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Abstract

The outbreak of COVID-19 has drastically affected the daily lifestyles of people globally where specific Coronavirus-2
transmits primarily by respiratory droplets. Structurally, the SARS-CoV-2 virus is made up of four types of proteins in which
S-protein is indispensable among them, as it causes rapid replication in the host body. Therefore, the glycine and alanine
composed of HR1 of S-protein is the ideal target for antiviral action. Different forms of surface-active PPEs can efficiently
prevent this transmission in this circumstance. However, the virus can survive on the conventional PPEs for a long time.
Hence, the nanotechnological approaches based on engineered nanomaterials coating on medical equipments can potentially
prevent the dissemination of infections in public. Silver nanoparticles with tuneable physicochemical properties and versatile
chemical functionalization provide an excellent platform to combat the disease. The coating of amine-functionalized silver
nanoparticle (especially amine linked to aliphatic chain and trialkoxysilane) in its nanostructured form enables cloths trap
and kill efficient. PPEs are a primary and reliable preventive measure, although they are not 100% effective against viral
infections. So, developing and commercializing surface-active PPEs with trap and kill efficacy is highly needed to cope with
current and future viral infections. This review article discusses the COVID-19 morphology, antiviral mechanism of Ag-NPs
against SARS-CoV-2 virus, surface factors that influence viral persistence on fomites, the necessity of antiviral PPEs, and
the potential application of amine-functionalized silver nanoparticles as a coating material for the development of trap and
kill-efficient face masks and PPE Kits.
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Introduction

A novel coronavirus (SARS-CoV-2) causative agent of
COVID-19 was identified in December 2019 in China.
COVID-19 was declared a pandemic by World Health
Organization declared on March 11, 2020 [1]. As of Feb.11,
2022, 404,910,528 confirmed cases of COVID-19, includ-
ing 5,783,776 deaths as reported by WHO [2]. However,
limiting the transmission of COVID-19 infection in public
is still a big challenge for researchers and clinicians. To date,
nanotechnological approaches for diagnosing and treating
diseases are indispensable in the scientific and medical fields
[3, 4]. A new hope has emerged for the medical field by
functionalizing nanosized materials, which provides a wide
range of methodologies that allow researchers to manipulate
the structural and functional properties [5, 6]. The current
emerging medical challenge lies in developing personal pro-
tective equipment that is reusable, long durable, and capable
of inactivating viral and bacterial pathogens, thus, reducing
the risk of infection and transmission. Most functional anti-
microbial coatings developed are antibacterial, but very few
are commercialized as antiviral. Hence, it is highly needed
to develop potential antiviral and viricidal coatings that can
trap and kill viruses on personal protective equipment (PPE),
hygienic implements, and other devices to fight against this
viral pandemic [7]. Materials for antiviral coatings have
been classified into three major groups, i.e. antiviral poly-
mers, metal ions or oxides, and surface-functionalized nano-
particles, based on the used materials at the contaminated
sites [8].

Metal nanoparticles are well-known antiviral agents that
are used with other disinfectants [9]. Among all metal nano-
materials, silver nanoparticles (Ag-NPs) are broad-spectrum
antimicrobial agents, thus, the most widely commercialized
nanomaterials [10, 11]. Silver ions and nanoparticles have
proven to be a potent inactivators of human pathogenic bac-
teria, fungi, and viruses. Biocidal activity against leading
bacterial and fungal pathogens, including COVID-19-asso-
ciated mucormycosis (CAM), methicillin-resistant Staphy-
lococcus aureus (MRSA), Escherichia coli, Pseudomonas
aeruginosa, Vibrio cholera, and Bacillus subtilis has been
evaluated and reported [12-18]. Similarly, synergistic anti-
microbial activity of silver nanoparticles against S. aureus,
E. coli, Salmonella typhi, and Micrococcus luteus with vari-
ous antibiotics such as ampicillin, penicillin G, amoxicillin,
kanamycin, erythromycin, clindamycin, chloramphenicol,
and vancomycin was reported [19-21]. However, due to the
reduced size of starting bulk materials, nanoparticles tend to
achieve higher surface area and energy, making them unsta-
ble [22]. Hence, stabilizing nanoparticles from agglomera-
tion often requires capping or stabilizing agents. Capping
agents form a layer around nanoparticle through different
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mechanisms depending on the material and net charge of
the polymer. These forces can be categorized as steric sta-
bilization, electrostatic interactions, depletion stabilization,
stabilization by hydration forces, and Van der Waals forces
[23]. Some capping agents stabilize nanoparticles through
multiple mechanisms, such as branched polyethyleneimine
(BPEI]). BPEI stabilizes Ag-NPs electrostatically and steri-
cally due to BPEI’s charge and branched and flexible struc-
ture [24]. Polymers are chemical compounds with molecules
bonded together in long and repeating chains. Polymers rep-
resent excellent characteristics such as ductility, resistance,
and elasticity, making polymers a versatile material for bio-
medical applications. Various cationic and anionic polymers
are currently applied to synthesize nanomaterials as reduc-
ing, stabilizing, and capping agents. Cationic polymer-func-
tionalized silver nanoparticles have a soft edge of being an
excellent antiviral agent. Structurally, viruses are made up of
proteins and nucleic acid. The genome of CoVs (27-32 kb)
is a single-stranded positive-sense RNA (+ssRNA) more
extensive than any other RNA viruses. The nucleocapsid
protein (N) forms the capsid outside the genome, and the
genome is further backed by an envelope that is associated
with three structural proteins: membrane protein (M), spike
protein (S), and envelope protein (E) [25, 26]. Silver nano-
particle interacts very strongly with thiol (-SH) and -COOH
groups in protein that perturb the virus's surface and ulti-
mately inactivate. Most viruses infect their human host via
inhalation of microdroplets that float in the air, especially
SARS-CoV-2 causing COVID-19. A cotton mask or res-
pirator could be used to prevent the entrance of the virus
into the respiratory tract. However, the masks cannot kill the
SARS-CoV-2 virus outside the host. To make cotton masks,
it needed to activate the mask with trap and kill functionality
by coating it with cationic polymers-functionalized silver
nanoparticles. This review article aims to overview previ-
ous and recent approaches to polymer-functionalized silver
nanoparticle-based antiviral coatings, especially against
the coronavirus, and focuses on possible strategies to fight
against the current and possible future pandemic.

Factors Influencing the Long-Term Virus
Persistence on Fomites and Necessity
of Antiviral Surface Coatings

Dissemination of the viruses between humans is gener-
ally caused by an infected individual's respiratory, skin,
or other bodily fluid secretions. The viruses can be trans-
mitted directly or indirectly through aerosols, droplets,
or contact with contaminated fomites. Viral contamina-
tion of surfaces could cause serious infections within a
community. For example, norovirus (a non-enveloped
virus) could persist for several weeks on different fomites,
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Fig. 1 Surface properties influence the persistence of viruses. These
include physical properties (including light exposure, temperature,
and humidity), chemical properties (such as pH or antiviral coatings),

resulting in lethal outbreaks in healthcare facilities [27].
Therefore, understanding how long viruses can persist on
a surface can help control strategies and medical authori-
ties to control infection outbreaks. Fundamentally four
main properties can affect the persistence of viruses on
surfaces (Fig. 1). These include (i) porosity of material;
(ii) physical properties of material surface such as rela-
tive humidity, temperature, exposure to light, and surface
roughness; (iii) biological properties, like the structure of
the adsorbing virus or prior presence of other microor-
ganisms; and (iv) chemical properties of surfaces such as
pH, the presence of reactive ions, adsorption state, and
organic matter. The surrounding organic material, such as
saliva or mucus droplets, can stabilize and protect many
viruses. In addition, it has been reported that substances
such as bacteria, fats, and proteins in the viral inoculum
can increase persistence [28—31]. Major contributing fac-
tors concerning surface properties include, among others,
porosity [27], absorption [32], and surface hydrophobicity
[33]. Each type of virus has unique proteins that interact
with a surface uniquely, so designing an effective antiviral
surface coating may need to be designed for a specific type
of virus.

The porosity of abiotic surfaces plays a significant role
in viral adsorption and survival; hence, several reports
have compared the persistence and time of complete decay
of different viruses on porous and non-porous surfaces
[34-36]. It is found that most viruses exhibit greater per-
sistence on non-porous materials than on porous surfaces
[27, 35], although there are exceptions also exist [37,
38]. For example, influenza virus A can persist more than
24-28 h on stainless steel and plastic surfaces at 35-40%
humidity. Nevertheless, infectious viral particles dropped
to undetectable levels on porous surfaces such as cloth or
paper after 8—12 h [37, 39]. The poor persistence of viral
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and biological properties (depending on the virus vulnerabilities, e.g.
an envelope) as well as the type of surfaces such as the porosity or
topography. Adopted as ACS COVID-19 subset from [31]

particles on porous surfaces could be due to the complete
drying of the viruses on the surfaces or low elution of
the viruses from these materials [35]. It is observed that
both the SARS-CoV-1 and SARS-CoV-2 coronavirus have
similar persistence in terms of surface porosity [36]. It
has been reported SARS-CoV-2 virus remains infectious
even after seven days on a surgical mask, whereas com-
paratively, no viable virus was detected on the surface of
stainless steel and plastic [40].

Several studies indicated that the antiviral properties
of fomites could be linked to the ability of a surface to
absorb a virus [32]. Due to the nature of liquid absorption
property of absorbent materials such as cotton and card-
board could offer strong protection against virus-bearing
respiratory droplets and aerosols [41, 42]. For example,
Lai and co-workers compared the survival of SARS-CoV-2
between two forms of PPE gowns, a hydrophobic dispos-
able type and a cotton gown [43]. They observed that the
cotton material has significant potential to absorb highly
concentrated droplets of viral particles, and no viable virus
was detected after 1 h, whereas in the case of disposable
gowns, most of the virus remained viable for up to 24 h.
Therefore, an outer fluid-absorbing layer in PPE garments
and medical devices may be advantageous.

Viral persistence can also be affected by surface hydro-
phobicity of material surface and outer layer of virus cap-
sids [33]. Hence, the hydrophobicity of the outer layer of
proteins in virus capsids can significantly influence their
interactions with solid surfaces and the surrounding envi-
ronment [44]. Therefore, building a fundamental under-
standing of the interactions between viruses, i.e. the outer
surface of proteins and solid surfaces, is vital for control-
ling environmental transmission and designing efficient
antiviral strategies. Both experimental and computational
analyses have been used to determine the hydrophobicity
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of different viruses [45, 46]. For example, Chattopad-
hyay et al. demonstrated that the sorption of hydrophobic
viruses, i.e. viruses carrying hydrophobic proteins' outer
layers, was favoured by surfaces coated with hydrophobic
sorbents, while the sorption of hydrophilic viruses was
favoured by hydrophilic surfaces [47].

The Application Rationality and Previously
Assessed Antiviral Potential of Silver
Nanoparticles

For hundreds of years, silver has been used as an anti-
microbial agent against a broad spectrum of pathogenic
microorganisms in the form of "Rajatbhasma" (an Ayur-
vedic medicine prepared from silver) [48, 49]. Before the
commercialization of antibiotics, silver was used as an
antiseptic to treat open wounds and burns. Silver nano-
particles demonstrated strong antiviral potential against
several viruses, which include the following families:
retroviridae, hepadnaviridae, paramyxoviridae, herpes-
viridae, poxviridae, orthomyxoviridae, and Arenaviridae
[50]. Silver nanoparticles showed potential antiviral activi-
ties against a broad range of viruses. In addition, viruses
are less likely to become resistant to silver nanoparticles
than conventional antiviral agents. The nanoparticles have
multivalent interactions with viral surface components and
cell membrane receptors which block viral entry into the
cells [51]. As an antiviral agent, silver nanoparticles can
act directly and rapidly on viral particles, bind with virus
coat proteins, and disrupt structure before binding to the
host cell. An interesting study has recently been conducted
where 25-nm Ag-NPs could mediate a consistent reduction
in Vaccinia virus (VACV) entry at non-cytotoxic concen-
trations. Ag-NPs prevented direct fusion and macropi-
nocytosis-dependent entry of VACV; cells where a vital
component of macropinocytosis (Pak1) had been knocked
down, showed a reduced loss of Ag-NP anti-entry effects.
Furthermore, Western blot analysis suggested that Ag-
NPs bind directly to the entry fusion complex of VACYV,
revealing a potential virucidal mechanism [52]. Silver
nanoparticle interaction with viral biomolecules suggests
that silver nanoparticles have a huge potential to face the
challenge of viral infections and enhance the quality of
existing antiviral therapies. Depending on the interaction
and virucidal effect of silver nanoparticles against viruses
such as hepatitis B virus [53], HIV-1 [54, 55], herpes sim-
plex virus type 1 [56], respiratory syncytial virus [57],
tacaribe virus [58], monkeypox virus [59], and influenza
virus [60, 61], it can be predicted that silver nanoparticles
act as protective antiviral shields. The toxicity of silver
nanoparticles against viruses has been reported by Sin-
clair et al. to be dependent on several physicochemical
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factors such as particle concentration, size, and shape
[62]. The results demonstrated that surface charge was a
crucial factor governing their antiviral activity [62]. The
researchers investigated the influence of capping agents
representing various surface charges ranging from nega-
tive to positive. These Ag-NPs were capped with citrate,
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP),
mercaptoacetic acid (MAA) and (branched polyethyle-
neimine (BPEI). Among the capping agents investigated,
BPEI capped Ag-NPs exhibited the highest reduction in
PFU of MS2 bacteriophage (> 6 log10-units reductions),
followed by 4-5 log10-units reductions with PVP and PEG
cappings and 3—4 log10-units with MAA and citrate cap-
ping [63]. Further, an in vivo study demonstrated that Ag-
NPs reduced RSV replication, both in epithelial cell lines
and in experimentally infected BALB/c mice [64]. Several
studies on antiviral and antimicrobial activity of colloidal
silver nanoparticles against enveloped and non-enveloped
viruses and a broad range of pathogenic microorganisms
have proven its significant potential as an excellent nano-
material to cope with current and unfortunate future viral
and microbial-originated health crises.

A Brief Description on Amine-Functionalized
Active Moieties Used for the Synthesis

of Silver Nanoparticles and Its Biocidal
Activity

Like other metal nanoparticles, the synthesis of silver
nanoparticles can be achieved by three different processes,
namely, chemical, physical, and biological synthesis. Physi-
cal synthesis requires physical forces that crush bulk materi-
als into nanostructures. Due to the absence of capping or sta-
bilizing agents, a high probability of agglomeration occurs.
As aresult, deterring it poses a significant challenge. Addi-
tionally, this synthesis requires external energy and sophis-
ticated equipment. Synthesis of silver nanoparticles requires
a robust-reducing agent and a capping agent that prevent
aggregation or agglomeration of synthesized silver nano-
particles; capping or coating is an excellent way to stabilize
the nanoparticles through the establishment of electrostatic,
steric, or electrostatic interactions between particles. Various
chemical capping agents, such as polyphenols, plant extract,
surfactant, polymers, peptides, Graphene oxide (GO), Series
of N-acyl tyramines, and carboxylic acid derivatives were
used.

For example, citrate has been widely used as a reducing
and capping agent because of its chemical properties as a pH
regulator and ligand protection. As a capping agent, citrate-
based ionic liquids wrap the nanoparticles, block their exces-
sive growth, and act as a charge controller [65]. Variety of
publication on synthesis and activity of silver nanoparticles
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have been reported in the literature [66—123]. Recently, the
role amine in the synthesis of silver nanoparticles has been
reported in details [124]. We have for the first time dem-
onstrated the role of amine-functionalized trialkoxysilane
in controlled synthesis of noble metal nanoparticles and
its multimetallic analogues [67—-69]. The role of amine in
silver nanoparticles synthesis has recently been discussed
in detail [124]. Apart from the role of amine-functional-
ized trialkoxysilanes in silver nanoparticles formation, the
role of amine lined to macromolecules that bear positive
charges has also been demonstrated [74]. The charge can
be present intrinsically in the polymer backbone or the side
chain groups. Most cationic polymers carry protonated pri-
mary, secondary, or tertiary amine functional groups. These
polymers differ widely in their polymeric structure. They
can be linear, branched, hyperbranched, or dendrimer and
can be further differentiated by the presence of the positive
charges in molecular structure, i.e. in the backbone or at the
side chains. Various cationic polymers reduce and capping
agents to synthesize silver nanoparticles. These polymers
can be natural, semisynthetic, or synthetic polymers such
as gelatine, chitosan, dextran, dextrin, branched polyethyl-
eneimine (BPEI), linear polyethyleneimine (LPEI), poly-
L-lysine, etc. [66]. Luo et al. reported that gelatine capping
could avoid the agglomeration of silver nanoparticles due to
the amino and carboxylic groups of gelatine aligning with
the surface of silver atoms in the Ag-NP, further improving
stability [70]. In this section, we are discussing only polyeth-
yleneimine and chitosan-functionalized silver nanoparticles.
Polyethyleneimine (PEI) is the most outstanding example of
synthetic polymer because of its wide range of commercial
and biomedical applications. It can be in linear (LPEI) as
well as in branched (BPEI) structures [71-73]. Linear PEI
possesses primary and secondary amino groups, whereas
BPEI also features tertiary amino groups.

BPEI usually has a ratio of primary to secondary to ter-
tiary amino functionalities of 1:2:1, and up to 25% of these
amino groups are protonated under physiological conditions.
Such buffer capability can also be utilized for endosomal
escape mechanisms. Polyethyleneimines are most studied
due to their excellent capping and stabilizing ability for sil-
ver and gold nanoparticles [74, 75]. Tiwari et al. [74] applied
microwave and an organic-reducing agent (cyclohexanone
and formaldehyde) for rapid reduction of silver cations
(Ag+— Ag0) along with 1-vinyl 2 pyrrolidone (VPP) and
three different molecular weights of polyethyleneimines
(PEI) as capping and stabilizing agent. The synthesized Ag-
NPs showed considerable changes in size and stability as a
function of Mw of PEL

Furthermore, it was found that the molecular weight of
PEI controls the size of nanoparticles. The higher molecular
weight of PEI leads to the synthesis of larger sizes (~20 nm)
of NPs than lower molecular weights [74]. In another

approach, Zhiguo et al. prepared PEI-functionalized silver
nanoparticles through the single-step hydrothermal method
without any reducing agent. In this preparation, PEI acted as
both stabilizing and reducing agents with excellent stability
and antibacterial activity [76]. Further, in a one-pot, size-
controlled preparation approach, Kim et al. [77] synthesized
PEI-functionalized silver nanoparticles in an aqueous solu-
tion and assembled a 2D film at a toluene water interface.
The prepared 2D film was applied for the antibacterial coat-
ing of fabrics in gauze [77].

Chitosan (CS) is one of the most popular polycationic
polymers for producing intelligent nanoparticles [78]. CS
had many superior functions such as antimicrobial, anti-
oxidant, and antitumor activities, low allergenicity, high
biocompatibility, and biodegradability, and non-toxicity,
making it an effective functional compound in the antimi-
crobial agent sector [79, 80]. For example, CS can attach to
metal nanoparticles to modify their antimicrobial functions,
such as CS-silver nanoparticles, in which Ag+ links with
nitrogen or oxygen on the CS backbone. It was shown that
surface-functionalized Ag nanoparticles via CS improved
antimicrobial activity against E. coli and S. aureus [81]. In
a straightforward and rapid green chemistry-based method,
Shahid-ul-Islam et al. fabricated chitosan-based silver
nanoparticles onto linen fabric in pineapple crown extract
biomolecules such as sucrose, fructose, and glucose [82].
Besides the above-discussed cationic amine polymer-func-
tionalized silver nanoparticles, various cationic silver nano-
particles are synthesized and evaluated for their antiviral and
antimicrobial activity. However, very few are incorporated
in antiviral applications such as antiviral coating of PPE kit,
surface coating, and air-filtration units. Hence, functional-
ized silver nanoparticles have shown enormous potential as
a coating material and need an interdisciplinary approach to
developing and commercializing multifunctional biomedi-
cal devices.

Molecular Mechanism of Functional Silver
Nanoparticle-Mediated Inactivation
of Viruses

Metal nanoparticles and oxides have been widely explored
for antiviral therapy over the last few decades with the devel-
opment of surface functionalization strategies [83]. In recent
studies, Ag, Au, TiO,, SiO,, CeO,, and CuCl, nanoparti-
cles have been evaluated for their antiviral activity against
different viruses, including hepatitis B virus (HBV), H3N2
and HINT1, HIV-1, herpes simplex virus (HSV), vesicular
stomatitis, foot-and-mouth disease, and dengue virus type-2
[55, 84-91].

Silver nanoparticles (Ag-NPs) have been explored
and applied as a therapeutic drug because of their unique
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physiochemical and physicochemical properties such as
anti-inflammatory, anti-angiogenesis, antiplatelet, antifun-
gal, anticancer, and antibacterial activities [92]. In addition,
ag-NPs have gained increasing attention in the biological
and medical fields due to their easy synthesis process. Fur-
ther, Ag-NPs have been employed as biomedical therapeutic
agents, such as wound dressings, burn care products, and
silver nanoparticles containing antibacterial lotions are com-
mercially available. However, silver nanoparticle-based anti-
viral agents and devices are still in the primary stage, and
very few studies have been published [93, 94].

Viral entry in host cells is necessary in order to multi-
ply. The viral infection is a multistep process that involves
attachment via selective receptor expressed on the host
cell surface, penetration/internalization of virion through
endocytosis, uncoating, replication, assembly, and release
of virions through exocytosis. At the first step to infect the
host, viruses interact through specific receptors on the host
cell membrane via ligand proteins in the viral glycoproteins,
which could be embedded in the viral envelope. The inter-
actions' specificity depends on the type of virus that infects
the host cells. Primarily, SARS-CoV-2 initially binds to the
host-receptor cell at the angiotensin-converting enzyme 2
(ACE-2) protein site on bronchial epithelial cells. The bind-
ing of SARS-CoV-2 with ACE-2 receptors of cells leads
to membrane fusion with subsequent release of the viral
genetic material into the host cytoplasm. The released viral
RNA from SARS-CoV-2 transcribes into the viral mRNA by
hijacking the host cell machinery, directing viral component
protein synthesis. Finally, the synthesized viral proteins and
genetic material assemble into new virions inside the host
cell, subsequently released into neighbouring cells via exo-
cytosis (Fig. 2) [95, 96]. A multistep process for establishing
infection leads researchers to modulate and inactivate them
before or after infection.

Silver nanoparticles target and block virus attachment,
penetration, replication, and budding. Functionalized silver
nanoparticles interact and inactivate the virus directly or
indirectly and prevent the attachment to host cells with sub-
sequent blocking of viral replication [97]. Most often, silver
nanoparticles block the interaction of viral spike protein (S)
to the host cell ACE-2 receptor by altering the structure of
the capsid protein and eventually reducing virulence (Fig. 3)
[98]. For example, Lara et al. [55] reported that Ag-NPs bind
to glycoprotein gp120 of the HIV envelope, preventing CD4-
dependent virion binding, fusion, and infectivity in cell-free
and cell-associated viral assays [55]. Recently, Cagno et al.
demonstrated the antiviral mechanisms of broad-spectrum,
non-toxic nanoparticles against HSV, human papillomavirus,
RSV, dengue, and lentivirus [99]. In a fluorescence spectro-
scopic approach, Tiwari et al. 2020 studied the interaction
of polyethyleneimine (PEI)-functionalized silver nanopar-
ticles with cells of Acinetobacter baumannii to understand
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the molecular mechanism of silver nanoparticle interaction
and cell surface-expressed proteins along with the impact
on cells [74]. Tiwari et al. have shown that the polyethyle-
neimine-functionalized silver nanoparticles selectively bind
and quench the autofluorescence of surface-expressed pro-
teins, subsequently damaging the cell structures at shallow
MIC values (= 5 ug mL™") [74].

Further, they have also utilized other capping agents
like 3-aminopropyletrimethoxysilane, 3-glysidoxypropy-
letrimthoxysilane, and organic-reducing agents such as
cyclohexanone and formaldehyde [67—69]. However, the
MIC value against the Acinetobacter bauminnii, was high
compared to PEI-functionalized Ag-NPs. Mechanistically,
compared to the size of the SARS-CoV-2 virus (100-150
nm), including other human and plant pathogenic viruses,
the 5-10 nm sized silver nanoparticles can bind with these
viruses strongly. Thus, it should be considered that SARS-
CoV-2 viruses have a proteaceous spike and bind with the
host cell receptors that play a fundamental role during the
infection and internalization of the virus particle in the host
cell. The inactivation of viral spike protein by functionalized
silver nanoparticles can prevent and block the binding with
host ACE-2 receptors. In another approach, the small size
of selectively functionalized silver nanoparticles (5—10 nm)
can enter the host cell, interfere with, and inactivate the
replicating viruses. The surface charge and size of silver
nanoparticles can also be tuned as per requirement by using
a varying molecular weight of PEI. It has also been studied
that the higher molecular weight of PEI-functionalized silver
nanoparticles had a more potent effect on the bacterial cell.
The polyethyleneimines are cationic and hydrophilic poly-
mers, and the functionalization of silver nanoparticles has a
great scope as an air disinfectant, antiviral surface coatings,
antiviral coating of masks, PPE kits, and household exhausts
as front-line defence material against COVID-19 or other
viral and microbial pathogens from humans to plants [100].

Amine-Functionalized Silver Nanoparticle
Activated Antiviral Face Masks

Airborne transmission of SARS-CoV-2 has been recog-
nized as virus-containing aerosols, less than five pm in
droplet size can be floating in the air for a long duration,
circulating in a closed environment remains infectious and,
thus, be involved in the short- and long-range transmission
of airborne diseases [103-103]. To overcome such chal-
lenges, one accepted strategy to control SARS-CoV-2 air-
borne transmission is to wear face masks and respirators to
prevent inhalation in the respiratory tract. However, most
available cloth masks do not always have satisfactory aero-
sol removal efficiency, droplet repulsion, and breathability
(Fig. 4) [104, 105]. Fundamentally, SARS-CoV-2 can also
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Fig.2 SARS-CoV-2 struc-

ture and pathophysiology. A
SARS-CoV-2 life cycle: The
viral spike (S) protein binds to
the ACE-2 receptor of the host.
Following the entry, the virus
envelope’s proteolytic cleavage
occurs and facilitates the release
of viral genomic RNA in the
cytoplasm, forming small RNAs
(subgenomic mRNAs). These
mRNAs are translated to several
viral proteins (i.e. S, M, N, etc.)
essential for the reassembly of
the virus particle. These syn-
thesized proteins (S, E, and M)
enter the endoplasmic reticulum
(ER), where nucleoprotein
complex formation occurs

from the combination of the
nucleocapsid (N) protein and
genomic-positive RNA strand.
The complete functional virus
particle (proteins and viral
genomic RNA assembly) occurs
in the ER-Golgi compartments
of the host cell. These virus
particles are then transported
and released via vesicle forma-
tion and exocytosis. Adopted

as ACS COVID-19 subset from
[96]
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Fig.3 Possible antiviral mecha-
nism of nanoparticles (NPs). It
was adapted with permission
[98] under a common creative
attribution licence
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potentially spread through indoor heating, ventilation, and
air-conditioning (HVAC) systems [106]. Unfortunately, most
HVAC air filters in residential, commercial, and industrial
buildings cannot capture inactive airborne viruses [107]. The
COVID-19 pandemic has created a huge demand worldwide
for all types of face masks and respirators. As estimated
in 2019, the global face mask market was at $1,520.0 mil-
lion; by 2027, it is expected to be $2,455.4 million [108,
109]. In addition, the Centre for Disease Control and Pre-
vention (CDC) has recommended that the public wear cloth
face masks to prevent the spread of COVID-19 in the form
of source control [110]. The forced government COVID-
19 prevention guidelines to the public have led both new
and existing companies to manufacture reusable cloth face
masks, some of which are impregnated or coated with nano-
particles including silver, copper, graphene, and zinc [111,
112]. The antiviral coatings market is valued at 0.5 billion
dollars and is expected to grow to $1.3 billion by 2027, with
silver coatings predicted to be the most profitable [113].
Some of the nanomaterial-coated and commercialized face
masks are summarized in Table 1 [106-123].

Mask wearing reduces the chance of entering other con-
taminants in the respiratory system. The viral load, which
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is filtered, totally depends on the type of mask used and
its filtration efficiency. Since face masks and respirators
should satisfy the performance criteria and recommended
parameters specified by the American Society of Testing and
Materials (ASTM) F2100 standard, in general, good-quality
masks should possess the following five characteristics: (1)
particulate filtration efficiency, (2) bacterial filtration effi-
ciency, (3) fluid resistance, (4) differential pressure, and (5)
flammability. These characteristics are dependent on the
material used and the mask design. Different polymer fibres,
such as polyester, polyethene, polyamide, polycarbonate,
and polyphenylene oxide, manufacture masks [105]. Most
conventional homemade masks use fabric materials such as
cotton, silk, linen, tissue paper, and other household materi-
als, such as towels and pillowcases. Unfortunately, these fab-
ricated materials lack structural integrity and compromise
particle filtration efficiency. Hence, extensive modification
is required to ensure that these masks satisfy the demands
during the crisis, including extended lifetime, reusability,
and self-cleaning features to reduce unnecessary load on
the environment.

The coating of nanomaterials on medical equipment is
continuously accelerated in the past few years, and their
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Fig.4 Schematic representation of the dissemination of SARS-CoV-2
between populations and the advancement in nanomaterials coatings
for PPEs. a SARS-CoV-2 is potentially disseminated via viral aero-
sols generated from respiratory system of the infected host, which can
travel in air longer than six feet in the air. b Strategies of advanced

applications as antiviral agents have significant public health
and social importance. Organo-amine-functionalized silver
nanoparticles have a soft edge for application in the coating
of medical equipment such as antiviral and antimicrobial.
Due to cationic, amine-functionalized silver nanoparticles
attract the water nuclei simultaneously; silver nanoparti-
cles bind with viruses and inactivate them. Further, func-
tional organo-alkoxysilanes and polyethyleneimines in the

materials coating into facemasks can prevent infection of SARS-
CoV-2. Various mechanisms are used to provide the facemask with
self-sterilizing and self-cleaning capabilities. Reproduced with per-
mission [105] under ACS COVID-19 subset

presence of hydrophobic and hydrophilic moieties lead to
a nanostructured network of organically modified silicates.
Organo-amines such as 3-aminopropyltrimethoxysilane, 3
glycidoxypropyletrimethoxysilane, and polyethyleneimine-
functionalized silver nanoparticles can be immobilized in
preform siloxane polymer, which could be coated on face
masks with immense stability and trap and kill efficiency.
Acetone promotes the formation of siloxane polymer from
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Table 1 Some antimicrobial silver-impregnated cloth face masks

Technology Product name Materials used References
Silvadur 930 Renfro Nightingale Used silver and copper ions, as 55% polyester, 28% [116-116]
Flex polyester with copper oxide, 14% nylon,
3% Lycra
Silvadur Jaanuu reusable antimicrobial finished Contains silver ions, 65% rayon, 30% nylon, 5% [117,118]
face mask Spandex

ViralOff (Polygiene) La Sportiva STRATOS mask silver ions, 3D mesh fabric, Lycra [119]
AgION Viral Guard Pro antiviral face mask silver ions, copper ions, 100% polyester [120]
HeiQ Viroblock HeiQ Viroblock washable mask silver, 100% polyester, double layer filter [121]
Sanitized Isko Vital 4 supreme face cover silver ions, polymer matrix, cotton [122]
Silverlon Silverlon face mask 99% pure silver plating, 1% silver oxide, [123]

nylon material

3-aminopropyltrimethoxysilane in chloroform and acetone
solvents, but not in water. The siloxane polymer is soluble in
acetone/chloroform; however, it may be easily converted into

a thin film over suitable solid surfaces [124, 125]. 3-amino-
propyltrimethoxysilane, and polyethyleneimine-function-
alized silver nanoparticles can be immobilized in siloxane
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Fig.5 A Representing the Scanning Electron Microscopy of poly-
propylene spun-bonded fibres from a Ag-NPs—PEI-coated (using two
different PEI concentrations and three Ag-NPs colloid concentra-
tions) surgical mask. The micrographs of the samples obtained with
a higher number of Ag-NPs and a higher PEI concentration show a
significantly superior silver load. These images demonstrate that the
concentration of Ag-NPs is as important as the amount of PEI to
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improve the silver incorporation yield. B Determination of the infec-
tive viral load (a) in materials coated with silver nanoparticles and
the control after 2 h and (b) is coated spunbond after 10 min, after
2 h after infection, and after 4 h after infection with the SARS-CoV-2
virus at room temperature. Adapted with permission from [126]
under a common creative attribution licence
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polymers in a précised and controlled nano-geometry self-
assembled on any solid surface like cotton. This approach
has been opted to coat the surgical mask with high filtra-
tion and antimicrobial efficiency [111]. Recently, Baselga
et al. developed a mask by coating silver nanoparticles and
taking PEI as an anchor molecule that binds the Ag-NPs
and cotton fabric via electrostatic interaction (Fig. 5) [126].
The stability of the binding of the Ag-NPs to the fibres was
corroborated using polypropylene, polyester viscose, and
polypropylene-glass-spun-bonded mats as substrates, obtain-
ing very low amounts of detached Ag-NPs in all cases. The
antiviral coatings were tested against SARS-CoV-2, and
obtained inactivation was 99.9% [126]. These face masks
are reusable, durable, and have better filtration and antiviral
efficiency. Nano-silver-coated face masks provide several
opportunities for use in the current COVID-19 pandemic
and future respiratory tract infecting viral disease preven-
tion. During a medical crisis, medical personnel and staff
could wear organo-amine-functionalized silver nanoparticle-
coated cloth masks over N95 masks to preserve and protect
the surface of the N95 for extended use when face shields
are unavailable.

Concluding Remark

This review summarizes factors influencing the viral par-
ticle adsorption on fomites, previously reported antiviral
activity and the possibility of amine-functionalized silver
nanoparticle coating materials for face masks that inactivate
viruses. In addition, the strategies involved in developing
antiviral coatings, like modifying the surface of a substrate
via the incorporation of functional silver nanoparticles,
were discussed. A significant problem that needs consider-
able attention is the virus particles' long-term persistence on
the face masks' surface layer, putting them at a higher risk
level during their usage and disposal. Hence, manufacturing
optimized face masks by applying metal ions, consisting of
nanoparticles on the surface of the filtering layer, could be
considered a viable approach for the immediate elimination
of viruses. Moreover, self-cleaning coatings on the filtering
layer of the masks could be applied to avoid the attachment
of infectious microdroplets on face masks. The SARS-CoV-2
responsible for the current pandemic is transmitted through
the air via microdroplets exhaled by infected persons, and
proximal surfaces can spread the virus from one person to
another. Furthermore, several reports indicated that the virus
remains viable on various surfaces for extended periods, for
days and even longer. Therefore, there is a clear need for
durable antiviral coatings that can be sprayed or painted on
surfaces, like paint or varnish, preventing viral transmission
and the role of silver nanoparticles-siloxane polymer derived

from amine-functionalized trialkoxysilane in volatile sol-
vents are of great significance to meet these requirements.
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