPE) kits,
lab coats, and facemasks supply antimicrobial, hydrophobic, and fabrics
against this virus (Fig. 7) [86]. Bhattacharjee et al. [87] used graphene
and silver NPs to improve the antimicrobial activity of PPE textiles. The
application of graphene in a textile enhances its mechanical properties,
antimicrobial activity, resistance to flame, and flexibility. Campos et
al. [86] illustrated the employment of masks with nanocoatings for im-

Animal model

S.No. Name of nanomaterials Strategies used COVID like respiratory viruses (Host) Dose
os
. Induced cross-protective Bovine parainfluenza 3 virus
PLGA nanoparticles . . L . .
1 cell-mediated immune (BPI3V) Swine influenza virus Pig 2 pg/ml
(PLGA-KAg)
response (HIN2)
. Porcine 1000-fold
Ag colloid . . L . .
e L. Prevented the virus epidemic diarrhea virus . diluted
2 & titanium dioxide L. . Pig
NPs growth (PEDV) & transmissible gastroenteritis from
virus (TGEV) original
P tion of cell 3.125-12.5
3 Ag NPs revention ofce TGEV Pig
apoptosis pg/ml
. . Prevention of endosomal Feline Infectious Peritonitis
4 Diphyllin NPs . K . Cat 2 uM
acidification Virus (FIPV)
5 GO/Ag nanocomposite Antiviral activity Feline coronavirus Cat 0.1 mg/ml
Bio polymeric
nano/microspheres .
Capable of adsorbing . 10 mg/500
6 N-(2-hydroxypropyl)-3- . Human coronavirus NL63 Human
. . coronaviruses ul
trimethyl chitosan nano/
microsphere (HTCCNS/MS)
Prevention of viral
7 Ag2S nanoclusters proliferation PEDV Pig 46 pg/ml

in vitro cells
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Fig. 8. Subcellular localization and transfer of zinc (A), Prevention of viral replication by zinc (B).

proved protection against viruses, as they do not damage the breathabil-
ity and hydrophobicity of the textile. Silver NPs can be used in different
textiles, including cellulose-based textiles, polyamide, polyester, and
cotton, to enhance their filterability and antimicrobial activity. Double-
layered coatings, including silver and silica composite nanocoatings,
can efficiently protect individuals from SARS-CoV-2. Additionally,
non-irritating and environmentally-friendly sanitizers and disinfectant
solutions based on the silver NPs for fighting against SARS-CoV-2 have
been presented. These sanitizers provide efficient antifungal, antibacte-
rial and antiviral activities. Positively charged silver NPs accompanied
with non-migratory quaternary ammonium cations incorporated in a
polymer matrix could also be utilized for the fabrication of antimicrobial
coatings, which repel water and oil as well as inactivating SARS-CoV-2.
Silver NPs could prevent virus replication and deactivate SARS-CoV-2
[88]. Moreover, silver NPs are used for coating medical devices com-
posed of stainless steel [89, 90].

4.3. Zinc nanocompounds

Zinc (Zn) is a vital element in cell proliferation, signaling, oxidative
stress, differentiation, and immune activity, as well as a variety of alter-
native cellular procedures [91, 92]. Zn homeostasis greatly affects the
Table 4.

The effect of zinc, zinc ionophores, and zinc conjugates on various respiratory viruses.

Virus Strain Mechanism of action Zinc formula
Decreased viral-triggered DNA
Influenza A fragmentation & caspase-3 ZnSO,
Influenza activity
HINI Decreased virus titer post-in- PEGylated ZnO-

fection

Prevention of 3CLP™ activity

Decreased viral replication
Coronaviruses SARS-CoV

Prevention of 3CLP™ activity

Prevented RNA synthesis, RdRp
activity & template binding

-NPs/ZnO-NPs
Zn*" ions/1-hy-
droxypyri-
dine-2-thione zinc

ZnOAc,/PT

Zinc conjugated
TDT

ZnOAc,

immune system regarding its effective performance. It is an essential
component of the signaling pathways associated with controlling the
adaptive and innate immune responses [91, 93]. Consequently, Zn sup-
plements are used to promote the immune system [94].

Zn, with its potent immunogenic characteristics, binds to a variety of
proteins, regulating their function. It has also been utilized in managing
viral infection of coronavirus. Zn affects protein synthesis and activity,
viral replication, RNA polymerase, and membrane fusion [95-98]. Table
4 provides a list of the effect of Zn on various respiratory viruses. Clini-
cal trials have shown that Zn supplementation provides less serious and
decreased symptoms period as well as diminished recurrent infections
in viral diseases [95]. Regardless of the advantages of Zn in antiviral
treatment, the type of infection associated with the redox species, formu-
lation, and concentration of Zn is crucial. Zn has many immune health
benefits as well as being available, affordable, and safe [94].

Experiments performed in vitro presented that Zn>* provides an-
tiviral function via preventing SARSCoV RNA polymerase, which
might highlight the therapeutic efficacy of chloroquine acting as zinc
ionophore. Zn?" could also reduce the function of ACE2, which is the
SARSCoV2 receptor. Enhanced antiviral immunity of zinc can also
happen by the upregulation of interferon o output and rising its anti-
viral function. Zn has anti-inflammatory activity through preventing
NF«B signaling and regulation of regulatory Tcell functions that might
decrease the cytokine storm in COVID19. Zn not only has a protective
influence but also has a preventive effect for controlling COVID19 by
limiting inflammation, inhibiting ventilator-caused lung damage, en-
hancement of mucociliary clearance, as well as regulating antibacterial
and antiviral immunity. Zinc deficiency may cause the production of
toxin bacteria and enteroviral pathogens, which trigger adenylate and
guanylate cyclases, increase chloride secretion, lead to diarrhea, and
reduce nutrient absorption. Chronic deficiency leads to the formation
of pro-inflammatory cytokines, causing increased metabolic, inflam-
matory, immune, and neurodegenerative diseases [99]. Previously, zinc
was proposed as a promising element for supporting the immune system
and preventing HIN1 influenza [100]. Zn?>* cations in combination with
Zn ionophore pyrithione have been presented as inhibitory agents for
SARS-CoV RNA polymerase activity through reducing its replication
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[96]. Some trials have shown the effect of chloroquine antiviral activity

for treating COVID-19 [101]. Chloroquine is a zinc ionophore enhanc-
ing Zn* flux into the cell, and it is believed that growing intracellular
Zn* concentration through chloroquine can arbitrate its antiviral impact
against SARS-CoV-2. An alternative method for modulating COVID-19
via Zn-based components includes aiming Zn ions in the viral proteins,
as it has been demonstrated that disulfiram-triggered Zn?* release from
protease in MERS-CoV and SARS-CoV causes protein destabilization
[102]. In this regard, Zn-based drugs including disulfiram can be used
as promising antiviral agents for targeted oxidation of SARS-CoV-2.
SARS-CoV-2 needs ACE2 to enter the target cells. Thus, regulation of
ACE2 receptor is a potential approach for COVID-19 treatment [103-
105]. Speth et al. [106] illustrated that exposure to zinc (100 uM) re-
duces recombinant human ACE-2 activity. Thus, zinc might enhance the
dysfunction caused by nCoV-2019 in mucociliary clearance. Zinc sig-
nificantly affects viral infections by modulating viral particle entrance,
replication, and viral protein translation for various viruses [107]. Fur-
thermore, Laurini et al. obtained the results achieved via mutating in the
14 S-protein receptor binding domain (S-RBDCoV-2) residues and in
silico the 18 ACE2 residues which chip in the binding interface of re-
ceptor/viral protein. Desirably, many significant mis-sense changes were
anticipated for the enhancement of ACE2/S-RBDCoV-2 binding, such
as the variants Y505W, N501T, Q493K, F456K/W, and L455D/W on
S-RBDCoV-2 and R393K, R357K, L79/W, Q42K, E35D, H34S7T/K,
D30E, T27D/K/W, and Q24T on ACE2, respectively [108].

Zinc largely enhances cilia morphology [109] and improves ciliary
beat number [110]. Therefore Zn enhances mucociliary clearance and
virus or bacteria removal. Zn enlarges the barrier activity of the virus-
es through modifying close junction proteins ZO-1 and claudin-1 and
boosting the antioxidant function of respiratory epithelia. Furthermore,
COVID-19 has been demonstrated to damage mucociliary clearance and
prompt the lung for additional bacterial and viral damage. Moreover,
zinc may present antiviral activity by preventing RdRp and stopping
viral RNA replication [100]. Modification of antiviral immunity via zinc
might control SARS-CoV-2 disease by regulating IFNo production and
boosting the antiviral activity, adjusted by IFNo-stimulated JAK/STAT
signaling and upregulation of PKR and RnaseL antiviral proteins, which
can corrupt viral RNA and prohibit its translation [111]. Cytokine storm
highly affects the pathogenesis of COVID-19 [112], while zinc, with
its anti-inflammatory activity via prohibiting IkB kinase (IKK) activity
and NF-«B signaling as well as regulating T-cell functions, down-regu-
lates the formation of pro-inflammatory cytokine [113, 114]. Addition-
ally, zinc could control risk factors of COVID-19-caused fatality rate as
immune deficiency, aging, and metabolic diseases (e.g., atherosclerosis,
diabetes, and obesity) are believed to be risk factors for elevated fatality

|

as well as zinc deficiency [115-117]. Having said this, Zn might provide
an advantageous influence on limiting the mentioned risk factors [107,
118]. Fig. 8 depicts subcellular localization and transfer of zinc as well
as prevention of viral replication by zinc.

Additionally, zinc prevents viral attachment to the mucosal cells
and the replication of SARS-CoV and respiratory syncytial virus via
by forming antiviral interferon (IFN)-a and IFN-y [96, 118, 119]. As
SARS-CoV-2 binds to the cell surface ACE2 by its spike proteins to start
viral replication and transcription, zinc could decrease SIRT-1-regulated
ACE2 expression [120, 121]. In this way, Lee et al. [122] have reported
that human lung cells modified with zinc and emetine or triclabendazole
inhibit ACE2 expression with no traces of cytotoxicity. In another study,
Carlucci et al. [123] reported that zinc sulfate, hydroxychloroquine,
and azithromycin present superior advantages for treating patients with
COVID-19 compared to those receiving only hydroxychloroquine and
azithromycin such as improved rates of hospital discharge as well as
decreased fatality. Another recent in vitro research conducted by Chen
et al. [124] on human airway cells presented that azithromycin and zinc
could hinder ACE2 expression, indicating the potential therapeutic and
prophylactic effect of zinc for treating COVID-19.

4.4. Magnetic nanocompounds

Nanosensing based on magnetic materials is a newly-emerged sub-
jectin the field of biosensing. These days, magnetic materials are largely
used in biomedical and biological areas. The most recent developments
in nanotechnology and magnetic nanomaterials have turned diagnostic
approaches to nanoscales as well as providing early-stage diagnosis
[101, 125]. Nanotechnology can enhance the targeting process of virus-
es on biological samples, including blood, throat, and nasal fluids, by
implementing special virus receptors on the superficial area of magnetic
nanomaterials. Due to the nano size of viruses, their behavior could be
utilized to tailor structures similar to viruses for presenting gene modifi-
cation and targeted drug delivery [126, 127].

Magnetic NPs could be guided in magnetic fields to target organs
including the lungs prone to respiratory issues caused by viruses. Ad-
ditionally, drug-loaded nanocarriers could be marked with viral anti-
gen antibodies [80, 128]. In this manner, Zhao et al. [49] synthesized
magnetic NPs with a coating of poly (amino ester)/carboxyl groups for
SARS-CoV-2 detection and viral RNA extraction. Their results demon-
strated that over 90% of the RNA were captivated using the pcMNPs
during 10 min. This easy method can refine viral RNA from alternative
samples in 20 min through a facile method. In another study, Chen et
al. [129] used magnetic NPs to split the virus particles. They presented
that biomimetic NPs were used to improve detection by supplementing
viruses. The NPs imitated the host cell membrane and were tailored with
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target receptors to provide virus-binding allowance to the NPs (Fig. 9).
Magnetic NPs were based on the encapsulation of superparamagnetic
iron oxide nanoparticles (SPIONSs), assisting the separation of NP-bound
virus pathogen by a magnet.

4.5. Carbon nanocompounds

Carbon-based materials are novel materials that have been largely
researched and employed in biological fields. Carbon nanotubes (CNTs)
possess small dimensions between 10 and 100 nm, great dimensionality
(2D, 3D), and excellent light-heat conversion efficacy. Their chemical
and physical properties, including high storage space in the internal
tube and surface load power, provide convenient biological behaviors
including suitable biocompatibility, excellent bioabsorption rate, elevat-
ed permeability, multiple-energy surface functional group, and targeted
biomolecule treatment ability. The mentioned properties represent novel
concepts for advancing modern drugs against coronaviruses. As CoVs
are delicate to acids and elevated temperatures over 56 °C, CNTs pre-
pared by acidization and conjugated with special RNA lyase might be a
promising material for inhibiting SARS-CoV-2 [130, 131].

Many researchers have reported the application of CNTs for diag-
nosing respiratory viruses such as SARS-CoV-2. For example, Yeh et
al. [132] prepared a modern CNT size-tunable enrichment microdevice
(CNT-STEM) with the ability to enrich and concentrate viruses. The avi-
an influenza virus strain was determined by this tool. The CNT-STEM
largely improves detection sensitivity and virus isolation rates [132,
133]. Due to the feasibility and credibility of this method, it could be tai-
lored to identify SARS-CoV-2 proteins or RNA. In alternative research,
a sensing method based on a single wall CNT (SWCNT) was used for
COVID-19 detection. The prepared nanosensor composed of SWCNTs
functionalized with ACE2 showed excellent binding attraction for the
spike protein of SARS-CoV-2 and doubled the fluorescence signal when
encountered with target viruses [134-136]. Another biosensor based on
carbon nanomaterials with the ability of rapid COVID-19 antibodies
detection was fabricated from 3D bio-printed electrodes joined with
reduced-graphene-oxide (rGO) nanoflakes. Viral antigens that were im-
mobilized on the rGO nanoflakes were utilized to identify targets. The
selective binding of antibodies to the antigens in the device changed the
electrical circuit’s impedance [137]. Moreover, nanodiamonds are also
promising material for the diagnosis of COVID-19 because of their low
cytotoxicity and excellent stability. In a study, fluorescent nanodiamonds
were employed to act as a high-sensitive mark for COVID-19 lateral
flow immunoassay, which resulted in 10° times more sensitivity com-
pared with that of the usual GNP-based lateral flow test. The mentioned

Aptamer
\

studies propose that nanocarbon-based materials could be utilized as
antiviral treating agents against COVID-19 [138, 139]. Functionalized
carbon nanocomposites by metallic or polymeric NPs via surface func-
tional groups (e.g., hydroxyls, carboxylic acids, and lactones) could lim-
it the spread of COVID-19. For example, conventional activated carbon
powder could eliminate viruses trapping them in nanopores via a hydro-
phobic activity with the virus [140, 141]. The viral particle can interact
with several kinds of carbon-based nanomaterials, including SWCNT,
activated carbons, nanodiamonds (ND), carbon quantum dots (CQDs),
multiwall carbon nanotubes (MWCNT), graphene, and GO. Their pro-
spective usage for COVID-19 therapy is the removal of viruses from air
and water via different valid approaches [142, 143].

4.6. Graphene nanocompounds

Graphene and GO materials,
MXenes (Ti,C
terial activity [144]. Graphene and CNTs are the most favorable car-

graphene-silver composites, and
,T,) are novel materials presenting antiviral and antibac-

bon-based nanomaterials for biosensors [145, 146]. Graphene has ex-
cellent mechanical, electrical, and thermal properties [147]. Graphene
could also be readily functionalized by adding functional groups to its
2D plane due to its structure full of defects, which turns it into an ap-
propriate base for ligand immobilization, including single-strand DNA
and antibodies for preparing aptasensors and immunosensor [148-150].
Graphene is widely utilized for optical and electrochemical biosensors
with high sensitivities [151]. Moreover, graphene and nanowires of
In,0, have been employed for the field-effect transistor (FET) to detect
SARS-CoV and SARS-CoV-2 [152]. Fig. 10 illustrates a nanobiosensor
for detecting coronavirus. Also, Fig. 11 demonstrates In,0,-nanowire-
based FET immunosensor for SARS-CoV. This schematic image shows
the nanowires with the covalent immobilization of the Fn probe. The
N-proteins were positively charged At the working pH = 7.4, and thus
their binding on a p-type channel led to charge carrier (holes) and a final
reduction of conductance. Bovine serum albumin (BSA) was utilized as
a “blocking agent” for source-drain electrodes and nanowires, therefore
preventing NSB, which may result in false-positive outcomes [153].
Graphene is additionally used in face masks or on surfaces in public
places to sterilize them [76]. GO as well as rGO also present various
applications in immunosensor [154]. Graphene oxide, a 2D monoatomic
thin nanomaterial, presents a natural antiviral activity against the por-
cine epidemic diarrhea virus (PEDV) virus, largely higher compared
with that of graphite oxide [155, 156]. Graphene oxide, being armed
with the negative surface charge, makes a powerful bind with the pos-
itively charged viruses, which could disable virus activity [144, 157].
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Du et al. [158] studied the antiviral function of hypericin-loaded
GO. The antiviral efficiency of hypericin was enhanced due to the high
loading capacity and low cytotoxicity of GO. The fabricated complex
prevented viral replication via the virus inactivation and elimination of
viral attachment to the host cell. In another study, Akhavan et al. [159]
discovered that the composite film of graphene tungsten oxide inacti-
vates viruses by irradiating it with visible light because of the photo-deg-
radation of viral capsid protein and the viral RNA release. Graphene
oxide has also exhibited antiviral function against the coronavirus of
porcine epidemic diarrhea [160]. It can also be used for sterilizing face-
masks and their re-use due to the electrical and thermal, and electrical
characteristics of graphene, enabling filters and fabrics sterilization of
the facemasks [161].

Seo et al. [162] have also prepared a new biosensor based on anti-
bodies for detecting the S protein of SARS-CoV-2 from graphene sheets,
which were covered with a SARS-CoV-2 antibody. The prepared sensor
could distinguish between diseased and healthy people with a limit of
detection (LOD) of 2.42 x 10* copies/mL. Ye et al. [160] have also
tested the antiviral activity of a variety of graphene oxide-based antiviral
agents against the PEDV and PRV viruses. Their results presented that
the antiviral activity of GO and rGO was the highest among the other de-
rivatives, including graphene oxide/polyvinylpyrrolidone composite and
graphite oxide, while graphite and graphene oxide/poly(diallyl dimeth-
ylammonium chloride) composite did not present any antiviral activity.

4.7. Quantum dot nanocompounds

Quantum dots (QDs), also called “semiconductor nanomaterials”
with the size range of 1 to 10 nm, are novel fluorescent probes for mo-
lecular imaging in bio- and chemosensors, being extensively utilized for
diagnosing COVID-19 due to their special properties such as optical
characteristics [163, 164]. Moreover, the emission wavelength of QDs
could be readily and accurately adjusted by altering their size [165]. For
example, Ashiba et al. [166] proposed an extremely sensitive biosensor
for detecting viruses and prohibiting the virus spread. The detection lim-
it of the sensor was 0.01 ng/mL virus, equivalent to 100 viruses. In an-
other study, Roh et al. [167] studied the sensitive and fast identification
of SARS-CoV by a QD-conjugated RNA aptamer. The QD-conjugated
RNA aptamer could particularly make a bind with the SARS-CoV N
protein, which was immobilized to supply an optical signal. The results
of this study indicated the detection limit of 0.1 pg mL™', which might
facilitate developing a sensitive diagnosis of COVID-19 [168].

Carbon quantum dots (CQDs) show promising results in imparting
with viruses and inhibiting virus entrance to the host cells. It has re-
cently been presented that CQDs associated with boronic acid ligands
intervene in the activity of the S-coronavirus protein and greatly prohibit
its entrance to the host cells, and the addition of CQDs to cell culture
either before or after human coronavirus infection largely decreases cell
infection rate [169]. As QDs present a key role in treating human CoVs
infections, many pieces of research have been performed in this man-

SARA — CoV — 2N — protein

Fig. 11. In,0,-based FET immunosensor for
SARS-CoV detection.

Fibronectin — based protein

ner. For example, Loczechin et al. [170], studied the antiviral activity of
seven different CQDs were studied for curing CoV HCoV-229E. Using
the QD therapy, concentration-based virus inactivation was obtained.
Because of the CQDs’ interaction with the HCoV-229E receptors, the
HCoV-229E blockage in host cells occurs. Moreover, the replication
phase of viruses was also prevented [142].

In another study, Ahmed et al. [171] prepared chiral zirconium QDs
for detecting coronavirus. Zirconium QDs and magnetic NPs conjugated
with coronavirus antibodies could attach to the virus-based target and
generate magneto plasmonic-fluorescent nanohybrids, able to be divided
using a magnet with a detection limit of 79.15 EID/50 pl. Additional-
ly, in another study, the same authors fabricated a chiro-immunosensor
capable of detecting coronavirus infection in blood via self-assembled
chiroplasmonic GNPs and QDs. Non-symmetric plasmonic chiral GNPs
formed by self-assembly increased the spectral extent of CD response,
which caused an enhanced plasmonic resonant coupling with an excit-
ed state of QDs. The chiro-immunosensor presented the detection limit
of 47.91 EID/50 pl for coronavirus [172]. Furthermore, Du et al. [173]
fabricated Ag,S QDs functionalized with glutathione with convenient
chemical stability and excellent optical properties to prevent coronavirus
(PEDV) proliferation. The results presented that using Vero cells, a con-
centration of 46 pg/mL for Ag,S QDs provided over 90% viability, ac-
companied with the PEDV N protein expression, which was down-reg-
ulated in a concentration-dependent state. The authors concluded that
Ag,S QDs prevent viral proliferation by blocking RNA synthesis of
viruses.

4.8. Liposomes nanocompounds

Lipid-based NPs are composed of lipid bilayer vesicles used for
encapsulating drugs and transporting hydrophilic and lipophilic drugs
due to their controllable biological behavior, compatibility, excellent
stability, low toxicity, efficient transport within biosystems, and facile
scaling-up. Micelles, microspheres, dendrimers, bilayers, and liposomes
are examples of lipid-based nanomaterials [174]. Liposome NPs, in par-
ticular, are widely utilized in the modern delivery of antiviral drugs, in-
cluding acyclovir, zidovudine, and efavirenz, and show great potential in
drug delivery to the lungs for respiratory disease therapy of COVID-19,
tuberculosis, and pneumonia [175-177]. Liposome NPs have also been
evaluated as hopeful viral vaccines [178]. These NPs could be employed
by inhalation, oral use, or intravenous. Liposomes, common DDS for
pulmonary drug delivery, are inherent in lungs and present beneficial
characteristics such as the ability to incorporate drugs within their mem-
brane bilayer or in their core, capacity to reduce the toxicity of drugs,
altering the pharmacokinetics of drugs, making them a suitable drug
nanocarrier for treating pulmonary infections. Liposomal DDS has been
used to treat lung infections via the inhalation approach [179].

Encapsulated antiviral vaccines and agents in the cell membrane
could be performed using functionalized liposomal and micellar formu-
lations [180]. Tai et al. [181] demonstrated that the liposomal composi-
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tion of hydroxychloroquine could be more efficient through the inhala-
tion approach relative to the oral and injection approaches for limiting
COVID-19. It was deducted that the inhalable liposomes, including
hydroxychloroquine, might present clinical advantages for treating
COVID-19. Additionally, Feliciello et al. [182] illustrated that the pul-
monary proteoliposome could decrease the virus amount in the lung and
assist the immune function to limit lung infection.

The functionalized liposome, stealth liposome, is biocompatible and
biodegradable and provides stimulus-responsive, extended systemic cir-
culation and targeted drug delivery. It is one of the options for formulat-
ing novel treatments for COVID-19 infection [54].

These non-viral transmission systems decrease carcinogenesis and
immunogenicity and present appropriate display promising benefits in-
cluding limited toxicity, effective contact with lipid cell membranes, and
improved endosomal escape. As the nuclear transmission of IFN regu-
latory factor 3 is eliminated by coronaviruses, interferon loading into
the nanoliposomes could provide a supporting impact on SARS-CoV2
disease [183, 184].

Liposomes are capsules with an exterior phospholipid bilayer and an

Table 5.
Nanoparticle-based tools against respiratory viruses.

Fig. 12. Schematic illustration of polymeric
virus catchers prepared by molecular im-
printing techniques.

Extraction of template
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interior hydrophilic core, which contains therapeutic agents. Liposomes
supply effective encapsulation of the conjugated species and facile ad-
justment to improve their cellular and mucosal uptake [185]. It has also
been demonstrated that encapsulating Ara-AMP, ACV, and IFN in lipo-
somes improves the efficiency of antiviral drugs and decreases their tox-
icity, side effects, and dosage. The antiviral function of IFN-liposomes is
thirteen times higher than that of the free one. Therefore, the application
of liposomes for encapsulating antiviral drugs is a powerful method for
improving their efficiency [186].

4.9. Polymeric nanocompounds

Nowadays, polymeric NPs have gained much attention among sci-
entists because of their special encapsulation and optical properties for
the diagnosis, prevention, and treatment of a variety of virus-based dis-
eases including HIV, HSV, influenza, and Ebola. Polymeric NPs have
been used as sVLPs for stimulating immune cell interaction and antigen
procedures against CoV diseases [187]. The nano polymeric vaccines
are durable against DNAse and could be employed in vivo for vac-

cines. Intranasal application of targeted nanopolymers associated with

Types of substances used

T f vi
for fabrication VI GO

Antigen/epitope Adjuvant

Mean diameter

Achievements Ref.
(nm)

Polymeric-based nanostructured materials

Polyanhydride RSV G and F glycoproteins -
. TLR-7/8
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(HIN2)
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anti-CD40 DC maturation stimuli could improve the mucosal IgA and
systemic level of IgG to fight N protein of SARS-CoV. Nevertheless,
systemic and mucosal immune responses were not determined for plain
pDNA. Sun et al. [188] demonstrated intramuscular application of chi-
tosan-encapsulated N protein of bovine CoV (BCV N) NPs could greatly
improve IgG, and IgA amounts relative to Montanide ISA 206, present-
ing the efficiency of chitosan NPs as an adjunct for BCV N protein.

Intranasal delivery of antigens encapsulated with polymer provides
a powerful immune activity, and vaccination outcome depends on poly-
mer and antigen properties [189]. The advent of new nanomaterials for
enhancing the efficiency of COVID-19 therapy depends on the prepa-
ration of polymeric NPs possessing fast and great mucus penetration as
well as the advent of non-toxic, stable, and biodegradable NPs with low
pulmonary toxicity in the lung. Surface treatment of the NPs using PEG
conjugation acting as a capping agent and targeting moieties to limit side
effects are also crucial. Polymer-based nanocompounds are promising
against COVID-19 due to their safety profile, appropriate biodegrad-
ability and biocompatibility, easy synthesis, prevention in degradation
of encapsulated drugs, and the ability to be prepared in desired sizes,
shapes, and characteristics [190]. PEG and PLGA are two types of poly-
mers approved by the FDA that could be used against COVID-19 owing
to their excellent biodegradability and biocompatibility [191, 192]. One
disadvantage of polymeric NPs is their rapid absorption by the reticu-
loendothelial system, which can be treated using surface modification
through PEG [193]. In this regard, Sankarakumar et al. [194] prepared
virus catchers out of polymer by molecular imprinting method, which is
a rapid, low-cost, stable, and secure process for anti-viral treatment. In
the first step, nanoparticles were synthesized by a hydrophobic cross-
linker ethylene glycol dimethacrylate (EGDMA) combination with var-
ious functional monomers with a molar ratio of 1:4. Virus imprinted
nanoparticles (VMIPs) were prepared via adding the full viral template
virus (fr phages) into the monomer phase former to the polymerization
phase. Non-imprinted particles (NIPs) were obtained without adding the
template virus and were utilized as limitations in whole steps. The sys-
tem of one-stage miniemulsion polymerization for virus surface imprint-
ing is indicated in (Fig. 12).

Lin et al. [195] have also prepared a new vaccine from synthetic bio-
degradable DEPE-PEG and PLGA nanopolymers for delivering STING
(stimulator of interferon genes) agonists and viral antigens for treating
MERS-CoV. The prepared hollow-shaped polymeric nanocompound
lowered systemic reactogenicity, was pH-responsive during the release,
and presented eminent local immune function. The findings of this re-
search showed that this approach simplifies the development of safe
and efficient vaccines in fighting against viral pathogens. Table 5 lists
nanoparticle-based tools against respiratory viruses.

The polymeric nanoparticles are used due to their high yield of
encapsulation and also controlling the release of drugs and vaccine
adjuvants by low associated toxicities. Lee et al. [80] introduced the
polymer-templated protein with the ability to orient to hemagglutininl
of influenza virus and increase the immunogenicity of mice. Regarding
VLPs, this structure has some advantages such as do not need using
intricate genetic techniques, affordable and straightforward approach.

5. Conclusions and future insights

COVID-19 is a new global health issue, which has influenced over
200 countries after its outbreak in Wuhan City, China. COVID-19 was
announced as a pandemic by the WHO on 11 March 2020. COVID-19
emerges in individuals through the entrance of the virus into the epithe-
lial cells of the human lung. The genome of COVID-19 has included
~30000 nucleotides. It has been encoded via four structural proteins, in-

cluding Envelop (E) protein, Spike (S) protein, Membrane (M) protein,
and Nucleocapsid (N) protein. Nowadays, nanotechnology has largely
contributed to the fight against this pandemic by mitigating infection
for the diagnosis, prevention, and treatment of COVID-19. The advent
of nanomaterials for virus-based disease encompasses preventive steps,
diagnostic methods, nanosensors, and therapeutic approaches or vac-
cines to transmit antiviral agents into the human body. Moreover, the
similar scale of NPs and viruses enables them to replicate the functional
and structural properties of viruses. Therefore, nanomaterials could be
the best substitute for developing vaccines. These are definitely due to
the broad drug payloads, adjustable surface charge of the particle with
the possibility of encapsulation, large surface area to volume ratio (in-
creased solubility in comparison with larger particles), and particle size
(that impacts circulation time and bioavailability) which can be fitted.
These characteristics make nanoparticulate drug delivery systems desir-
able candidates improve and/or achieve therapeutic impacts and can be
considered for future aspects which are despite similar bulk composites.
A wide variety of NPs, including silver, gold, zinc, graphene, carbon,
liposomes, and polymeric compounds, have shown promise antiviral
activity and can be used in vaccine development, therapeutics, nano-
sensors, and for diagnostic purposes. For instance, silver has presented
antibacterial, antifungal, anti-angiogenesis, antiplatelet, anti-inflamma-
tory, and anti-cancer properties. In addition, AuNPs are widely utilized
in nano vaccines due to their beneficial properties, such as providing
immunization and carrying antigens [61]. Clinical trials have shown that
Zn supplementation provides less serious and decreased symptoms pe-
riod as well as diminished recurrent infections in viral diseases [95]. Zn
has many immune health benefits as well as being available, affordable,
and safe [94]. Furthermore, CNTs possess small dimensions between 10
and 100 nm, great dimensionality (2D, 3D), and excellent light-heat con-
version efficacy. Their chemical and physical properties, including high
storage space in the internal tube and surface load power, provide con-
venient biological behaviors including suitable biocompatibility, excel-
lent bio-absorption rate, elevated permeability, multiple-energy surface
functional group, and targeted biomolecule treatment ability that can be
applied as a promising material to future manufacturing biomaterial.
Also, lipid-based NPs are composed of lipid bilayer vesicles used for
encapsulating drugs and transporting hydrophilic and lipophilic drugs
due to their controllable biological behavior, compatibility, excellent
stability, low toxicity, efficient transport within biosystems, and facile
scaling-up. The nano polymeric vaccines are durable against DNAse and
could be employed in vivo for vaccines. Intranasal application of tar-
geted nanopolymers associated with anti-CD40 DC maturation stimuli
could improve the mucosal IgA and systemic level of IgG to fight N
proteinof SARS-CoV.
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