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Nanoparticles can be used as inhibitory agents against various microorganisms,

including bacteria, algae, archaea, fungi, and a huge class of viruses. The

mechanism of action includes inhibiting the function of the cell membrane/

stopping the synthesis of the cell membrane, disturbing the transduction of

energy, producing toxic reactive oxygen species (ROS), and inhibiting or

reducing RNA and DNA production. Various nanomaterials, including

different metallic, silicon, and carbon-based nanomaterials and

nanoarchitectures, have been successfully used against different viruses.

Recent research strongly agrees that these nanoarchitecture-based virucidal

materials (nano-antivirals) have shown activity in the solid state. Therefore, they

are very useful in the development of several products, such as fabric and high-

touch surfaces. This review thoroughly and critically identifies recently

developed nano-antivirals and their products, nano-antiviral deposition

methods on various substrates, and possible mechanisms of action. By

considering the commercial viability of nano-antivirals, recommendations

are made to develop scalable and sustainable nano-antiviral products with

contact-killing properties.
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1 Introduction

Viruses are the major causative agents for more than 60% of human infections

worldwide. The most common viral diseases are produced by enteric and respiratory

viruses. There are several ways of viral transmission from an animal or infected person to

a new host. Recent research suggests that contaminated surfaces or fomites play a role in

spreading viral diseases in humans. The dispersal of viruses due to contaminated surfaces

depends on the potential of the virus to sustain its infectivity in the environment.

However, infectivity can be reduced by any single factor or a combination of chemical,

biological, and physical factors (Vasickova et al., 2010). Environmental disinfection has

started to gain importance recently. Currently, it is included in several national and

international infection control recommendations and policies.

Effective biocidal action for viruses, bacteria, and fungi is one of many criteria

considered for any antimicrobial treatment. However, it is important to concentrate on

OPEN ACCESS

EDITED BY

Nicola Maria Pugno,
University of Trento, Italy

REVIEWED BY

Hamed Barabadi,
Shahid Beheshti University of Medical
Sciences, Iran
Sandra Elizabeth Rodil,
National Autonomous University of
Mexico, Mexico

*CORRESPONDENCE

Najma Memon,
najma.memon@usindh.edu.pk

SPECIALTY SECTION

This article was submitted to
Nanomaterials,
a section of the journal
Frontiers in Nanotechnology

RECEIVED 08 October 2022
ACCEPTED 24 November 2022
PUBLISHED 13 December 2022

CITATION

Hussain FS, Abro NQ, Ahmed N,
Memon SQ and Memon N (2022),
Nano-antivirals: A
comprehensive review.
Front. Nanotechnol. 4:1064615.
doi: 10.3389/fnano.2022.1064615

COPYRIGHT

© 2022 Hussain, Abro, Ahmed, Memon
and Memon. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Nanotechnology frontiersin.org01

TYPE Review
PUBLISHED 13 December 2022
DOI 10.3389/fnano.2022.1064615

https://www.frontiersin.org/articles/10.3389/fnano.2022.1064615/full
https://www.frontiersin.org/articles/10.3389/fnano.2022.1064615/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fnano.2022.1064615&domain=pdf&date_stamp=2022-12-13
mailto:najma.memon@usindh.edu.pk
mailto:najma.memon@usindh.edu.pk
https://doi.org/10.3389/fnano.2022.1064615
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org/journals/nanotechnology#editorial-board
https://www.frontiersin.org/journals/nanotechnology#editorial-board
https://doi.org/10.3389/fnano.2022.1064615


using less dangerous chemicals. There is urgent need to develop

such materials with no or minimum effects on the skin,

environmentally friendly, favorable for textile processing,

durability, stability, sustain washing chemicals as well as

withstand to hot pressing. Textiles are non-woven or woven

products produced by synthetic or natural fibers. Textiles have a

wide range of usage in different areas, such as clothing, the

military, the food industry, home furnishings, sports equipment,

the medical industry, building materials, and the automotive

industry. Textile usage defines its properties, such as smoothness,

waterproofness, breathability, degradability, elasticity thread

count, temperature stability, and antibacterial and antiviral

properties (Iyigundogdu et al., 2017). Due to their large

surface area and ability to absorb and retain oxygen and

water, textiles become a good host for the growth of many

microorganisms. Furthermore, other factors facilitating the

growth and multiplication of microorganisms are pH,

nutrition, and temperature (Morais et al., 2016).

Because of the growing demand, there is good room for

research on antiviral textile fabrics. Most of the antiviral fabrics

reported in the literature have not been widely prepared at an

industrial scale and have not been commercialized yet. Antiviral

fabric textiles have various purposes and applications and are

considered clean, safe, and hygienic fabrics. The health and

public transport sector may be the main consumer market for

antiviral textile fabrics. Antiviral fabrics could kill viruses on the

surface, reducing the chances of biofilm formation (Von

Borowski and Trentin, 2021). Thus, the chances of infection

and reinfection are reduced. In general, antiviral fabric textile

retains virucidal potential up to numerous wash cycles. Its

reusable property can help minimize solid waste generation

(Abou Elmaaty et al., 2022).

Viruses can be transferred in different ways, including 1) by

other inanimate surface or living organisms, 2) from the

accumulation of particulate aerosols, 3) by direct transfer

from the contact of an infected person through secretion, and

4) by surface contact (Iyigundogdu et al., 2017). A thesis on

norovirus detection and surface-to-surface transfer from the

University of Helsinki concluded that HuNoV could be

transmitted easily from human hands to eatable items and

environmental surfaces. Therefore, to inactivate HuNoV, there

is a need for proper hand hygiene and other effective measures,

including UV, for virus management. The origin of viruses is

normally very difficult to define due to sudden outbreaks, but it is

necessary to take control measurements efficiently to minimize

the deadly effect. Furthermore, none of the peripheral surfaces

are completely “clean.” An organic substance layer is always

present, and through contact with the animal or human skin, the

surface will be contaminated with sebum components,

microorganisms, and different molecules. A surface exposed to

air, especially a horizontally exposed surface, will be covered with

oily emulsions, powder particles, and aqueous aerosols. Examples

of such surfaces are service counters in hospitals, railings of

trollies, and patient beds. Furthermore, depending on its uses and

surface structure, a structural-layered soil may contain different

fungal spores, bacterial cells, spores, oils, and dirt. Evidence of the

role of surfaces in the transmission of pathogenic

microorganisms causing infections from healthcare is reported

in detail in a consensus document by Morais et al. (2016). They

have concluded that high-touch surfaces cause the spread or

transmission of diseases, and disinfection should be considered a

holistic approach.

At present, research on the persistence of veterinary and

human coronavirus on inanimate surfaces and strategies for their

inactivation with different biocidal agents for chemical

disinfection is reviewed in health facilities. Reusable pathogen-

contaminated medical devices can be a source of human

infections. If these tools have to be reused, essential

precautions must be taken before reuse for the next patient to

prevent pathogen contamination. These measures are termed

reprocessing in healthcare settings and include sterilizing,

disinfecting, or cleaning medical devices (Patoo et al., 2022).
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The scientific literature indicates that the contaminated surfaces

and non-critical patient care processes play a significant role in

the transmission of various health-related pathogens, including

vancomycin-resistant Enterococci, methicillin-resistant

Staphylococcus aureus, Norovirus, Clostridium difficile, and

Acinetobacter. Therefore, the disinfection of the surfaces of

medical devices and non-critical environmental surfaces is one

of the strategies to prevent infection-causing pathogens and

contamination (Jamunkar et al., 2022).

An analysis comprising twenty-two studies reveals that

coronaviruses such as severe acute respiratory syndrome

(SARS), Middle East respiratory syndrome (MERS), or human

coronavirus (HcoV) can persist up to 9 days on glass, plastics, or

metals (Goharshadi et al., 2022). Moreover, 229E, a human

coronavirus, will remain infectious in the human lungs’ cell

culture model for at least 5 days and persist on the range of

some common non-biocidal surfaces, including polyvinyl

chloride (PVC), PTFE, polytetrafluoroethylene (Teflon), glass,

ceramic tiles, stainless steel, and silicon rubber (Góral and Góral-

Kowalczyk, 2022). These contaminated surfaces can be effectively

inactivated by surface disinfection procedures with 0.1% sodium

hypochlorite, 62%–71% ethanol, or 0.5% hydrogen peroxide in

1 min or using 0.02% chlorhexidine digluconate or 0.05%–0.2%

benzalkonium chloride, among others. In addition to manual

cleaning with liquids, new technologies are emerging. Novel

“non-touch” (self-cleaning) decontamination technologies,

including aerosol and evaporating hydrogen peroxide emitting

mobile devices, pulsed xenon UV light system, ultraviolet light

(UV-C), and high-intensity narrow spectrum using 405 nm light.

These “non-touch” automatic technologies can reduce bacterial

contamination on different surfaces. The micro-condensation

hydrogen peroxide system is related to minimizing colonization

or reducing infection in multiple studies. However, there is

limited evidence of infection reduction by a pulsed xenon

system. A prospective randomized controlled trial has been

recently completed, where continuous ultraviolet light (UV-C)

is an efficient technology that can minimize healthcare-related

infections and contaminations (Sondi and Salopek-Sondi, 2004).

In addition, the concept of self-cleaning surfaces is developing,

and new concepts are emerging in the literature. In hospital

environments, high-contact self-sanitizing surfaces are

recommended in place of aluminum or stainless steel. The use

of copper instead of aluminum or stainless steel has shown clear

advantages in the reduction of viral spread. Hydrophobic

polymeric covalently applied to solid surfaces on metals,

plastics, glass, polymers and fabrics, gauze, bandages, tissues,

and other fibers are coated by brushing, spraying, or dipping to

make surfaces virucidal and bactericidal are developed.

Numerous material are available including hydrophobic,

water-soluble polymers, charged and linear or branched

polyethyleneimine. High molecular weight polymers are

reported to be more virucidal. The dissolution and coating of

these polymers by brush or spray is patented by Baram-Pinto

et al. (2009). Nanomaterials are emerging antivirals (Patoo et al.,

2022). A review of the antiviral activity of silver nanoparticles was

reported by Jamunkar et al. (2022), and the role of

nanotechnology as a whole is reviewed by Goharshadi et al.

(2022).

Viral transmission has many modes, and many studies (even

pre-SARS-CoV-2-pandemic) support the role of surfaces in

cross-contamination and the spread of viruses. The field of

antiviral surface coatings is evolving rapidly, witnessing a

large increase in 2021 (Góral and Góral-Kowalczyk, 2022). By

considering the emergence of pandemics and the role of virucidal

materials, this review summarizes reports on new groups of viral

compounds, nanoparticles, compositions, or surface coatings

that can be effectively transformed into self-cleaning products.

Furthermore, inconsistencies in the analysis of the viral activity

of solid surfaces have recently been reported, so a brief overview

of the literature that has arisen in the analysis of viral activities is

also provided.

2 Nano-antiviral mechanism of action

Nanoparticles show excellent antiviral activity toward many

strains of viruses because of their unique properties. Silver

nanoparticles are widely studied because of their incredible

activities. The antioxidants, anti-inflammatory, antiangiogenic,

anticancer, antimicrobial, antifungal, and antiviral activity of

silver nanoparticles has been widely studied (Sondi and

Salopek-Sondi, 2004; Kalishwaralal et al., 2009; Al-Shmgani

et al., 2017; Deyá and Bellotti, 2017; Singh et al., 2018; Yuan

et al., 2018; Nagarajan et al., 2019). The mechanism of action of

metal ions or metal nanoparticles can be the attachment or

connection of nanoparticles to the surface of the virus,

making the viral cell unable to be attached to the host cell;

the production of highly reactive oxygen species that could attach

to the spike or membrane of virus and inhibit the function of

nucleic acid and protein; the enhancement of the immune system

of the host by stimulating nucleus; and the destruction of the host

cell and the inhibition of virus spread (Figure 1).

Silver nanoparticles are highly effective against viruses

including influenza, HIV-1, monkeypox, herpes hepatitis B,

respiratory syncytial, simplex, and Tacaribe viruses (Sun et al.,

2005; Rogers et al., 2008; Baram-Pinto et al., 2009; Lara et al.,

2010a; Papp et al., 2010; Speshock et al., 2010; Lara et al., 2011).

In the case of HIV-1, silver nanoparticles get attached to the

sulfur of gp120 (a spike protein present on the viral membrane),

thereby blocking virus attachment to the host cell membrane

(Lara et al., 2010a). The viral entry for SARS-CoV-2 into the host

cell depends on proteases that divide angiotensin-converting

enzyme 2 (ACE-2), a protease and receptor spike proteins,

which are receptors of SARS-CoV-2. The life cycle of SARS-

CoV-2 begins when spike protein binds to ACE-2. The ACE-2

has a very important lysine 31 residue recognized as critical in
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binding with 394 glutamine residues present in SARS-CoV-2

(Bertram et al., 2011; Glowacka et al., 2011; Shereen et al., 2020).

Therefore, blocking the 394-glutamine residue in spike protein

by silver nanoparticles may play a role in inhibiting the viral entry

into the host.

Another report suggested that silver nanoparticles act as an

entry inhibitor or virucide toward HIV at the initial stage of the

viral cycle. A specific interaction between silver nanoparticles and

HIV is formed by binding with gp120. Silver nanoparticles,

particularly in the case of HIV, block the entry of the virus by

gp120-CD4 interaction through binding with the protein

structure of the viral membrane. The interaction of silver

nanoparticles with gp120-CD4 is generally electrostatic (Lara

et al., 2010a). Additionally, silver nanoparticles may interact with

disulfide bonds present in the carboxyl of the HIV-gp120

glycoprotein. As a result, silver ion reduces the disulfide

bonds and denatured proteins of the virus. Additionally, silver

ions can form a complex with oxygen, sulfur, and nitrogen

(electron donor groups), which are generally present as

phosphate or thiols on the nucleic acid and amino acid of the

virus. These particles can also directly bind to DNA or RNA and

reduce the transcription rate (Lekutis et al., 1992; McDonnell,

2007; Varni et al., 2007; Lara et al., 2010a). Another suggested

route in the literature for the deactivation of the virus using

nanoparticles is the size of nanoparticles, which plays an

important role in the antiviral activity. The interaction of

silver nanoparticles with glycoprotein present in the spike of

virion of HSV-2 shows that the center-to-center space of the

spike is about 9–13 nm, and the height of spikes is about

10–25 nm. Hence, small-sized nanoparticles of silver

(i.e., 13 nm) have a greater binding affinity compared to the

size of 33–46 nm. The shape of nanoparticles is reported to be an

important factor in viral inhibition. For instance, cubic,

cylindrical, or spherical shapes have less cellular attachment in

the case of HeLa cells compared to the rod shape nanoparticles

(Orlowski et al., 2014; Banerjee et al., 2016; Alavi et al., 2022).

Besides silver, zinc nanoparticles are also reported as antivirals.

Zinc is part of various biological activities, including the expression

and activity of different transcription factors and cellular enzymes.

Zinc also shows great antiviral potential through various

mechanisms. Zinc is a cofactor of different viral proteins and

helps in misfolding viral polyproteins by facilitating the

proteolytic process through misfolding, which changes the

structure of the virus (Te Velthuis et al., 2010). Zinc may

inhibit the Semliki Forest virus by inhibiting membrane

attachment. Zinc prevents virus entry into the cell by binding

with the histidine protein of the Semliki Forest virus at glycoprotein

E1 (Kümel et al., 1990; Te Velthuis et al., 2010; Liu and Kielian,

2012; Ishida, 2019; Rani et al., 2021). Another study reported that

zinc inactivates the varicella-zoster virus (Shishkov et al., 1996). In

many viruses, including HIV, rhinovirus, vaccinia virus HSV, and

SARS-CoV, zinc helps kill the virus by stopping its entrance, RNA-

dependent RNA polymerase, or polyprotein processes (Te Velthuis

et al., 2010). Zinc also plays a role in inhibiting the replication of

alphavirus and flavivirus and enhances oxidative stress (Rani et al.,

2021).

FIGURE 1
Antiviral mechanism of typical metal nanoparticles. Viruses generally infect the host cell through four mechanisms: 1. attachment to the host
cell, 2. penetration, 3. viral replication, and 4. budding. The metallic nanoparticle inactivates viruses by attachment to the virus, inhibiting the
attachment virus to the host cell, damaging the peptidoglycan bonds, increase levels of H2O2, O2- or OH-, which are reactive oxygen species (ROS),
binding to the spike of cell in order to stop attachment, destruction of cell structure, functional and structural proteins, destruction of nucleic
acid and promote host immune system to inhibit the spreading and budding of the virus.
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Copper acts differently on different types of viruses. For

example, in the case of the coccolith virus, copper disturbs the

lytic cycle by increasing the generation of reactive oxygen species

(Haldar et al., 2007). Copper cross-links and binds with the

strands of DNA and destroys the viral genome. The contact

killing time for copper is suggested as 7–8 logs/h, which means

that the virus gets destroyed exponentially 1 × 107 times in an

hour (log 3/h reduction is considered 100% as ISO

18184 classification). When copper is contacted with the

virus’s surface, copper intervenes in the virus as the nucleic

acid of the virus degrades. Copper inactivates the virus by

changing its viral genomes through damaging RNA and

causing structural changes, which include rupturing of the

envelope and surface spike dispersal. Van Doremalen et al.,

2020 compared the stability of SARS-CoV-1 with SARS-CoV-

2. Results showed that SARS-CoV-2 was more stable on plastic

and stainless steel than on copper and cardboard, and a viable

virus was detected up to 72 h after application to these surfaces.

On copper, no viable SARS-CoV-2 was measured after 4 h and

no viable SARS-CoV-1 was measured after 8 h (Van Doremalen

et al., 2020). In general, copper nanoparticles create oxidative

stress, which can disassemble bacterial or viral membranes. Thus,

it can interfere with their viral activity. Furthermore, copper ions

facilitate the generation of compounds (e.g., OH radicals and

redox actives) that are toxic to microbes. On another side, copper

nanoparticles may change the homeostasis of the cell through

metal ions. If a cell is exposed to a concentration higher than

normal, the system of the cell ultimately collapses (Ermini and

Voliani, 2021). However, this mechanism may or may not be

applicable for viruses as these infectious agents live in a dynamic

equilibrium (homeostasis) with their hosts in which both

immune and non-immune pathways contribute to viral

homeostasis. However, the disruption of these pathways can

have dramatic consequences on pathogenesis (Von Borowski and

Trentin, 2021).

Few studies have been conducted on the antiviral activity of

quantum dots. Moreover, a few showed that quantum dots

exhibited good antiviral activity. Some studies showed that

modified quantum dots could inhibit virus entry into most

cells by modifying the structure of proteins. The attachment

of quantum dots to the membrane reduces the virus quantity and

effectively inhibits the multiplication of viral RNA (Du et al.,

2016; Du et al., 2018; Gurunathan et al., 2020). In the case of

graphene oxide or its derivatives or graphene-based

nanoparticles, lateral size plays an important role in the

antiviral activity. Sharp edges, adsorption, and desorption are

largely affected by the particle size of the material. Studies have

revealed that higher lateral size and greater absorption ability

attributed to greater surface energies and antimicrobial

properties were greater with large-size graphene oxide sheets

compared to smaller ones (Cai et al., 2011; Jabbar et al., 2020).

Antiviral activities of graphene oxide (large sheets) and reduced

graphene oxide (relatively smaller sheets) are significantly

different, probably owing to size variations. Other factors

include the number of layers present in graphene, which

increases its thickness and weakens the nano-knife effect,

increases aggregation, decreases dispersion that results in less

contact between microbes and materials, and alters the

antimicrobial effects (Wang et al., 2013; Zou et al., 2016; áde

Leon et al., 2015). Graphene oxide and reduced graphene oxide

carry a negative charge, helping them attract viruses with a

positive charge, henceforth higher charge attributes more

attraction as the graphene oxide has a higher charge

compared to the reduced graphene oxide, so it has more

affinity to attract virus (Mohammed et al., 2020;

Nasrollahzadeh et al., 2020). Fabrication of functional groups,

including carboxyl hydroxyl and carbonyl, can amplify the redox

reaction between graphene oxide and viruses. The graphene and

reduced graphene oxide have an intrinsic capacity to absorb

lipids due to their charge, which promotes the destruction of the

viral membrane. It has been observed that the feline

coronavirus’s lipids bilayer was absorbed on the surface of

graphene and the reduced graphene oxide owing to the

electrostatic interaction between the negatively charged group

in the graphene oxide and the positively charged viral particles,

which made it difficult for the virus to bind (Chen et al., 2016).

Another important factor that plays in viral inactivation is

particle shape. It has been observed that sharp edges of

graphene oxide nano-walls and reduced graphene oxide nano-

walls inactivate the attachment and inhibit the entrance of viruses

before they get into the cell, which is done by destroying the

outermost layer. Thus, the morphology of the virus will be

changed, and their functions got disturbed (Mohammed et al.,

2020). Functionalities of graphene oxide or reduced graphene

oxide play a significant role in preventing agglomeration and,

hence, their antiviral properties. Antifouling property

enhancement can improve the function of antiviral coatings

and surfaces (Ayub et al., 2021).

3 Virucidal compositions for solid
surfaces

The most common surface coatings for virucidal activity, as

reported in the literature, are 1) based on polyethylene-imine or

polyethylene-amine type compounds, which are polyelectrolytes,

and 2) metal salts and oxides. The supporting materials

(substrates) are mostly metallic surfaces, fabric, and glass.

Coatings can be accomplished by selecting polyelectrolytes

and controlled conditions for the deposition. Multilayers can

be deposited on the surface for coating with carefully controlled

adhesive properties according to the targeted viruses (Hsu and

Wu, 2019). The results obtained from MS2-type bacteriophage

(MS2) adhesion using quartz crystal microbalance with the

degeneracy monitoring were compared with the predictions

by the (XDLVO) Derjaguin–Landau–Verwey–Overbeek

Frontiers in Nanotechnology frontiersin.org05

Hussain et al. 10.3389/fnano.2022.1064615

https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2022.1064615


theory. Different surfaces show different kinetics and variable

capacities for the deposition of MS2, indicating the potential of

polyelectrolyte for multilayer deposition, a promising and easy

method to apply coating on the surface for adsorption of viruses

on the surface, inactivation of the virus by the viricidal properties

of cationic polyelectrolytes, and minimization of the exposure of

viruses to humans (Dang and Tarabara, 2019). Another ionically

crossed-linked polymeric film was introduced using the layer-by-

layer (LbL) technology, and silicon was used as a substrate in

order to increase contact killing property of surfaces. N,N-

dodecyl,methyl-polyethylenimine (polycation) with

antimicrobial activity was layered along with poly acrylic acid

(polyanion) using the LbL technology to create a film. This

surface is highly effective against airborne and waterborne

Staphylococcus aureus and Escherichia coli (Gram-positive and

Gram-negative bacteria, respectively). It shows great results

against A/WSN (H1N1) influenza viruses (Wong et al., 2010).

Another antiviral material was developed using cationic

polyallylamine (PA) polymer bonded covalently with glass.

This PA film showed excellent antimicrobial activities against

Gram-negative and Gram-positive bacteria, including

Pseudomonas aeruginosa, Pseudomonas aeruginosa, and

Staphylococcus aureus (Iarikov et al., 2014). Moreover,

polycation N, N-dodecyl,methyl-polyethylenimine is coated on

glass slides along with the solution of polycations butanol. The

results showed a 100% reduction in Escherichia coli and

Staphylococcus aureus and strains of the influenza virus (Deyá

and Bellotti, 2017). Another multistep synthesis of the

antimicrobial surface is reported by replacing hydrophobic

polycations with an aerosol-assisted plasma deposition

procedure, in which HMPEI (N,N-hexyl,methyl-PEI) is coated

(plasma-coated) directly on glass surfaces. This coated surface

has shown robust results against Escherichia coli and the human

influenza virus (Liu et al., 2014). A paint-based application of

polycation antibacterial surface has been investigated in detail for

its practical applications. The authors claim stability of the

coating process over the impregnation process (Mukherjee

et al., 2008). N,N-Dodecyl,methyl-polyethylenimines (PEIs)

were coated on glass, and their efficacy was tested for

H1N1 and H3N2, found as 100% within 30 min and 2 h,

receptively (Haldar et al., 2006).

Metallic nanoparticles are deposited directly by adsorption,

spray, or dip-coating or using linkers and by sonochemical or

magnetron sputtering methods (Góral and Góral-Kowalczyk,

2022; Meister et al., 2022). Zinc citrate was coated on muslin

cloth, which showed 99.7% virucidal activity for H3N2

(Nonomura, 2007). The antiviral activity of four compounds,

namely, CuCl2 (copper ionic compound), Cu2O and CuO (solid-

state copper compounds), AgNO3 (silver ionic compounds), and

Ag2S, and Ag2O (a solid-state silver compound) have been

investigated against the bacteriophage Qβ and surface protein

of influenza A viruses, neuraminidase (NA), and hemagglutinin

(HA). Cu2O (solid-state copper) has shown itself to be a

promising candidate against non-enveloped and enveloped

viruses compared to silver compounds because it has a unique

mechanism of inactivation supported by direct contact

(Minoshima et al., 2016; Sunada et al., 2012). New and

durable platform technologies have been invented to introduce

copper into latex, polymeric materials, and cotton fibers. This

technology helps produce antiviral filters and gloves that can

deactivate viruses, including HIV-1; self-sterilizing antibacterial

fabrics that can kill antibiotic-resistant bacteria, including

vancomycin-resistant Enterococci, and methicillin-resistant

Staphylococcus aureus, anti-dust mite mattress covers to

reduce material allergies and antifungal socks, which can help

reduce the symptoms of Athlete’s foot (Borkow and Gabbay,

2004). The same researchers have developed copper oxide-

impregnated fabric for various uses (Borkow and Gabbay,

2004). Recently, a copper sulfate hybrid with alginate using

ceramic as a substrate has been reported for the inactivation

of CoV-2 (Bataglioli et al., 2022). Furthermore, the copper oxide-

impregnated face mask was approved by Occupational Safety and

Health Administration (OSHA) (United States) and is now used

in general practice for safety (Borkow et al., 2010).

A new mode of incorporation of virucidal material was

reported where copper glass (copper oxide incorporated

aluminosilicate) powder was dispersed in latex paint and

tested as a durable virucidal surface coating (Gross et al.,

2019; Hodek et al., 2016). The coatings were tested using EPA

recommended procedure for solid surfaces and found to be

comparable with metallic copper.

3.1 Metals as virucides

Metallic nanoparticles have gained the interest of researchers

due to their unique properties, including small size and high

specific surface areas that can help interact with microorganisms,

such as bacteria and viruses (Birkett et al., 2022). Otherwise,

nanoparticles can enhance cytokine production and induce a

hormonal immune response and have the capacity for cell

recruitment, biocompatibility, low toxicity, good

biodistribution properties, and chemical inertness (Dykman,

2020; Behzadi et al., 2021; Abate et al., 2022). Several metals

and metal oxide nanoparticles, including copper, silver, gold,

zinc, and titanium, have been studied as antiviral agents.

3.1.1 Copper and its nanoparticles
Copper is long known for its antimicrobial applications

(Haldar et al., 2006; Grass et al., 2011; Steinhauer et al., 2018),

whereas some studies have shown equal potential for its alloys.

Copper alloys are more active antivirals compared to pure copper.

Compared to other metals, such as platinum, gold, silver, and

palladium, copper is the cheapest and most easily available (Grass

et al., 2011). Another advantage of copper is that it gets oxidized to

form copper oxide nanoparticles that can be blended with different
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macromolecules or polymers and give a stable product in terms of

physical and chemical properties (Cioffi et al., 2005). Copper alloys

are effective in inactivating murine norovirus by destroying the

RNA genome when it is exposed to copper surfaces. A study

suggested that copper ions were still indirectly or directly

responsible for inactivation, but it has not created reactive

oxygen species (ROS) as a toxicity mechanism. Although their

mechanism of destruction can vary and can be suggested as

multimodal, it is noteworthy that copper alloys are very

promising candidates for the destruction of various disease-

causing microorganisms (Haldar et al., 2007; Ikner et al., 2020).

Besides copper and its alloys, efforts are made to develop coatings

for inanimatemetallic and non-metallic surfaces to cover the high-

touch surfaces, which are prone to soiling (accumulation of dirt,

microbes, etc.). Alloys of copper, nickel, and zinc are tested against

viruses to replace steel as high-touch surfaces (Bregnocchi et al.,

2022). The copper alloy was shown to have a strong virucidal

activity under clean and moderate soiling conditions (>four-log
reduction) for virus droplets or dried virus onto the surface.

Multiple exposures of the surface to viruses indicate that the

surface could not inactivate virus droplets (three-log), regardless

of no or moderate soiling. Heavy soiling reduced inactivation

below an acceptable efficacy threshold. Virucidal tests of copper,

nickel, and zinc ions indicate that copper and nickel were

significantly virucidal (Konieczny and Rdzawski, 2012). Copper

has been known as a biocide since 200 BC and has been extensively

used in ancient times (Grass et al., 2011; Konieczny and Rdzawski,

2012). Recently, various compositions of copper have been used

for the treatment of anemia, facial neuralgia, chorea, tubercular

infections, adenitis, impetigo, scrofulosis, eczema, syphilis, and

lupus (Grass et al., 2011). Copper is effective against various types

of viruses, including poliovirus, HIV-1, hepatitis C, monkeypox,

murine norovirus, herpes simplex, bronchitis, and COVID-19

(Cortes and Zuñiga, 2020; Gauri et al., 2020). The antiviral

activity of copper (II) chloride dihydrate solution against the

dengue virus type-2 in vivo cell was also reported (Sucipto

et al., 2017). Compared to silver, Cu2O has shown a good

result against unenveloped and enveloped viruses (Jung et al.,

2021). At 2.5–250 µM concentrations over time, Cu2+ can inhibit

the H9N2 virus, which infects the MDCK cells. In the 25 µM Cu2+

solution, the virus titer decreased by about three and four logs

during 3–6 h. Compared to Cu2+, Zn2+ was much less effective

against virus inactivation. At 2.5–250 µM, Cu2+ did not affect the

activity of the H9N2 virus hemagglutinin nor the neuraminidase

(NA). This shows that copper ions suppress the infectivity of the

influenza virus at lower concentrations at which neither NA nor

hemagglutination inhibition occurs. Therefore, the mechanism of

action requires further studies (Horie et al., 2008; Jana et al., 2021).

Copper creates toxicity to microorganisms by various parallel

mechanisms that can cause cell death even immediately after

minutes of exposure to copper. The first area damaged by

copper can be the envelope of microorganisms. Copper-

containing steel was found to adhere to the bacterial plasma

membrane by exerting the electrostatic forces by Cu2+. Copper

may also cause structural changes in protein structure. For

example, the oxidation of cysteine in the active region of the

protein tyrosine phosphatase associated with the Cu2+ active

vaccine H1 resulted in complete inactivation of the protein

activity. Copper ions can also damage nucleic acids by cross-

linking between and within DNA chains. The mechanism can be

considered oxidative damage or like Fenton’s reaction. In general,

the redox cycle between Cu2+ and Cu+ may be associated, which

can catalyze the production of highly active hydroxyl radicals and

then damage proteins, DNA, lipids, and other biomolecules (Papp

et al., 2010). Shionoiri et al. (2012) used copper iodide

nanoparticles (CuI)NP against feline calicivirus, a non-

enveloped virus used as a human norovirus proxy. They found

that virus infectivity reduced up to seven times at the dosage of

1,000 μg/ml CuI nanoparticles (Shionoiri et al., 2012). Purniawan

et al. (2022) synthesized copper nanoparticles from copper sulfate

with a diameter of 254 nm, mixed them with resin-based paint,

and used them as a spray for surface coating agents against SARS-

CoV-2. The result shows that within 10 min, the antiviral activity

of the spray reaches 90%, 97.8%, and 99.99% after 10, 30, and

60 min, respectively. However, paint alone reached 97.8%, after

18 h of exposure time for inactivation of virus. Hutasoit et al.

(2020) reported the coating of copper using the cold spray

technique to fabricate copper on steel parts against SARS-CoV-

2. The results showed that about 96% of SARS-CoV-2 get

inactivated within 2 h. In another study, Behzadinasab et al.

(2020) fabricated a coating using Cu2O bound with

polyurethane and applied it to steel or glass. The virucidal

activity was 99.9% compared to the uncoated glass or steel. The

coating material remained active for 13 days after various washing

cycles with amixture of 70% ethanol–watermixture. The coating is

so strong that it cannot be removed with a razor blade. Bello-Lopez

et al. (2021) reported a biocide effect against SARS-CoV-2 and

ESKAPE pathogens of a non-cytotoxic silver–copper nanofilm. A

nanometric layer of bimetallic AgCu was effectively deposited on

polypropylene (PP) fibers. The virucidal results show more than a

95% reduction in viral load after 2 h of contact time (Bello-Lopez

et al., 2021). El-Nahhal et al. (2012) reported CuO and CuS

nanoparticles coated onto cotton fabric. Accordingly, CuO

nanoparticles showed excellent antibacterial activity. However,

CuS nanoparticles did not show any activity. Au/CuS based

nanoparticles are reported as virucides are reported and

recommended generally that inactivation by nanoparticles

(NPs) is a universal alternative to other chemical and physical

strategies that exhibit variable efficacy (Gurunathan et al., 2020).

All the above discussion shows that copper is the antidote for

viruses as it has the potency to deactivate viruses in vivo and

in vitro. Based on scientific data, a patent entitled “copper-

containing dry disinfection apparatus” was registered (Rogers

et al., 2008). In addition, copper oxide nanoparticles have been

reported as an antibacterial that can be extended to solid surfaces

in suspension (Lara et al., 2011).
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3.1.2 Silver-based nanoparticles
Silver nanoparticles have been successfully used against

different types of respiratory viruses, including coronaviruses,

rhinovirus, influenza virus, adenoviruses, hepatitis B virus,

human immunodeficiency virus, and herpes simplex virus

(Lara et al., 2010a; Galdiero et al., 2011; Demchenko et al.,

2022; Parvez et al., 2022; Patoo et al., 2022; Zhang et al.,

2022). Before the discovery of penicillin in the 1930s, silver

was known as an antimicrobial for centuries. Due to their

impressive antimicrobial activity, silver and silver-based

nanoparticles still have very high demand. In addition, silver

has been used to prevent infection and food spoilage (Hoyme,

1993). Besides the antibacterial and antiviral activity, silver

nanoparticles are being extensively studied due to their

stability, non-toxic nature, disinfectant capacity, water

purification properties, high quantum efficiency, increased

conductivity, anticancer biochemical capacity, and easy

synthesis process (Jiang et al., 2005; Basheer et al., 2013;

Cornelis et al., 2013; Bhosale and Bhanage, 2015; Rasool and

Lee, 2016; Pandiarajan and Krishnan, 2017; Loo et al., 2018;

Mahdi et al., 2018; Deshmukh et al., 2019; Shrivas et al., 2019; Das

et al., 2020a; Ahn and Park, 2020; Das et al., 2020b; Gomathi

et al., 2020). In the case of bacteria, silver ions inhibit the growth

of bacteria by suppressing electron transport components and

respiratory enzymes and interfering with the function of DNA. In

addition to the antimicrobial and antibacterial activity, silver

nanoparticles have been widely used in coating different medical

devices, wound dressing, and textiles to prevent microbial growth

and infection. One of the main advantages of using silver

nanoparticles is their ability to continuously release silver

ions, which increases their antimicrobial ability. The silver

nanoparticles have been efficient against more than 650 types

of microorganisms, including a wide range of bacteria, fungi, and

viruses (Dakal et al., 2016). Generally, silver nanoparticles

prevent virus attachment onto the host cell by interacting

with the outermost layer of the bacteria. The physiochemical

properties, including particle size, surface area, and the shape of

nanoparticles, play an important role in antiviral ability. The

antiviral activity of silver nanoparticles has been studied against a

wide range of viruses including hepatitis B and C virus, influenza

virus, poliovirus, dengue virus, herpes simplex virus,

chikungunya virus, human immunodeficiency virus, Rift

Valley fever virus, respiratory syncytial virus, vaccinia virus,

white spot syndrome Virus, African swine fever virus,

enterovirus, murine norovirus, porcine reproductive viruses,

feline calicivirus, monkeypox virus, respiratory syndrome

virus, Tacaribe virus, porcine epidemic diarrhea virus, tobacco

mosaic virus, bacteriophage MS2, UZ1, φX17433, bean yellow

mosaic, and coronavirus (Elechiguerra et al., 2005; Lu et al., 2008;

Rogers et al., 2008; Sun et al., 2008; Speshock et al., 2010; De

Gusseme et al., 2011; Gaikwad et al., 2013; Trefry and Wooley,

2013; Xiang et al., 2013; Elbeshehy et al., 2015; Sujitha et al., 2015;

Borrego et al., 2016; Li et al., 2017a; Castro-Mayorga et al., 2017;

Huy et al., 2017; Park et al., 2018; Ochoa-Meza et al., 2019;

Sharma et al., 2019; Ahsan, 2020; Du et al., 2020; Dung et al.,

2020; Jeremiah et al., 2020; Shady et al., 2020; Ghosh et al., 2022).

Bekele et al. (2016) investigated the antiviral activity of silver

nanoparticles with various dosages and sizes to evaluate the

antiviral activity of feline calicivirus. The study reveals that

the silver nanoparticles with diameters of 10 nm can

successfully decrease the virus load because the virus size

ranges from 27 to 40 nm, so the smaller size of nanoparticles

can easily interact with the virus. Sundararaj Stanleyraj et al.

(2021) evaluated the antiviral activity of silver nanoparticles on

SARS-CoV-2. The results revealed that silver nanoparticles with

a size of 10 nm could successfully inhibit the extracellular SARS-

CoV-2. Jeremiah et al. (2020) reported the antiviral activity of

silver against SARS-CoV-2. The size of the synthesized

nanoparticles is 10 nm, and a dosage of 1–10 ppm prevents

viral infiltration (Rahman et al., 2021). In another study, silver

nanoparticle-fabricated textiles were tested against the influenza

A virus and calicivirus and showed a promising result (Seino

et al., 2016). Demchenko et al. (2022) studied the antiviral activity

of silver coating polylactic acid chitosan polymer film against

adenovirus serotype 2 and herpes virus type 1. The results

revealed that 4% of synthesized nanocomposites have high

antiviral activity against herpes virus type 1. The inhibition of

the cytopathic effect against the virus reached 5.12 log10TCID50/

ml, whereas that against adenovirus and influenza virus reached

1.07 and 0.60 log10TCID50/ml. The nanocomposite is ineffective

against Hep-2, BHK-21, MDCK, and cell cultures. If the

concentration of silver decreases by less than 4%, the antiviral

activity also decreases. Nanocomposite contains 1% silver and

does not show cytopathic action against adenovirus. In contrast,

as the concentration increases to 2%, inhibition starts at

0.18 log10TCID50/ml, whereas the maximum inhibition is

achieved at 4% of the silver nanocomposite. Fetouh et al.

synthesized silver nanoparticles with activated carbon by

photodeposited silver nanoparticles into activated carbon. The

composite showed good in vitro antiviral activity against the

hepatitis A virus. In another experiment, silver nanoparticles

were used to determine the in vitro antiviral effect on adenovirus

type 3 (Ad3). The synthesized nanoparticles were fabricated

through the redox method using 1% tannic acid in the silver

nitrate solution. The results show a remarkable inhibitory effect

against adenovirus type 3 (Ad3) due to possible DNA damage

and the destruction of the structure of adenovirus type 3 (Chen

et al., 2013). AgNPs have been used for the in vitro and in vivo

inhibition of fungi, bacteria, and viruses. Particularly, in some

reports, researchers used this nanoscale material to inhibit the

coronavirus family, such as H1V1 and H3N2 influenzas.

However, some reports debated the clinical trial or the clinical

use of AgNPs for various treatments. Moreover, some reviews

mentioned that the silver element was applied as an effective

agent for various treatments in ancient medicine. It is suggested

that at least the potential of silver nanoparticles and many non-
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TABLE 1 Applications of various metallic nanoparticles in the deactivation of viruses.

Synthetic method Particles size Target specie Size/
diameter of
target
specie

Time Dosage Reduction Ref.

Copper nanoparticle-based
polymeric spray

25 nm SARS-CoV-2 ≈0.1 μm 30 min 1% of CuNP 99% reduction Foffa et al.
(2022)

copper–graphene (Cu–Gr)
nanocomposite

– Influenza A virus,
strain A/H1N1/WSN/
1933

80–120 nm 2 h 5 μM 64% Das Jana et al.
(2020)

Copper oxide nanoparticles
(radiolytic method)

100 nm H1N1 virus 80–120 nm 30 min f 0.5% w/v Reduce viral load Ha et al.
(2022)

AgNPs capped with citrate,
polyethylene glycol (PEG),
polyvinylpyrrolidone (PVP)
mercaptoacetic acid (MAA), and
branched polyethyleneimine
(BPEI)

10 nm MS2 bacteriophages 23–28 nm 30 min– 24 h 0.01 mg ml−1 Ag/BPEI reduction in ≥
6 log10, 4–5 log10 unit
reduction with PVP and
PEG and 3–4 log10 MAA
and citrate capping

Sinclair et al.
(2021)

Iron oxide nanoparticles 10–15 nm H1N1 influenza virus
strain (PR8-H1N1)

80–120 nm 72 h 1.1 pg 50% cell viability (TD50)
was observed at 4.25 ±
0.2 pg

Kumar et al.
(2019)

Silver nanoparticles using Cyperus
rotundus L. extract

11–19 nm laryngotracheitis virus
(ILTV)

80–100 nm – 400 μg ml−1 IC50 310 μg ml−1 infection
percentage 41.07% ± 0.9%

Abo-El-Yazid
et al. (2022)

Silver nanoparticles using Cyperus
rotundus L. extract

11–19 nm Infectious bronchitis
virus (IBV)

≈80 nm 400 μg ml−1 95.20% ± 0.20% Abo-El-Yazid
et al. (2022)

Silver nanoparticles 50 nm SARS-CoV-2 0.1 μm 24–48 10 μg/ml He et al.
(2022)

Silver nanoparticles coated
with PVP

30–50 nm HIV-1 ≈100 nm 20 min 0.44–0.91 mg/ml 98% inhibition Lara et al.
(2010b)

Silver nanoparticles capped with
mercaptoethane sulfonate

4 ± 1 nm HSV-1 155–240 nm 24–72 h 400 μg/ml 97% decrease Baram-Pinto
et al. (2009)

ZnO nanoparticles supplemented
with geraniol and carvacrol

– 6 bacteriophages ≈75 nm 16 h Coating containing
0.041 g ZnO
nanoparticles and
0.0125 g carvacrol in
100 ml

Moderate activity against
6 phage

Mizielińska
et al. (2021)

Zinc oxide nanoparticles 5–500 nm Coronavirus ≈0.1 μm 10 min – Reduction 99.9% Gonzalez
et al. (2021)

ZnO nanostructures SARS-CoV-2 ≈0.1 μm – 1 g/L Reduction up to 70%
and 90%

Sportelli et al.
(2022)

Tannic acid-modified silver
nanoparticles

13–46 nm HSV-2 strain 333 ≈160 nm – 0.5 and 1 μg/ml 95% ± 1.38% and 95.4% ±
0.42%, respectively

Orlowski
et al. (2014)

Silver nanoparticles 7.1 nm Poliovirus 25–30 nm 60 min 3 μg/ml and 98% Huy et al.
(2017)

Porous gold nanoparticles 140.23 ±
25.10 nm–154.24 ±
37.05 nm

Influenza A virus
(H1N1, H3N2, and
H9N2)

80–120 nm 60 min 0.2 mg/ml Antiviral activity up to
74%, 76%, and 56%,
respectively

Kim et al.
(2020)

Gold nanoparticles (GAuNPs) 7 nm Herpes simplex
virus (HSV)

155–240 nm – 32.3 μM CC50 972.4 μM Halder et al.
(2018)

Silver nanorods – HIV and HSV viruses ≈100 nm and
≈160 nm

– 10 μmol/ml 90% of HSV virions failed
to replicate

Etemadzade
et al. (2016)

Copper iodide nanoparticles – Virus of swine origin
(H1N1)

80 –120 nm 60 min 17 μg/ml 50% reduction Fujimori et al.
(2012)
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hazard nano-metals and nano-metal oxides (by special dosages)

could be considered (by related scientists) as candidates for the

inhibition of 2019-nCoV (Du et al., 2018). Implantation of metal-

containing nanoparticles on the surface of the metal oxide cover

layer as germicidal has been reported. The plasma method was

utilized according to the invention to produce the nanoparticles,

which permits the extensive immobilization of the nanoparticles

and, therewith, the control of the dosing of the metal ion release

and theminimization of the risk of mobility of nanoparticles. The

germicidal action of the metal ions without light exposure is of

great significance in medicine (Du et al., 2016).

3.1.3 Zinc-based nanoparticles
Zinc is naturally present in a variety of dietary items. Zinc is

also known for its antiviral activities against different viruses,

including severe acute respiratory syndrome coronavirus (SARS

CoV), human immunodeficiency virus (HIV), human

papillomavirus (HPV), hepatitis C virus (HCV), hepatitis E

virus (HEV) rhinovirus, respiratory syncytial virus (RSV),

herpes simplex virus (HSV), and equine arteritis virus (EAV)

(Korant et al., 1974; Haraguchi et al., 1999; Suara and Crowe,

2004; Te Velthuis et al., 2010; Kaushik et al., 2017). Gupta et al.

(2022) studied the antiviral activity of zinc oxide nanoparticles

and tetrapod-shaped zinc oxide nanoparticles against hepatitis C

and hepatitis E viruses. The synthesized zinc oxide nanoparticles

successfully inhibit viral replication. The study revealed that, at a

considerable dosage of zinc oxide, nanoparticles are non-

cytotoxic to cells. Ghaffari et al. (2019) used zinc oxide

nanoparticles modified with polyethylene glycol and tested

them against the H1N1 influenza virus. The size of

synthesized nanoparticles was estimated between 16 and

20 nm. The results show viral inhibition up to 94.6%. Melk

et al., 2021 synthesized zinc oxide nanoparticles mediated by

the extract of Plumbago indica L. The synthesized particle size

was 2.56–8.83 nm, applied to an antiviral test against herpes

simplex virus type 1(HSV-1). The results show that IC50 and

CC50 are equal to 23.17 ± 2.2 μg/ml and 43.96 ± 1.39 μg/ml,

respectively (Melk et al., 2021). Zinc basically module the

immune response to stop virus replication. It is a mediator of

lipopolysaccharides in bacteria (LPS) and toll-like receptor 4-

(TLR4-) dependent myeloid differentiation primary response

protein 88 (MyD88) that activates nuclear factor-κB (NF-κB).
As a result, the production of interleukin-1β (IL-1β), interleukin-
6 (IL-6), and tumor necrosis factorα (TNFα) occurs, which

controls viral pathogens (Haase et al., 2008; Brieger et al.,

2013; Gupta et al., 2022). In another study, El-Megharbel

et al. (2021) synthesized zinc oxide nanoparticles, and the

antiviral activity of synthesized particles was checked against

SARS-CoV-2. The zinc oxide nanoparticles were used as a spray

for surface coating, and results revealed that in an in vitro study,

at a very low concentration of IC50 = 526 ng/ml, the antiviral

activity was CC50/IC50 ≤ 1. The authors recommended these

nanoparticles’ spray as a good disinfectant, but it has some

cytotoxic effects, CC50 = 292.2 ng/ml to the host cell (El-

Megharbel et al., 2021). SARS-CoV-2 has become a matter of

concern for scientists during the last 2 years. Many researchers

have focused on anti-SARS-CoV-2 activity using different

metals. Attia et al. 2021 synthesized zinc oxide nanoparticles

using hesperidin (isolated from the orange peel) and checked it

against the hepatitis A virus (an example of RNA virus). The

results show that the synthesized nanoparticles possess 58.83%

activity with minimum cytotoxic concentration.

In addition to metals, metal slats and their nanoparticles

reported in the literature are compiled in Table 1. Copper, silver,

and zinc are the most common types of metals. Iron also has

shown activity, but reports on iron are limited. Copper-based

nanoparticles in small doses show faster kinetics in virus

deactivation.

3.2 Fullerene and its derivatives

Fullerenes are allotropes of carbon with unique properties.

They are used in the preparation of advanced functional

materials as a scaffold because of their good biological

properties. Fullerenes have gained the attention of researchers

due to their water solubility and cyclopentadienyl pattern. They

are widely used in self-assembled nanostructures, siRNA AND

gene delivery, and DNA binding (Maeda-Mamiya et al., 2010;

Minami et al., 2014; Nitta et al., 2015; Castro et al., 2017;

Kraevaya et al., 2021; Shi et al., 2021). Dating back to 1993,

the antiviral activity of fullerene has been known against HIV.

Fullerenes and derivatives showed significant antiviral effects

against herpes simplex virus (HSV), Ebola virus, cytomegalovirus

(CMV), and HIV influenza virus (Friedman et al., 1993; Mashino

et al., 2005; Fedorova et al., 2012; Tollas et al., 2014; Muñoz et al.,

2016). Fullerene derivatives are mostly water soluble, broadly

characterized into six main types: 1) glycofullerene derivatives; 2)

carboxyl derivatives; 3) amino acid, peptide, and primary amine

derivatives; 4) hydroxyl derivatives; 5) fullerene complexes; and

6) piperazine and pyrrolidine derivatives (Xu et al., 2022).

Fullerene blocks encoded enzymes and fit well on the protease

of HIV. In order to block the HIV enzyme, the diamido diacid

diphenyl fulleroid was designed first. Then, other groups were

synthesized to inhibit the HIV enzyme, DNA polymerase, and

HIV-1RT (Sijbesma et al., 1993; Nacsa et al., 1997; Castro et al.,

2016; Innocenzi and Stagi, 2020; Xu et al., 2022). Coating of

fullerene derivatives on the surface can prevent the possible

attachment of SARS-CoV-2 because it produces lipid

peroxidation on the lipid layer of SARS-CoV-2 and creates a

hydrophobic surface, which minimizes the contact between the

surface and the virus due to air entrapped between topographies.

These textured surfaces possess anti-biofouling properties

(Siddiquie et al., 2020). A visual diagram for probable

deactivation is shown in Figure 2. Kraevaya et al. (2021) used

fullerene derivative C60Ar5Cl, with thiophenes, and the antiviral
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activity against influenza A (rimantadine-resistant) Puerto Rico/

8/34 H1N1 was evaluated. The synthesized compound K10, with

five residues of thien-2-yl acetic acid and hydrocinnamic acid,

showed very low cytotoxicity CC50 ~ 69 μM and good antiviral

activity EC50 ~ 3 μM. In another study, Troshina et al. (2007)

synthesized fullerene carboxylic acid derivatives (chlorofullerene

C60Cl6) at a pH < 7.5. The water solubility of the reported

derivative was about 50–100 mg/ml, with low cytotoxicity greater

than 52 μM, and the antiviral activity in vitro and in vivo against

HIV-1 was reported with IC50 of 1.20 ± 0.4 µM.

3.3 Graphene and its derivatives

Graphene has been used in the inactivation of different kinds

of viruses and microbes due to its higher surface area, electric

conductivity, movement, and mechanical and piezoelectric

characteristics (Yang et al., 2014; Zhang et al., 2015; Quan

et al., 2017; Zhang et al., 2019; Lu et al., 2020). At first, the

viral envelope is damaged when it interacts with graphene oxide,

which leads to the production of ROS and virus deactivation

(Gurunathan et al., 2012; Díez-Pascual, 2020; Ayub et al., 2021).

Sametband et al. (2014) reported inhibitory properties of

graphene oxide and sulfonated graphene oxide against HSV-1.

Graphene oxide and sulfonated graphene oxide possess

negatively charged particles like in the heparan sulfate cell

receptor. As a result, both moieties compete to bind with

HSV-1. The graphene blocks the binding sites, acting as an

inhibitory agent (La Rosa et al., 2020). In terms of water

safety, viral transmission possesses a substantial threat.

Viruses, such as rotavirus, adenovirus, and norovirus, can

pollute water, becoming the major cause of gastroenteritis

(non-bacterial) (Bridge et al., 2010; De Graaf et al., 2016; Xue

et al., 2019). These viruses are highly resistant to stressors

possessed by the environment and risk of mortality in less

immune individuals, young and elderly ones (de Roda

Husman and Bartram, 2007; Espinosa et al., 2008). Zhou et al.

(2022) developed a reduced graphene oxide composite

nanoparticle functionalized with CTAB

(cetyltrimethylammonium bromide) to absorb SARS-CoV-

2 and rotavirus, adenovirus, and norovirus (human enteric

viruses). The functionalized with CTAB, RGO-Fe3O4 have

shown good absorption toward SARS-CoV-2, HAdV, HuNoV,

and HRV with a maximum absorption capacity of 6.92 × 106,

2.21 × 107, 7.01 × 107, and 3.55 × 107 genome copies mg−1. The

study revealed that viruses are trapped on the surface of

synthesized composite by intrinsic absorption and electrostatic

interaction between composite and virus. The synthesized

composite can absorb the abovementioned viruses from rivers,

coasts, and tap water. Unal et al., 2021 worked on graphene oxide

nanosheets to inhibit the infectivity of SARS-CoV-2 cell

receptors and surface protein. The study revealed that

graphene oxide sheets work as a nanomaterial that can

interact with SARS-CoV-2 specific receptors and surface

proteins to inhibit viral infection. To understand the

interaction between graphene oxide and the spike of the virus,

spike-ACE2 complex, ACE2 cell receptor, and molecular docking

experiments have been conducted. The results of molecular

docking revealed that graphene oxide sheets interact with

three types of structure present in SARS-CoV-2: closed state

-6VXX is a type of spike protein of 2019-nCoV (novel

coronavirus) or open state -6VYB (viral spike), open state

-6VYB or closed state -6VXX (ACE2-bound spike complex),

and 1R42 (ACE2). Graphene oxide showed good binding

FIGURE 2
Texturing of the surface with fullerene derivatives for virus inactivation. By surface modification (A). Fullerene-textured surface (B).
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affinities toward all three surface structures 6VXX, 6M0J, and

6VYB. Graphene oxide shows more binding affinity toward

ACE2 or spike compared to 6M0J. The obtained data shows

that graphene oxide sheets tend to disturb the infectivity of

SARS-CoV-2 even if any mutations are present on the viral

spike. Deokar et al. (2017) demonstrated the synthesis of

magnetic particles for the destruction of HSV-1. The author

synthesized sulfonated nanoparticles with magnetic nature

functionalized on reduced graphene oxide with a smaller size

of approximately 5–25 nm. The synthesized graphene-based

functionalized material can inactivate the HSV-1 virus up to

99.99% within 7 min. Magnetic functionalized graphene oxide

captures the virus using an external magnet, which enhances the

photothermal treatment. Donskyi et al. (2021)

investigatedsulfate/alkyl functionalities on graphene sheets for

the inactivation of SARS-CoV-2. Different lengths of alkyl chain

have been synthesized with graphene oxide to determine the

inhibition of feline coronavirus and SARS-CoV-2. It has been

found that an alkyl chain greater than C9 can disturb coronavirus

replication by disturbing its envelope. The antiviral activity

against SARS-CoV-2 of the synthesized graphene oxide with

dual functionalities with aliphatic chains and PGS (polyglycerol

sulfate) showed IC50 (30 μg ml−1). The lower surface energy of

certain materials and roughness at the nanoscale can play a great

role in increasing the antiviral properties of materials, especially

in the case of treated fabric or PPE. It can increase antiviral

properties and superhydrophobicity. Galante et al. (2022)

reported an antiviral fabric coating functionalized with coal-

derived nano-graphene oxide. The graphene oxide was

functionalized with octadecyl amine to increase water-

repellent properties. The functionalized material is used to

coat PET (polyethylene terephthalate) fabric. Furthermore, the

polydimethylsiloxane (PDMS) layer was coated on the fabric to

increase durability and repellency from human saliva and other

fluids. The functionalized graphene oxide fabric was tested

against five different types of viruses. The results revealed that

the developed fabric had reduced viral titers of CoV reduction by

99.6% (2.4 logs), HAdV5 reduction by 98.6% (1.8 logs), and

HSV-1 reduction by 99.4% (2.2 logs). The functionalized fabric

repels droplets of human saliva and other fluids. Even after

washing with bleach or mechanical abrasion, the fabric can

reduce viral quantity up to 1–2 logs for a wide range of

enveloped and unenveloped viruses.

3.4 Photocatalytic materials

We have discussed various surface coating antiviral materials

and their antiviral activities to effectively control the viral

infectious disease in hospitals or at home. Photocatalytic

surfaces have gained more attention from researchers due to

their constant inactivation, oxidizing, and destruction of

microbes under ambient indoor environments (Reid et al.,

2018; Rtimi et al., 2019; Miyauchi et al., 2020; Hamdi et al.,

2021; Micochova et al., 2021; Prakash et al., 2021). Various

photocatalysts have been used as antiviral and antibacterial

materials, among which TiO2 is well known due to its viral

and bacterial disinfection properties, as well as degradability for

pollutants (Hajkova et al., 2007; Park et al., 2014; Akhtar et al.,

2019; Moongraksathum et al., 2019). Exposing TiO2 to UV-A

light, the ambient water and oxygen decompose on the surface of

TiO2 in superoxide anions and hydroxide radicals. These

substances are responsible for the decomposition of microbial

and organic matter, which results in adverse effects, adducent

microbial cells because of the peroxidation of lipid membrane

(phospholipids present in the membrane) (Hajkova et al., 2007).

Hajkova et al. (2007) also reported the photocatalytic

antibacterial and antiviral effects of TiO2 films, which

deactivate viruses up to 100% antiviral within 6 h of

illumination. A few reports have been conducted on

photoactive virucidal surfaces. For example, TiO2

photocatalysts were prepared and coated on aluminum and

stainless surfaces. Ultrathin TiO2 coatings were obtained by

wash-coating and screen-printing techniques. The later

provides films of excellent adhesion that could tolerate

washing under a water jet. The catalyst also exhibited

excellent bactericidal, fungicidal, and virucidal activities

against a wide variety of Gram-positive and Gram-negative

bacteria, fungal spores, and T2 bacterial phage (Yao and Lun

Yeung, 2011). Bactericidal and virucidal covering materials and

methods for making the covering material are patented, where

photocatalytic material is incorporated into thermoplastics. The

sheets can be used in hospital settings to protect the furniture

(Corsi et al., 2015). The self-disinfection properties of metal oxide

are one of the best tools to stop the spreading of viral

contamination from the infected person to an inanimate

surface and from an inanimate surface to the healthy one.

TiO2 is useful for photocatalysis because it has antiviral,

antibacterial, and antibacterial characteristics. Excellent virus

inactivation under UV light can be achieved by depositing a

thin coating of TiO2 nanoparticles on a glass surface or another

inert surface. TiO2 possesses good qualities regarding

photocatalytic activities and antibacterial and antiviral

properties. A thin layer of TiO2 nanoparticles deposited on

the surface of glass or another inanimate surface can give

excellent virus deactivation under UV light. In contrast, TiO2

dopped in cobalt nanoparticles was reported as a cost-effective

good detection option for SARS-CoV-2 infection using

electrochemical, biosensor in saliva, or nasal secretions based

on coronavirus spike protein sensing. The larger surface area and

catalytical and antiviral properties have made TiO2 nanoparticles

an excellent candidate. Photoactive TiO2 hydrothermally grown

can form reactive oxygen species, particularly hydroxyl radicals

_OH, under the low light of 0.4 mW cm2 and wavelength of

375 nm, giving good pathogen interaction including SARS-CoV-

2 (Kumar et al., 2020; Kumar et al., 2022). Thin films of TiO2 on
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glass for self-cleaning have been recently reported as a chapter in

the book by Sirichantra (2022). The study recommends that such

antiviral glasses would be useful in ambulances (Sirichantra,

2022).

4 Other virucidal nanomaterials

Carbon-based nanostructured photocatalysts have attracted

attention, especially in the photocatalytic disinfection of

microorganisms. With the appropriate electronic band gap

structure and distinctive features of high thermal and

chemical stability, a metal-free 2D polymeric stacked structure

g-C3N4 (graphite carbon nitride) is a promising photocatalytic

material for energy and environmental applications. It also has

great potential for the inactivation and degradation of pathogens.

The disinfection of microorganisms is mainly attributed to the

formation of reactive oxidative species (ROS). The surface

modification of g-C3N4 can significantly improve

photocatalytic disinfection efficacy (Dang and Tarabara, 2019).

5 Deposition methods of
nanoparticles on a fabric substrate

In the textile industry, the application of nanotechnology has

good potential. The properties of fabrics are generally improved

due to nanomaterials or the new abilities added to textiles (Karst

and Yang, 2006; Motakef Kazemi and Sandalnia, 2020).

Cotton fabrics provide a perfect environment for bacteria and

fungi growth because the moisture, temperature, and nutrition

(skin dead cells, stains, sweat, and other skin emissions) on the

surface of the fabric match their development and reproduction

requirements. Microbes that live on the fiber surface can cause

unpleasant smells, dye degradation, allergic reactions, textile

deterioration, and even health issues. As a result, making

antimicrobial textiles has attracted the attention of a broad

array of researchers, and the market for antimicrobial textiles

is quickly growing. Silver, triclosan, biguanide derivatives,

N-halamines, peroxyacids, quaternary ammonium salts, and

synthetic colors are examples of antibiotic compounds (Zhang

et al., 2016). Nanostructured materials based on metal

nanoparticles have been intensively explored for diverse

applications due to their appealing physical, chemical, and

catalytic properties (Wiener et al., 2013). The molecular

alteration of textile fabric to produce innovative materials that

are several times more effective than untreated fabric is

continually progressing. These materials focus on modifying

the fabric surface for enhanced antibacterial properties, soil-

resistance, water-repellency, antistatic, anti-infrared, and

flame-retardant qualities of traditional textiles. Fabrics possess

a huge surface area and pore volume. Thereby, nanoparticles

quickly adsorb and can inactivate the bacteria and other microbes

(Khan et al., 2020). The nanoparticles and structures are almost

identical in size to biological molecules, which makes them an

interesting candidate for biological study in vivo and in vitro

(Nienhaus et al., 2020). They would have a wide range of uses in

synthetic textiles; biomedical, surgical, and water treatment;

equipment; food processing; and packaging (Alagarasan et al.,

2021).

In natural and synthetic textiles, nanoparticle-based coatings

are quite common and come in different compounds. Silver

nanoparticles (AgNPs) have a high level of toxicity against a wide

range of bacteria but have a low level of harmfulness to human

cells and durable stability. Nanomaterials made of silver (Ag) are

well known for their self-cleaning and antimicrobial properties

(Goharshadi et al., 2022). The antiviral activity of AgNPs (size

less than 10 nm) has also been observed against COVID-19.

Moreover, silver, other metals, and metal oxide nanoparticles,

such as gold, zinc, tin, titanium, and copper, are used in natural

and synthetic fabrics. As explained previously, three basic

mechanisms can be linked to the antibacterial activity of

functionalized CuO NPs on textile materials against Gram-

positive and Gram-negative bacteria: copper ion release, direct

interaction of CuO NPs with bacteria, and the formation of

reactive oxygen species (Gulati et al., 2021). Many surfaces are

frequently touched and soiled with viruses (Figure 3), which

require special attention for disinfection. Coating such surfaces

with antivirals can significantly reduce the transmission of

viruses and other microbes. Not much work is done in this

direction. However, it is a very crucial area. In the following

sections, we will focus on methods reported in the literature to

deposit antiviral compounds on high-touch surfaces and fabrics.

Various methods are reported in the literature to deposit

antivirals onto different surfaces. Table 2 shows the different

methods besides the adopted methods, dip-coating, and

sonication.

5.1 Dip-coating process

The dip-coating method is a simple and efficient technique.

This method is commonly used in industries to deposit any

substrate such as metallic, polymer films, and ceramic and

fibrous materials. The deposition process can be defined as

the coating of aqueous-based liquid phase solutions onto the

surface of any substrate, and then the wet coating object is dried

at room temperature (Tang and Yan, 2017). Furthermore, Lu

et al. focused on endowed silk to introduce the antibacterial

activity and UV shielding properties by depositing CeO2

nanoparticles on the surface of silk through the dip-coating

method. Thermal stability properties are evaluated using

thermogravimetric analysis and its derivatives. The

successfully coated CeO2 nanoparticles on silk, the ability of

UV-protection, and the antibacterial property were confirmed in

UV–Vis diffuse reflectance spectroscopy and colony-forming
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capability test, indicating that CeO2 nanoparticles are

successfully coated on silk and are the best-modified material

for applications of UV-protection and antibacterial applications

(Bhattacharjee et al., 2020). Another material was prepared using

reduced graphene oxide (RGO) coated-copper (Cu)/silver (Ag)

nanoparticles on carbon cloth via an easy dip-coating method

and using a coupling agent (3-glycidyloxypropyl trimethoxy

silane). The RGO and Cu/Ag composites were simultaneously

coated on cotton cloth samples, which showed improved

hydrophobicity compared to pure cotton. The surface

resistance of cotton-RGO-Cu is 6.42 KΩ/sq, with a high UV

protection factor (46.45). Furthermore, after 20 wash cycles, the

resistance of cotton-RGO-Cu is 16.70 KΩ/sq. The cotton-RGO-
Cu fabric properties include enhanced hydrophobicity, low

surface resistance, better UV protection, and thermal stability

(Bhattacharjee et al., 2020). In another work, the synthesized zinc

oxide nanoparticles were coated on cotton fabrics. The zinc

acetate solution in various concentrations with

monoethanolamine with 2-methoxy-ethanol as solvent was

used to obtain nanoparticles after an aging time of 24 h. The

different concentrations of nanoparticles were coated on cotton

fabric via the dip-coating method. The 3 M concentrations of

ZnO were well-dispersed on the fabric shown via SEM images.

The UV absorbance increase with the increase in the

concentration. The 2 M concentration range was found to

have the maximum antibacterial and antifungal activity (Roy

et al., 2020). This report discusses the low-cost method of coating

nylon fabric with an antimicrobial application.

A blend of chitosan and Ag nanoparticles coating on fabric

via easy dipping with different concentrations of materials is

reported. The synthesized silver nanoparticles using the

Lee–Meisel method showed the surface plasmon resonance

band at 410 nm corresponding to a stable average

nanoparticle diameter of 25 nm. The prepared fabric

controlled higher bactericidal activity (Gram-positive

Staphylococcus aureus) compared to (Gram-negative

Pseudomonas aeruginosa) bacteria. The result showed 20%

reduction in S. aureus and 60% reduction in P. aeruginosa

CFU, when each coating combination is exposed. The

antimicrobial effect was decreased after several washes,

indicating that after washing the fabric, the coated material

becomes unstable and can be easily removed. However, for

the purpose of single-use face masks, new-coated material is

favorable (Roy et al., 2020).

In a report, SiO2 nanoparticles are coated on cashmere fabric

via the dip-coating method using acetic acid to produce a highly

superhydrophobic surface. Cashmere fabric had a

superhydrophobic characteristic with a contact angle greater

than 150°C, according to contact angle measurements. The

coated material on the fabric does not affect the cashmere

fabric. The colorfastness and pilling grade of the surface-

coated cashmere were improved, so the coating method had

no bad impact on the cashmere fabrics’ quality (Botelho et al.,

2021).

In this report, graphene oxide (GO) and cuprous oxide

(Cu2O) were produced and uniformly coated on polyethylene

terephthalate (PET) fabric with excellent adhesion using

dopamine.

The findings show that GO acts as a Cu2O nucleation site

while avoiding agglomeration, and during Cu2O reduction, it

is rehabilitated to RGO. The nanoparticles coated on PET

fabric show great antibacterial activity against S. aureus and

FIGURE 3
High touch surfaces in hospital settings.
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E. coli, more than 99.99%. However, after 40 washes of

modified PET fabric, the antibacterial rates were 90% for S.

aureus and 88% for E. coli. The decrease resistivity to 7.16 ×

108 Ω cm from 2.64 × 1,015 Ω cm of the modified PET fabric

range. Additionally, the UV protection was improved from

45 to 460, far exceeding the excellent rating (50). Overall, in

the textile field, different pathways are opened for different

applications (Hu et al., 2022).

TABLE 2 Deposition methods for preparing antiviral surfaces.

Supporting
surface

Antiviral coating material Coating
technology

Virus Efficiency
(%)

Stabilizing
time (h)

Ref.

Fabric/mask/nylon
fibers

CuS Thread
modification

SARS-CoV-2 80 5–10 min Hewawaduge
et al. (2021)

Variable surfaces Laser-induced graphene (LIG) CO2 laser HCoV-OC43 97.5 15 min Huang et al.
(2021a)

Hydrophobic LIG (HLIG) HCoV-229E 95%

Glass slide N,N-Dodecyl,methyl-
polyethylenimines (PEIs)

Coating paints Influenza virus 100 (4-log
reduction in the
viral titer)

1–2 min Haldar et al.
(2006)

Stainless steel
coupons

Quaternary ammonium polymer
coating (antimicrobial coating)

Electrostatic
sprayer

Human coronavirus
229E

Reduction
log > 3.99

120 min Ikner et al.
(2020)

Glass slides Polycation N,N-dodecyl, methyl-
polyethylenimine

Coating
(painting)

Staphylococcus aureus
and Escherichia coli,
influenza virus A/
Victoria/3/75 (H3N2)
and A/WSN/33
(H1N1)

100 2 h Haldar et al.
(2007)

Glass coverslips Silica nanoparticles (SNPs) coated with
a didodecyldimethylammonium
bromide (DDAB) surfactant,
didodecyldimethylammonium bromide
(DDAB)

Coating Bacteria, molds, yeast,
and influenza A/PR/8/
34 (H1N1)

100 – Botequim et al.
(2012)

Nanocomposite
thin film

Cu–plasma-polymerized fluorocarbon
(PPFC)

Sputtering
method

Influenza virus A 96.9 30 min Kim et al. (2021)

Polypropylene
KF94 mask

Copper thin film (cuprous oxide) Vacuum coating SARS CoV-2 75 30 min Jung et al. (2021)

Glass Copper−graphene (Cu−Gr)
nanocomposite

Dip-coating
method

Influenza A virus,
strain A/H1N1/WSN/
1933

64 30 min Jana et al. (2021)

Aluminum
6,063 alloy sheets

Fabricated nanoscale features on
aluminum alloy surfaces

Wet etching
technique

Pseudomonas
aeruginosa,
Staphylococcus
Respiratory syncytial
virus (RSV) and
rhinovirus (RV)

87–92 24 h Hasan et al.
(2020)

Sodium hydroxide-based wet-etching
process

3–4 log10
reduction

fiber mat Silver nitrate and silver nanoparticles Coating with
electrospinning
technique

Murine norovirus
(MNV-1 strain)

1.42 and
0.14 log
TCID50/ml

24 h Castro-Mayorga
et al. (2017)

Nano-particles Sulfonated magnetic nanoparticles
functionalized with reduced graphene
oxide (SMRGO)

Photothermal
treatment

Herpes simplex virus
type 1 (HSV-1)

99.9 10 min Deokar et al.
(2017)

Painting or
spraying

Quaternary benzophenone-based ester
and quaternary benzophenone-based
amide

Surface coatings Influenza virus 100 30 min Ghosh et al.
(2020)

Ceramics La2Mo2O9 ceramics Complex
polymerization

Qβ and
bacteriophage Φ6

99.9% 6 h Matsumoto et al.
(2019)
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5.2 Sonochemical coating process

The sonochemical method is one of the versatile methods for

coating purposes. In 1975, a textile finishing process was first

reported by ultrasound exposure through deep ultrasonic

irradiation and cross-linking resins such as urea-formaldehyde.

Harifi and Montazer (2015) published an outstanding review

about textile sonoprocessing, describing the surface finishing of

fabrics using various metals, metal oxides, and combinations and

achievements. Many studies have been conducted using the

sonochemical method to deposit nanoparticles [copper oxide

(CuO), zinc oxide (ZnO), titanium dioxide (TiO2), magnesium

oxide (MgO), silver (Ag), copper (Cu), Ag/TiO2, Zn/CuO, etc.].

Inorganic particles are used to functionalize textiles (Perelshtein

et al., 2015; Perkas et al., 2018; Patil et al., 2020). The large surface

area is a beneficial property of metal nano-oxide, which is suitable

for coating textile fabrics. The market of antimicrobial NPs of

metal oxide is a better substitute for quaternary ammonium salts,

triclosan, and other toxic compounds. The main advantage of

sonochemically coated textiles is that after 65 washing cycles, the

coated fabric has good antibacterial efficiency. Furthermore, color

and biocide functions are added to textiles through the

sonochemical coating method. The composite ZnO/chitosan

nanoparticles coated on textile through the sonochemical

method were used to increase the antibacterial activity. The

ZnO and chitosan are coated on fabric by a one-step

deposition process and form hybrid antimicrobial layers. The

antibacterial properties of the textiles were improved, as well as

their biocompatibility. The sonochemical coating technique for

30 min using a dispersion of 2 mM ZnO nanoparticle provided an

antibacterial effect for two pathologically important bacterium

species. The responsivity against Staphylococcus aureus and

Escherichia coli was higher for chitosan and ZnO deposited

with the same quantity of only ZnO. The antibacterial

robustness effects were increased by 21% for S. aureus and 40%

for E. coli due to the presence of biopolymers. The coated fabric

was stable for many washing cycles under hospital laundering

conditions. (Petkova et al., 2014). Recently, Kwiczak-Yigitbas et al.

(2020) reported an ultrasonication method for the synthesized

environmentally friendly cellulose fabrics comprising silver or gold

nanoparticles. The authors reported cellulose mechanochemistry

in terms of breaking glycosidic bonds and producing mechano-

radicals. The reduced metals can be stabilized by the cellulose

chains on nanoparticles, and these mechano-radicals can decrease

Au3þ and Agþ ions in the solution. Silver nanoparticle–fabric

composites with antibacterial properties and the catalytical

composite of active gold nanoparticle–fabric with metal ion

reduction properties yield up to 14% using this approach. The

cloth is sonicated in aqueous solutions without the use of harmful

reducing and stabilizing agents. The availability of coated fabric for

medical textile applications is rapid and environmentally friendly

(Kwiczak-Yigõitbası̧ et al., 2020).

5.3 Pad-dry-cure process

Different deposition processes can be used for textile fabrics

utilizing modified chitosan created using metal and metal oxide

nanoparticles to generate novel function materials. Using the

precipitation process, some researchers have synthesized

chitosan–ZnO nanocomposite. Bio-nanocomposite materials

were coated on fabric via pad-dry-cure (Beninate et al., 1968)

and sol-gel (Sogorkova et al., 2018) methods to increase their

washing elasticity. In some instances, the washing robustness of

the coatings is improved using (3-glycidyloxypropyl)

trimethoxysilane. The performances of antibacterial and UV

protection were tested after the bio-nanocomposite coated on

fabrics. The prepared chitosan–ZnO–TiO2 nanocomposite was

also used to observe the variations in UV properties. Binary

chitosan–ZnO composite shows good results for antibacterial

and UV protection. The treated cotton fabrics improved the

impacts of multiple washing cycles compared to simple chitosan-

treated materials. By using a ternary coating composite, the UV

protection factor is elevated to an excellent level.

Coating multifunctional technical cotton textiles using smart

biomaterials is a revolutionary approach to multifunctional

cotton textile design. Two distinct (NC1, NC2) ternary

nanocomposites, containing (ammonium-salicylidene)

chitosan Schiff base (ASCSB), TiO2, and ZnO nanoparticles,

were successfully synthesized in situ and coated to cotton fibers

using the simple pad-dry-cure procedure to impart antibacterial

and UV protection properties. NC1 has much TiO2, whereas

NC2 has much ZnO. Spectral, microscopic, and thermal

approaches were used to evaluate the physicochemical and

graphic features of the novel nanocomposites. NC1 exhibited

a more homogeneous distribution, higher depositing density and

smaller mean nanoparticle size (48 nm) when compared to NC2

(56 nm). NC2-treated fabrics, on the contrary, had a greater

nanoparticle depositing than NC1-treated fabrics. The treated

cotton fibers had robust and long-lasting antimicrobial effects

against S. aureus, E. coli, and Candida albicans pathogens, with

NC2-treated textiles performing better than NC1-treated textiles.

The NC2-remediated cotton fabrics demonstrated a higher UV

protection factor (UPF) value (53) as compared to NC1-coated

fabrics (35), revealing that rich-ZnO nanocomposite provided

higher UV protection to cotton fabrics than the rich-TiO2

nanocomposite (Refaee et al., 2022).

Carboxymethyl chitosan and Ag/TiO2 composite

nanoparticles were coated on fabrics for long-term

antibacterial and UV protection (Xu et al., 2021). The Ag/

TiO2 colloid solution was stabilized with carboxymethyl

chitosan, and the carboxymethyl chitosan and Ag/

TiO2 composite nanoparticles were subsequently coated on

cotton utilizing the pad-dry-cure process. The excellent

properties of modified fabric with the bacterial reduction of

99.5% and UV protection factor of 79.0, respectively.
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Moreover, the coated fabric properties showed no change up to

50 washing cycles.

5.4 Spray-coating

The spray-coating method can be used to create

superamphiphobic polymer coatings quickly and efficiently.

Several surfaces have been examined as substrates for this

coating technique, including paper, glass, cotton, aluminum,

and copper (Steele et al., 2009; Wang et al., 2014). To create

the desired coatings, different polymer-based fluorobinders

(with low surface energy) and nanoparticles, such as silica and

ZnO nanoparticles (denoted as SNs and ZNs, respectively,

giving microscale and nanoscale roughness), are commonly

mixed as building blocks and spray-coated onto a substrate.

Furthermore, fluorinated SNs (FSNs) were employed to create

coatings with increased durability with clearness (Wu et al.,

2016). Sasaki et al. used double-walled carbon nanotubes

(DWCNTs) combined with gold nanoparticles (AuNPs) via

a simple and low-cost spray-coating approach to exhibit

flexible conductive fabric (Yotprayoonsak et al., 2022). The

rising need for surgical masks, as well as their disposal, has

resulted in considerable financial and environmental expenses

since the advent of the COVID-19 pandemic. The researchers

used a dual-channel spray-assisted nanocoating hybrid of

shellac/copper nanoparticles (CuNPs) to increase the

hydrophobicity of a non-woven surgical mask and repel

aqueous droplets. The resultant surface exhibits excellent

photoactivity for antimicrobial action (combined

photocatalytic and photothermal capabilities), allowing the

masks to be reused and self-sterilized. This photoactive

antiviral mask (PAM) immediately reached a temperature

of >70°C when exposed to sunlight. The masks became self-

cleaning and reusable. This PAM architecture can protect

against viral infection transmission (Kumar et al., 2020).

Copper is a common substance that has antibacterial and

antiviral properties. The antiviral activity of copper

nanoparticles (CuNPs) was investigated against SARS-CoV-

2 as a surface coating agent. The diameter range of 254 nm of

CuNPs was formed using copper sulfate as a source and was

primarily made up of CO. Combined CuNPs, and resin-based

paint sprayed on the stainless-steel surface remains (CuNP/

paint). After 30 min of exposure, SARS-CoV-2 lost 97.8% of

its infectivity on the CuNP/paint-coated surface, and in the

following 1 h, it lost more than 99.995% of its infectivity. The

inactivation rate on the paint alone-coated and uncoated

surfaces was roughly 36-fold faster. Although more studies

are needed to explain the inactivation processes, the CuNP/

paint-coated surface displayed strong inactivation of SARS-

CoV-2 infectivity. This coating material is expected to be

useful in public hospitals and other frequently handled places

(Purniawan et al., 2022).

Using a one-step spray-coating method, we describe a

straightforward and universal strategy for optimal coupling

superhydrophobic and antibacterial properties on diverse

textiles. This is accomplished by adhering fluorinated

mesoporous silica nanoparticles (F-MSNs) and quaternary

ammonium-functionalized MSNs (Q-MSNs) to various textile

surfaces using PDMS as a binder. CAs of 152 and SAs of

2 indicate that the resultant double-nanoparticle arranged

coatings on textiles (F/Q-MSNs coatings) have significant

antibacterial activity against E. coli and S. aureus due to the

“repel-and-kill” synergic effect and excellent waterproof and

bacterial shielding function. In addition, F/Q-MSN coatings

are resistant to sandpaper abrasion, washing, and strong acid/

alkaline. Furthermore, the F/Q-MSN coating can maintain the

textile’s original application characteristics, such as breathability

and deformability. As a result, F/Q-MSN has developed

antibacterial textile coatings that are very practicable,

adaptable, and universal, with potential and diversified

applications in various fields (Ye et al., 2021).

Many academic and industry researchers have attempted to

produce fabrics with superhydrophobic properties inspired by

various environmental life forms’ excessive wettability, such as

lotus leaves’ high-water repellency. A novel wettability

switching mechanism has recently sparked a surge in

demand for advanced coatings, even though their production

remains difficult and expensive. Cotton fabrics with irregular

wettability (one face with natural superhydrophobicity, the

other face with natural superhydrophilicity) were made by

spraying a biocompatible commercial material mixture,

hydrophobic SiO2 nanoparticles, and ethyl-

alphacyanoacrylate superglue onto the fabric in one

step. The method involves adjusting the distance between the

sprayer and the fabric to make one side naturally

superhydrophilic and the other superhydrophobic, thus

managing the absorption of the fabric coatings. As a result

of its great mechanical durability, the superhydrophobic side

has a surface with a water contact angle of 154°C and a sliding

angle of 16°C meet the standards for self-cleaning capabilities.

Due to the fabric’s intrinsic superhydrophilic feature, the

reverse side had a strong water absorption ability.

Furthermore, the superhydrophilic side of the created cotton

materials consumed blood absorption and clotting

characteristics. On the contrary, the superhydrophobic side

prohibited water and blood infiltration sacrificing the

cotton’s intrinsic breathability. These features could be

important in the development of multifunctional materials

for medical purposes (Sasaki et al., 2016)*.

5.5 Magnetron sputtering

Cathodic magnetron spraying has become the process of

choice for the deposition of a wide range of coatings of industrial
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importance. Examples include hard and wear-resistant, low

friction, corrosion-resistant, decorative coatings, and coatings

with specific optical or electrical properties. In the primary

sputtering process, a target plate (or cathode) is bombarded

by energy-sensitive ions produced in the glow-emitting plasma

located in front of the target. The bombardment process causes

the removal of the target atoms (i.e., sputtering), which can then

condense on the substrate as a thin film (Kelly and Arnell, 2000).

The deposition rate and coating thickness are influenced by the

ionization and collision rates of argon (a gas used to generate

plasma) on the target material in the sputtering system. A

magnetic field can be produced by placing the magnets

underneath the target. These secondary electrons trap through

the magnetic field that the target emits into the discharge and

raises the ionization of the gas, which increases the rate of

collisions between the Ar+ and the target material. In

changing the target material’s chemical makeup and the

operational conditions, the stoichiometry of the film can be

easily changed. Introducing N2, C2H2, and O2 gases together

with the Ar gas, nitride, carbide, and oxide coatings may be easily

created (Golosov, 2017). The most common substrates for the

deposition of films using MS techniques are metals or glass.

However, in recent years, the application ofMS for the deposition

of metallic and oxide coatings on textiles has become more

widespread (Liu et al., 2017; Antunes et al., 2021; Huang

et al., 2021b). Most of the coated films are tested against

antibacterial properties (Kim et al., 2018; Markowska-

Szczupak et al., 2021; Worananthakij et al., 2022), whereas

limited literature is available on MS-coated films for antiviral

assessment.

Table 3 lists various MS modes used to create coatings on

various substrates to develop antiviral surfaces. A highly effective

antiviral surface coating, a highly imperfect, amorphous TiOx (x

1.2), was created. The antiviral activity was noticeably stronger,

comparing this amorphous shape to the more often studied

crystalline anatase phase. It was discovered that the covering

was remarkably clear. This film was created at room temperature

without the need for any post-deposition thermal treatment

using radio frequency (RF) magnetron sputtering, one of the

well-known industrial-scale deposition methods. The potential

for commercialization of this antiviral surface coating is

enormous due to its affordability and environmental

friendliness (Mittireddi et al., 2021). Applying a reliable

method based on Cu magnetron sputter-deposition onto

electrospun polymer nanofibers, the Cu-coated PCL

(polycaprolactone) nanofibrous mats were effectively created

(Manakhov et al., 2021). For the first time, molecular

dynamics simulation was used to describe the large-scale

irradiation of PCL films, allowing for the prediction of ion

penetration depth and fine-tuning of deposition conditions.

Because of the quick release of Cu2
+ ions (concentration up to

3.4 μg/ml), acceptable biocompatibility, and antibacterial activity

against E. coli and S. aureus, the copper-coated PCL nanofibers

demonstrated that they were effective. Thus, when used for

wound healing, they might show an intriguing synergistic

effect. Because copper ions are required for immune system

cells to act in a bacteriostatic way, the quick discharge of copper

ions simultaneously kills germs and activates immune cells,

stimulating regeneration.

The potential of plasma techniques was reviewed by Ma et al.

(2021), concluding that “impressive recent advances in plasma

functionalization of polymer surfaces suggest that plasma-

assisted surface functionalization approaches are promising for

the production of antiviral polymers with targeted antiviral

applications ranging from in vitro prevention to in vivo therapy.”

6 Antimicrobial textiles and fabrics for
protective applications

The textile industry is flourishing, and there is an urgent need

to develop environmentally friendly and effective antimicrobial

fabrics (Mallakpour et al., 2021). Healthcare services are crowded

with patients having different diseases, where harmful

microorganisms are more prevalent than in other places.

Additionally, employees of healthcare facilities are at high risk

for viruses. Compared to the general population, healthcare

employees are more at risk; therefore, the use of antiviral

fabrics is of utmost importance in healthcare centers.

During the COVID-19 pandemic, around 210 countries and

all regions were affected, mostly via respiratory droplets. The

doctors, patients, and the public used disposable surgical masks

in high-risk areas. Masks played an important role during the

COVID-19 pandemic, the spread of droplets was blocked, and

the health of people was safeguarded. Recently, many researchers

worked on antivirus masks (Tuñón-Molina et al., 2021). Borkow

et al. reported a copper intermediate layer with an antiviral mask,

containing four layers. The A and B layers consist of the outer

and inner layers: (A) spunbonded polyamide fabric containing

2.2% weight (w/w) copper particles; (B) fused polypropylene

fabric containing 2% (w/w) CO particles offering physical

filtering performance of the mask and serving as a blockage

layer; (C) inner layer made of polyester and used to mold the

mask; and (A) outer layer the same as the inner layer (C).

Without affecting the physical properties of the copper oxide,

it acts as a potent anti-influenza biocidal agent when applied to a

breathing mask (Zhong et al., 2020). Zhong et al. used laser

induction to create a graphene layer over a typical surgical mask

that kills viruses with electrothermal characteristics (Borkow

et al., 2008). Li et al. (2019) reported a mask with two layers

of non-woven fabric as biological sterilization in the intermediate

layer MO Filter. The sterilization performance of the N95mask is

excellent and does not interfere with adsorption. Tang et al. sun-

induced antiviral cotton fabrics made from cationic cotton fibers

and anionic photosensitizers were durable and reusable and were

used for face masks and protective garments. In the middle
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adsorption layer of the mask, antiviral materials were added. The

hydrophobic and hydrophilic layers are the upper and lower

layers, respectively. Moisture permeability, surface moisture, and

resistance can all be improved using materials with high

wettability, resulting in a disease-resistant and comfortable

mask. For up to 60 min of sun exposure, virus substitutes

(T7 pages) had a microbiome reduction rate of unevenly

5–6 logs (Li et al., 2017b).

Aside from the two main applications described above, other

possibilities for infections are related to locations, for example,

transportation and catering businesses. The possibilities of cross-

infection can be considerably decreased if seat materials, interior

textiles, seat belts, rugs, tablecloths, towels, and other textiles

contain antiviral qualities (Zhang et al., 2021).

Henceforth, the spread of contagious diseases can largely be

minimized by deploying antiviral/antimicrobial textiles/surfaces

all over, specifically in hospital settings and high-touch public

places.

7 Testing virucidal activity

International standards can be employed to ensure that

disinfection products are of the highest quality and employed

in the most effective strategies to prevent and control microbial

contamination in healthcare settings. A book chapter that

describes testing methods includes globally utilized

documentation of testing techniques for virucidal activity

(Woodall and Walker, 2020). A method for testing non-

porous solid surfaces is recommended by the US EPA (EPA,

2016). However, the testing method for porous solid surfaces was

unavailable before 2019.

Uniformity in testing procedures is important not only for

comparison purposes of various reported materials but also for

the commercialization of final products. Throughout the

literature, scientists have used different approaches to test

their developed antiviral products, and therefore, it is hard to

compare the efficiency. However, ISO: 18184 is currently

available for testing non-porous materials/textile products.

Hence, it is anticipated that the upcoming literature will have

data that could be employed to find reliable comparisons. Due to

the lack of standardized protocols before the ISO 18184 standard,

it is also hard to compare various surfaces reported in the

literature (Walji and Aucoin, 2020).

Only a few methods have been documented in the literature

aside from internationally accepted norms. An easy technique is

presented, for instance, for vacuum-freezing viruses on an

inanimate surface (coverslips). For the virucidal assay of

disinfectants, coverslips are exposed to a medium mimicking

the disinfectant (viral control) or disinfectant while upright in an

Ultra-VU cuvette. The method also recommended the

calculation of the means of the titers after each experiment.

With this straightforward method, repetitions could be carried

out with ease (Allen et al., 1988).

Another method reported the significance of large-volume

plating (LVP) (Kampf et al., 2020). In this method, “sample

volume” should be properly defined, whether it is a diluted or an

actual sample. This report discussed materials and procedures for

the in situ detection of living microorganisms on surfaces,

specifically hard surfaces. The presence of the target

microorganism is detected using the bacteriophage’s specificity

for a target host organism or microbe. This patented report

avoids the shortcomings of sampling and off-site detection by

relying instead on in situ detection of the target microorganism.

It does not require surface sampling processes or laboratory-

based detection methods (Voorhees, 2011). Recently, a method

has been suggested to use bacteriophage phi 6 as a substitute for

SARS CoV-2 (Serrano-Aroca, 2022). The use of bacteriophage

TABLE 3 Applications of magnetron sputtering for antiviral coatings on various substrates.

MS mode Substrate Coating material Application/virus type Ref.

Radiofrequency (RF)
magnetron sputtering

Soda–lime glass Amorphous TiOx Baculovirus Mittireddi
et al. (2021)

Direct current magnetron
sputtering

PET Cu SARS-CoV-2 Jung et al.
(2022)

Direct current magnetron
sputtering

PP Cu SARS-CoV-2 Jung et al.
(2021)

Direct current magnetron
sputtering

Thermally oxidized Si (Si/SiO2) Cu and Ag SARS-CoV-2 Meister et al.
(2022)

RF mode for silica and DC
mode for Ag

Metallic fiber-based air filters and
cotton textiles

Silver nanoclusters/
silica composite

Respiratory syncytial virus (RSV), human rhinovirus
(HRV), and influenza virus type A (FluVA)

Balagna et al.
(2021)

DC magnetron sputtering Cotton Cu/Zn Enterovirus 71 (EV71) Zhang et al.
(2022)

DC magnetron sputtering A blend (90% polyester, 10%
polyamide) and 100% cotton

Cu Vaccinia virus (VACV), herpes simplex virus type 1
(HSV-1), and influenza A virus H1N1 (IFV)

Cieślak et al.
(2022)
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phi 6 allows carrying experiments even to the researcher who

does not have access to BSL3 laboratory facilities.

8 Conclusion

Protection of high-touch surfaces (porous and non-porous)

against the spread of viruses has become crucially important after

the impact of COVID-19. Existing practices and policies require

revision and quick implementation of revised policies and

procedures. Disinfection must be taken as a holistic approach.

In addition to commercially available disinfectants based on

alcohol, quaternary ammonium compounds and aldehyde can

effectively be combined in a dual strategy with solid copper alloy

surfaces to reduce microbial contamination.

Copper, silver, zinc (their oxides), and TiO2 are the most

common types of metals reported to produce nanoparticles. Iron

has also shown activity, but reports on iron are limited.

Compared to metals, metal oxides have shown better

response. Copper-based nanoparticles in small doses show

faster kinetics in the deactivation of viruses. The mode of

action for metallic nanoparticles is attributed to the

attachment of spike proteins, production of free radicals, cell

lipid layer destruction for enveloped viruses, and the

hydrophobicity of nanomaterial-treated fabric. Enhanced

activity of copper oxide may be due to the inherent multiple

characteristics of copper, such as redox, catalytic (OH

production), charge, and stability, in addition to the properties

due to the nanosize of particles.

Among organic nanostructures, fullerenes, graphene, and

graphene oxide and their functionalized derivatives are

reported. The results of molecular docking revealed that

graphene oxide sheets interact with three types of structure

present in SARS-CoV-2 (i.e., closed state -6VXX or open state

-6VYB (viral spike), open state -6VYB or closed state -6VXX

(ACE2-bound spike complex) and 1R42 (ACE2). Graphene

oxide showed good binding affinities toward all three surface

structures 6VXX, 6M0J, and 6VYB.

Modifications of graphene oxide with various carbon chain

lengths were synthesized and investigated. It is found that an

alkyl chain greater than C9 can disturb the replication of

coronavirus by disturbing its envelope. At first viral envelope

is damaged when it interacts with graphene oxide, which leads to

the production of ROS and virus deactivation. The lower surface

energy of certain materials, along with roughness at the

nanoscale, can play a great role in increasing the antiviral

properties of materials; especially in the case of treated fabric

or PPE, it can increase antiviral properties and

superhydrophobicity.

Furthermore, among organic nanoparticles, coating of

fullerene derivatives on the surface can prevent the possible

attachment of SARS-CoV-2 because it produces lipid

peroxidation on the lipid layer of SARS-CoV-2 and creates a

hydrophobic surface that minimizes the contact between the

surface and the virus due to the air entrapped between

topographies.

Another important group of antiviral nanoparticles is

photocatalytic materials. TiO2 nanoparticles deposited on the

surface of the glass or another inanimate surface have shown

excellent virus deactivation under UV light. However, this

approach would be limited to surfaces exposed to UV light

and may not be effective in indoor places. Among emerging

materials, g-C3N4 may be a promising candidate as a

photocatalyst-based virucidal compound. Films of g-C3N4

have shown a response time of 2.4 min in killing certain

microbes.

Stable and convenient methods for the deposition or

incorporation of nano-antivirals on solid surfaces are

necessary for the scaled production of antiviral surface

coatings in the public domain. Various industrially

adopted methods, for example, dip-coating, pad-dry-cure,

spray coating, and magnetron sputtering methods, are tested

and have shown some success. The first two methods are

suitable for producing textiles, whereas the latter technique is

useful for non-porous surfaces such as glass and steel. Most

methods reported to incorporate nano-antivirals using dip-

coating and pad-dry-cure have employed linkers (3-

glycidyloxypropyl, chitosan, and monoethanolamine) for

stabilizing the coating for multiple wash cycles. In a

report, graphene oxide (GO) and cuprous oxide (Cu2O)

were produced and uniformly coated on polyethylene

terephthalate (PET) fabric with excellent adhesion using

dopamine.

Sonochemical methods are becoming increasingly popular;

however, they are still not found in regular textile industry

setups. In the reported literature, sonochemical methods are

considered faster than other methods for depositing

nanoparticles on textile surfaces. In the reported

sonochemical methods, linkers are also used to attach nano-

antiviral on the fabric surface. However, there is a report

without the use of any linker. Cellulose’s mechanochemistry

is linked with the linker-free deposition of Ag/Au nanoparticles

in terms of the breaking of glycosidic bonds and the production

of mechano-radicals.

Copper has proven itself, whereas other virucidal materials

are on the way. Copper has many faces in medical treatment and

may be “New Gold” in solid self-sanitizing solid surfaces either as

innate metal or surface coatings.

It may be concluded that the spread of contagious diseases

can largely be minimized by deploying antiviral/antimicrobial

textiles/surfaces and can be employed specifically in hospital

settings and high-touch public places. Copper-based

nanoparticles have great potential, and research should be

pushed to develop eco-friendly, less expensive, and scalable

approaches for the commercialization of nano-antiviral-based

products.
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