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ARTICLE INFO ABSTRACT

Keywords: The routine disinfection and sanitization of surfaces, objects, and textiles has become a time-consuming but

Antiviral necessary task for managing the COVID-19 pandemic. Nonetheless, the excessive use of sanitizers and disin-

Coating fectants promotes the development of antibiotic-resistant microbes. Moreover, that improper disinfection could

COVID-19 . . . . . .

Antimicrobial lead to more virus transfer, which leads to more viral mutations. Recently developed antiviral surface coatings
ntimicrobia . ops P . . P .

Surface can reduce the reliance on traditional disinfectants. These surfaces remain actively antimicrobial between pe-

riods of active cleaning of the surfaces, allowing a much more limited and optimized use of disinfectants. The
novel nature of these surfaces has led, however, to many inconsistencies within the rapidly growing literature.
Here we provide tools to guide the design and development of antimicrobial and antiviral surfaces and coatings.
We describe how engineers can best choose testing options and propose new avenues for antiviral testing. After
defining testing protocols, we summarize potential inorganic and organic materials able to serve as antiviral
surfaces and present their antiviral mechanisms. We discuss the main limitations to their application, including
issues related to toxicity, antimicrobial resistance, and environmental concerns. We propose solutions to counter
these limitations and highlight how the context of specific use of an antiviral surface must guide material se-
lection. Finally, we discuss how the use of coatings that combine multiple antimicrobial mechanisms can avoid
the development of antibiotic resistance and improve the antiviral properties of these surfaces.

1. Introduction

The rapid and uncontrolled global spread of the coronavirus SARS-
CoV-2 has resulted in serious consequences for global human health.
Despite the full attention of the World Health Organization (WHO) and
the international community toward controlling the spread, as of 22
March 2021, over 122 million cases and 2.7 million deaths had been
reported globally [1].

The COVID-19 pandemic has demonstrated that broad-spectrum
antiviral surfaces, personal protective equipment (PPE), and special-
ized sanitary materials are required for providing short-term protection
against new infections. These first-line-of-defense strategies can buy
enough time to develop virus-specific vaccines and antiviral strategies
[2]. They can also help slow the spread of viruses and limit the propa-
gation of new vaccine-resistant variants [3]. Effective use of these
strategies and materials requires knowledge of basic viral structure and
infection routes.

Understanding external microbial attacks on a host organism in-
volves both the macroscopic interaction between organisms and the
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microscopic interaction between the virus and host cells. Viruses are
particles that can only replicate by infecting a host cell and, therefore,
cannot reproduce on their own [4]. Viruses are not considered to be
‘alive’ due to reliance on a host to reproduce and survive. Viruses are
commonly identified through the Baltimore classification system ac-
cording to the nature of the nucleic acids in the virion (DNA or RNA), the
symmetry of the protein shell (capsid), the presence or absence of a
lipidic membrane (envelope), and the dimensions of the virion and
capsid [4]. One of the most used virus classifications is based on dis-
tinguishing enveloped and nonenveloped viruses. Corona virus is
enveloped RNA (Fig. 1) entrapping non-segmented, positive-sense,
single-stranded ribonucleic acid (ssRNA) and covered with club shaped
glycoprotein [5].

Most antiviral surfaces aim to disrupt the virus envelope; thus, these
surfaces target only enveloped viruses. Because bacterial membranes
and viral envelopes are structurally similar [5], the transformation of
antibacterial surfaces for antiviral purposes has been widely studied [6].

At a macroscopic level, a virus particle can only encounter a host
through assisted locomotion, such as transport on water droplets moving
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in the air. Even after contact, humans have physical and immune system
defenses to prevent the virus from infecting cells: dead skin layers,
mucous layers, a harsh saliva environment, antibodies, and immune
cells. All these parameters combine to reduce the risk of infection after a
person is in contact with viral particles. Novel viruses, or those unknown
to the individual’s immune system, can more easily cause infection
because the host’s immune system cannot recognize the pathogen. By
avoiding detection, the virus can encounter a nonimmune host cell and
pass into its extracellular matrix [4].. At the microscopic scale, the viral
infectious cycle can now be divided into discrete steps: (i) attachment of
the virus to the cell, (i) entry of the virus into the host cell, (iii) pro-
duction of viral mRNA and its translation by host ribosomes, (iv) viral
genome replication, and (v) assembly and release of the newly produced
viral particles able to spread to other nonimmunized cells [4].

The most common transmission route for viruses such as SARS-CoV-2
is through respiratory droplets and aerosols exhaled from infected hosts
[7]; however, most nosocomial pathogens can persist on inanimate
surfaces for weeks or even months, and results have become available
regarding the long-term stability of SARS-CoV-2 on various surfaces for
tens of hours to even 7 days [8]. Moreover, nonenveloped viruses can
also undergo fomite transmission [9], and the proper disposal of infected
wastewater, surfaces, disposable objects, and PPE remains an environ-
mental and sanitary concern [10]. “High-touch” surfaces are manipu-
lated repeatedly by people and favor the spread of diseases through the
fomite transmission route (Fig. 2).

During viral outbreaks and in long-term care and health-care set-
tings, numerous stringent regulatory protocols exist for sanitizing work
and public spaces. These protocols include the routine cleaning and
disinfection of surfaces and objects to slow or eliminate the transmission
of viruses and microbes. The efficacy of these time-consuming proced-
ures could be improved if these surfaces possessed intrinsic self-
disinfecting properties. Such self-sanitizing surfaces would also reduce
the amounts of applied disinfectants, bleach, and sanitizers, thereby
lowering the risk of developing more resistant forms of these pathogens
[11].

This risk of greater microbial resistance has become a serious
concern over the last decades. The WHO declared antimicrobial resis-
tance (AMR) as one of the top global public health threats facing hu-
manity, requiring the development of antimicrobials that are effective
against drug-resistant fungi, bacteria, and viruses [12]. Thus, when
developing engineered self-disinfecting antiviral surfaces, it is important
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Fomite Transmission

Fig. 2. The fomite transmission route through frequently touched surfaces. A
virus-contaminated surface is touched by an individual who experiences self-
inoculation after touching the contaminated surfaces and then transfers the
virus to their face region.

to properly design the active compounds to avoid any uncontrolled
development of AMR.

Here we review the most commonly used and advanced technologies
related to antiviral surfaces. We present their respective mechanisms of
action, point out limitations to their application, and provide a tool to
simplify the selection of material for designing future antiviral coatings.

1.1. Review structure

Previous review articles on the current state of research related to
antiviral materials and surfaces relied either on antimicrobial materials
as a starting point [13] or on therapeutics and tools to inactivate
SARS-CoV-2, for example [14]. The COVID-19 pandemic has encour-
aged collaboration within the scientific community to develop various
antiviral materials. Despite this heightened interest in these surfaces,
available data focuses mainly on antibacterial applications rather than
antiviral ones; this bias stems in part from the complexity of viruses and
their structure, elements that remain not fully understood at the mo-
lecular level [15].

Previous reviews have confirmed that inconsistent nomenclature
adds complexity to any literature review. For this paper, we define the
following: 1) antimicrobials are materials, substances, and compounds
able to destroy or inhibit the growth of pathogenic microorganisms; 2)
antibacterials relate specifically to antimicrobial items or approaches
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Fig. 1. Schematic representation of an enveloped SARS-CoV-2 structure [5].
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that are effective against bacteria; 3) and antivirals relate specifically to
viruses. We also use antibiofouling, antifouling, and antivirofouling in
this review to define the ability of surfaces in preventing the adhesion of
microbes and extracellular polymeric substances, including proteins,
DNA and RNA..

Following the research engine methodology used in [16], we applied
Boolean logic to search for published papers registered on Scopus. We
conducted our search on 18 March 2021. We defined the research terms
using two terms per search to include both antimicrobial nature and
coating. We used the following terms: antimicrobial (antimicrob*),
antibacterial (antibact*), biocidal (biocid*), antiviral (antivir*), anti-
fungal (antifung*), anti(bio)fouling (antibiof*, antifoul*), coatings
(coat*), and surfaces (surface*). In addition, we added the terms viru-
cidal (viruc*) to include studies related to the antiviral properties of
coatings and surfaces.

We found that the number of papers using the term “antiviral
coating” or “antiviral surface” was at least one order of magnitude less
than that for papers using the term “antibacterial coatings” or “anti-
bacterial surfaces.” This difference also highlights a delay in the avail-
ability of COVID-19-related studies investigating antiviral coatings and
surfaces. A challenge cited in antiviral surface literature relates to the
wide range of viruses used for testing and the large inconsistencies
among testing protocols [17].

We present metal ions, oxides, and nanoparticles under their
elemental name. Contrary to [16], we disregarded the search term
related to stainless steel as many papers used stainless steel as a substrate
for the coating, generating false positives. As our search in March 2021
took place during the initial COVID-19 outbreak period (2019-2021),
we found that the greatest research interest focused on the use of qua-
ternary ammonium compounds, metal compounds and chitosan for
antimicrobial applications, and antibacterial and antiviral coatings and
surfaces.

The most common approaches for developing antiviral coatings rely
on metal compounds as antimicrobial active agents. Silver- and
titanium-based materials are the most used metals, and some examples
based on these materials are already commercially available. The
2020-2021 pandemic increased research interest into copper, which has
an inactivation rate directly proportional to the percentage of copper in
the alloy surfaces [18]. Nonetheless, large-scale use of copper-based
materials during a pandemic could lead to toxicity and environmental
concerns. For organic materials, quaternary ammonium compounds and
natural polymers, including chitosan, peptides, and polycations, are
currently the most investigated and used materials.

In the first part of this review, we describe the different protocols for
testing antiviral properties. Inconsistencies found in the current litera-
ture increase the difficulty when comparing studies and trying to un-
derstand the mechanisms underlying the produced effects. Therefore,
issues related to the use of very different nomenclature and standards
will be discussed and highlighted, and we present new research avenues
for the study of the antiviral properties of coatings and for developing
standard protocols for the antiviral testing of hard and soft surfaces. In
the second part, we discuss the various materials and strategies available
for designing antiviral coatings. The reviewed approaches presented
here are tools that can be used either alone or synergistically with
existing approaches to obtain coatings having improved antiviral and
antibacterial properties.

2. Testing protocols for antiviral surfaces

Walji and Aucoin [17] provide a critical review of testing protocols,
focused mainly on copper- and inorganic-based surfaces. They highlight
the lack of consistency among testing protocols and viruses tested.
Because of this inconsistent approach, it is difficult to quantify the
antiviral properties of surfaces and compare how such materials affect
different viruses; this inconsistency complicates defining “broad--
spectrum antivirals.” Walji and Aucoin also discuss how some standards,
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such as ASTM E2721 [19], are proposed by regulatory agencies but are
not broadly used in the literature. A similar problem, although not
included in their review, applies to the use of standard protocols, such as
ISO 21,702 [20], that define the virucidal activity of polymeric and
porous surfaces. ASTM E1838 is used to determine the virus-eliminating
effectiveness of hygienic handwash and handrub agents using the fin-
gerpads [21]. Moreover, The virucidal efficacy of a variety of formulated
microbicidal actives include antiseptic liquids, disinfectant wipes,
disinfectant liquids, disinfectant sprays, and sodium hypochlorite
against SARS-CoV-2 and other coronaviruses on inanimate surfaces was
evaluated were conducted per ASTM E1053-20 [22].

Haldar et al. published a protocol to produce a permanent antiviral
coating and determine its virucidal activity [23]. Interestingly, their
protocol has been cited and used more than the standardized protocols.
For soft surfaces such as textiles, the standard protocol ISO 18,184 [24]
is used in literature to assess the antiviral activity of textile products
[25], .

All other testing protocols found in the literature vary greatly in
terms of humidity, temperature, media, and virus species used, thereby
rendering any comparison of results impossible. The use of more
consistent strategies in the design of experimental protocols for the
antiviral testing of surfaces remains a key requirement for comparing
materials and their effects on different viral strains.

As some tested viruses are human pathogenic microbes, the need for
biosafety labs and trained technicians to test viruses represents another
hurdle in the development of antiviral materials [6]. During a pandemic,
only a limited number of suitable laboratories and trained staff are
available for virus-based testing protocols. A means of expanding access
to, at the least, pretest materials against viruses is through the use of
virus-like particles (VLP) to assess the antiviral activity of nano-
materials. Viruses can be considered as nanoparticles; therefore, tradi-
tional nanomaterial analysis protocols can be applied to antiviral
testing. These include VLPs such as carbon dots [26] and gold-based
compounds [27, 28], which are nanostructures composed of one or
more viral structural proteins but that lack genetic material. These
characteristics make them excellent models for studying the morphology
and structure of viruses without the risk of pathogenicity or infectivity
[29]. At present, VLPs are mainly used in structural studies of viruses
and vaccine development; however, future applications could include
the screening of antiviral materials during the production phase.

Virus models, such as VLP, simplify viral biology and provide a better
understanding of virus particles for the nonvirologist. Using VLPs and
physical, non-biological methods could help material scientists to
implement, without the need of biohazard containment facilities, bio-
logically safe techniques and technologies. This access would increase
the global antiviral testing capacity for nontherapeutic applications and
permit the initial steps of material production without the need for
biosafety Level 2 or above laboratory facilities.

The first theoretical studies of viral adhesion to surfaces involved
wastewater treatment and environmental applications for developing
adsorbents in water treatment processes and favoring the adhesion of
viruses to solid particles in natural waters [30]. Viruses have a surface
charge dependent on the solution pH in polar media, such as water. The
pH value at which the net surface charge is zero is the isoelectric point
(IEP) and is a characteristic parameter of each virus that also determines
its motion within an electric field [31].

Gerba [32] developed a theoretical model of virus adsorption to
surfaces. In particular, he relied on the surface charge of a virus and the
presence of alkaline or acidic groups and ionizing residues on the virus
surface to build a nanoparticle-like model for the virus. His-studies
showed that the virus [EP plays a major role in determining viral
adhesion. A positively charged virus adheres easily to negatively
charged surfaces. Physical methods, such as quartz crystal microbalance
with dissipation (QCM-D) and atomic force microscopy (AFM), allow
mechanical measurements of the nanoscale interactions between mi-
crobes and surfaces [33]. Joonaki et al. applied this model to
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SARS-CoV-2 to provide more perspective on using these methods and
spectroscopy techniques for characterizing and understanding fomite
transmission [32]. Their theoretical analysis demonstrated that pH
(Fig. 3) and temperature can modify the viral adhesion to surfaces, and
high temperatures render the adhesion mechanism unstable. Since this
article focuses on respiritory human pathogens, it should be mentioned
that the viruses of concern are active within the pH between 7.35-7.45
(physiological pH). This would be different for gastrointestinal viruses.

3. Design of antiviral coatings

The diverse range of antiviral testing avenues and inconsistent data
among published results puts emphasis on the need to improve our
understanding of virus-engineered surface interactions. Despite these
issues, we can categorize the antiviral materials used in coatings into
two main categories: organic and inorganic compounds.

Organic compounds, such as polymers, can be used as coatings [23]
or as matrices for composites [34]. Antimicrobial fillers for the polymer
coatings include nanomaterials with antimicrobial properties, such as
metal compounds [34, 35] or graphene-based materials [36]. Metallic
coatings as fillers have also produced good results [37].

The key aspect in developing antimicrobial coatings involves the
liquid-solid interface between the applied protective coating and the
media on which viruses, fungi, and bacteria proliferate. The first step,
therefore, is to study the coating’s wettability. Surfaces having specific
rugosity patterns can be defined as superhydrophobic (contact angle
>150°) or slippery, and these properties are applied in the production of
self-cleaning surfaces. Various hypotheses exist regarding the possible
antiviral effect of superhydrophobic and slippery surfaces, including
that the surfaces repel the microdroplets that serve as vectors of infec-
tion [38]. Many microbes having hydrophobic envelopes and mem-
branes, however, can adhere to superhydrophobic surfaces [39]. To
counter this viral property, researchers have evaluated super-
hydrophobic coatings and alternative strategies to obtain antiviral
functional coatings [39]. In the following sections, we discuss the anti-
microbial mechanisms of superhydrophobic surfaces, polycations, metal
compounds, graphene-based materials, and photocatalytic particles.

3.1. Superhydrophobic antimicrobial surfaces

Most viruses, as well as bacteria, travel in water droplets from one
host to another or from one host to an inanimate surface immediately
prior to fomite transmission. Superhydrophobic or slippery surfaces,
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when properly designed, can reduce the contact area between water
droplets and coatings and thus decrease microbe adhesion. The contact
angle, defined by Young’s equation [39], provides a measure of a sur-
face’s hydrophobic/hydrophilic behavior. When the water contact angle
is 0°, wetting is complete, and the interface between the solid and liquid
environment is maximized. On surfaces having water contact angles
greater than 150°, the droplet maintains its spherical shape, and the
liquid/solid interface is minimized [40].

The latter surfaces are suitable candidates for self-cleaning and self-
disinfecting materials that can reduce bacterial adhesion [41]. Two
factors contribute to the design of superhydrophobic surfaces and
coatings: surface roughness and surface chemical composition [42]..
Low surface energy materials, such as fluorinated compounds, are
commonly used to chemically increase a coating’s hydrophobic
behavior [42]. A rough surface is then required to attain higher contact
angle values [43, 44]. When the droplet lies on a rough surface, the
water-surface system can be modeled as a droplet on a patterned sur-
face. The most commonly used models are the Cassie-Baxter and Wen-
zel. In the Cassie-Baxter regime, the patterned surface comprises solid
pillars and air [45].

Fig. 4a and b illustrate the concept of the self-cleaning behavior of
the smooth and the superhydrophobic surface. In contrast with a smooth
surface (Fig. 4a), the water droplet on a Cassie-Baxter surface shows a
quasi-spherical shape (Fig. 4b). When the substrate is inclined, the water
droplet rolls off. Contaminants, if present on the surface, are then easily
picked up by the rolling water droplet [41] [46], and the super-
hydrophobic surface remains clean. These self-cleaning surfaces are
defined by a droplet roll-off being able to remove any contaminant
present on the surface at a tilting angle less or equal to10° [41] [47].

Galante et al [42]. produced a polytetrafluoroethylene (PTFE)-based
antivirofouling, nonwoven polypropylene coating thermally sintered to
polypropylene (PP) microfibers; the microfibers created a robust rough
surface. The coating produced a Cassie—Baxter wetting state on textiles;
the surface area in contact with the liquid droplet was reduced by
approximately 350 times relative to the control surface. These coated
textiles demonstrated a 99.2% and 97.6% reduction in the attachment of
adenovirus types 4 (HAdv4) and 7a (HAdv7a), respectively, relative to
the uncoated controls.

To better understand the efficacy of superhydrophobic or self-
cleaning surfaces when working with droplets containing bacteria or
viruses, we must incorporate microbial activity within a micro/nano-
structured surface. Several studies have demonstrated the limitations of
adding micrometric rugosity patterns for antibiofouling purposes.

Hydroxyl/oxygen
containing surfaces, e.g.
wood and cotton/glass

Hydroxyl/oxygen
containing surfaces, e.g.
wood and cotton/glass

Metal surfaces, e.g.
gold, stainless
steel

Fig. 3. Model of the potential molecular interactions between viruses and various surfaces; (A) a relatively low pH environment below the isoelectric point; (B) a
relatively high pH condition above the isoelectric point in the presence of external ions (e.g., salts); and (C) well below the isoelectric point in the presence of

potential surface sanitizing chemicals and a negative surface charge [33].
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Fig. 4. Schematic illustration of the self-cleaning mechanism: (a) a smooth
surface and (b) a Cassie-Baxter surface. When a standard smooth surface is
tilted, the water droplet does not pick up the contaminants, whereas on a
Cassie-Baxter surface, the round-shaped droplet removes the contami-
nants [41].

Bacteria can adhere to air microbubbles along the surface and prolifer-
ate within the roughness grooves [43, 44], thereby creating a favorable
environment for further microbial colonization on the surface (Fig. 5).

More advanced approaches are required to counter this issue through
the combined use of antimicrobially active compounds, such as cationic
polymers (Fig. 6) [48] or metal nanoparticles (Fig. 7), to implement
contact-killing strategies in the coating and maintain a rough surface
topography characterized by self-cleaning properties. Surface hydro-
phobicity and oleophobicity decrease the abundance of attached mi-
crobes, and the active compound intervenes as a disinfectant to kill
microbes that remain attached to the surface. This combination en-
hances the coating and maintains a superhydrophobic surface while also
inactivating or killing microbes attached within the micrometric
grooves.

3.2. Cationic polymers

The contact-killing mechanism is promising as this approach does
not rely on the release of the active compounds. It can also be achieved
through different measures, the most common being the grafting of
polycations on the surface. Polycations can be natural (e.g., chitosan) or
synthetic (e.g., polyethyleneimine (PEI)). Interactions of bacteria and
viruses with polycations occur mainly because of their electrical charge.
Most organic compounds having biocidal activity are polycations, which

Water
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can bind to the microbes’ membranes or capsules through their active
sites. This leads to the adsorption and penetration of polycations into the
protective layer causing membrane disruption, the leakage of intracel-
lular material, and the degradation of proteins (Fig. 8) [50].

Understanding these lipidic membrane/capsule-polycation and
contact-killing interactions involves remembering that, for viruses, the
surface charge depends strongly on the environmental pH and the viral
isoelectric point (IEP). The IEP, defined as the pH value corresponding to
no net surface charge, is unique to each different virus (Fig. 9) [31].

Polycations interact with viruses and microbes through the anionic
sites on the virus envelope and the bacterial cell membrane. Whereas the
isoelectric point can vary depending on the virus, polycations are
generally more effective at a higher pH where the net charge of the virus
is negative. A second mechanism of action of polycations is the chelation
of important metals and nutrients, thereby preventing nutrients from
entering the cell owing to the electrostatic interaction of metals with the
cell wall [53, 54].

The antimicrobial mechanism of electrostatic interactions does not
depend solely on the pH of the system but also on the number of poly-
cation active groups. Song et al [48]. produced a fluorinated poly-
cationic textile coating via chemical vapor deposition. Their results
demonstrated contact-killing activity against both gram-negative and
gram-positive bacteria, with viability reduction of 99.9%. In addition,
the coating inactivated the negatively charged lentivirus-EGF as a virus
model and showed good biocompatibility toward mouse NIH 3T3
fibroblast cells.

Another example of a polycation is chitosan, a partially deacetylated
linear polymer of N-acetylglucosamine obtained by the deacetylation of
chitin [52, 53]. In an acidic medium, N-acetylglucosamine groups are
protonated, giving a positive charge to the chitosan molecules. Chitosan
achieves this by behaving as a polycation in solution [54]. Chitosan
exhibits antimicrobial activity owing to the electrostatic interaction
between the protonated NH3" groups and the negative residues on the
cell membrane, presumably by competing with metal cations for inter-
action sites on the membrane surface [55,56]. These interactions affect
the bacterial structure by altering membrane permeability, thereby
provoking an osmotic imbalance and cell leaking [53].

Because chitosan is derived from chitin through deacetylation, i.e.,
the removal and substitution of acetyl groups with reactive amino
groups (single bond NHy), the degree of deacetylation (DDA) determines
the content of free amino groups in the structure. When DDA is
increased, there are more reactive amino groups and a higher potential
antimicrobial efficacy [57].

Materials able to disrupt the cellular envelope as a principal antiviral
mechanism offer a solution that is only effective against enveloped vi-
ruses. A study of the murine norovirus, a nonencapsulated virus
affecting mammalians, demonstrated antiviral activity only after adding
another antiviral agent into the chitosan film [51], illustrating how
nonenveloped viruses are more difficult to disrupt using traditional

Water

Air nanobubbles

Lotus-like
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Fig. 5. Model for the colonization of microstructured superhydrophobic surfaces by bacteria [44].
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Fig. 8. Mechanism of action of polycations toward viruses; (a) the positive charge on the grafted polycation binds to the virus capsule; (b) capsule disruption and
leakage of the viral material.

contact-kill antimicrobial methods that target the lipidic membrane, i.e., against a Newcastle encapsulated virus; they observed the inhibition of
the viral capsule [58]. Materials with a quaternary amine moiety are virus transcription and the activation of an immune response [62].

known for their marked antibacterial [59, 60, 61] and antiviral prop- The antiviral activity of chitosan within macroscale models has been,
erties [62]. He et al. synthesized and tested amino-modified chitosan until now, investigated mainly for viral infections in plants. In plant
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Negative net charge

Environmental pH

Fig. 9. Schematic representation of the viral isoelectric point. Increasing the environmental pH causes the virus to pass from a positive net charge to a negative net

charge [31].

model studies, the main effect of chitosan is its ability to trigger an
immune response rather than an ability to inhibit viruses. When in
contact with chitosan, the plant recognizes chitosan as a phytopathogen;
this recognition induces a wide spectrum of protective reactions and
leads to the development of a systemic acquired resistance [63]. Similar
results have been demonstrated in animal models testing the intranasal
administration of chitosan against influenza A (H7N9) infection in a
mouse model [64]; as with plants, chitosan triggered the immune de-
fenses of the host organism. Given its ability to attach to epithelial cells,
chitosan is also used as a vaccine and drug delivery carrier [65]; for
example, it is used for topical applications of anti-hepatitis C drugs [66,
67]. Chitosan composites are therefore considered as promising mate-
rials for active food packaging [68, 69] and wound dressing [70, 71]
applications.

Synthetic polycations are also gaining increased recognition. Kiba-
nov’s group has demonstrated how PEI immobilized on surfaces has
antiviral properties for both enveloped and nonenveloped viruses [72,
73]. PEI has also been modified to produce different surface charge
behaviors (neutral, cationic, and anionic) [74]. In this latter study, the
cationic-modified PEI became 100% virucidal after 30 min of exposure.
In contrast, the anionic-modified PEI demonstrated only a partial viru-
cidal behavior, and no virucidal activity was observed for the neutral
PEL This difference is due to the presence of both positively and nega-
tively charged sites on the viral membrane, although a greater amount of
negatively charged ones [74].

Finally, given their intrinsic ability to stimulate the immune
response, polycations are a valuable tool not only for their ease of
application on substrates allowing the production of nonleaking anti-
microbial properties but also for their action as immunostimulant
adjuvant coatings for drug delivery systems to enhance the immune
response of vaccines [75, 76].

Adding amine terminations to polycations can improve their anti-
microbial activity, as shown using chitosan [77]. Quaternary ammo-
nium compounds (QACs) are already well known and were initially
accepted by the regulatory agencies for their use as commercial sani-
tizers and disinfectants. As with polycations, various approaches can be
applied to have QAC bond covalently to surfaces [78, 79]. Immobilized
QAGs are hyperbranched polymers can serve as coatings having viricidal
properties against enveloped viruses [80], such as the herpes simplex
viruses [81, 82]. When used against nonenveloped enteric poliovirus,
they found no significant viricidal properties, confirming that the QAC
mechanism of action is mainly through disruption of the lipidic mem-
brane [82].

It is also important to highlight that polycations and QAC surfaces
are inactivated in protein-rich environments, such as plasma or serum,
owing to competition between the proteins and viruses for targeting the
QAC active sites [83]. The major drawback of non fixed QACs to the
surface relates to antimicrobial resistance. Increased evidence is

emerging of co-resistance and cross-resistance between QACs and other
common antibiotics and disinfectants [84, 85].

4. Metal-based compounds

Metal-based compounds are the most commonly studied materials of
novel antiviral treatments. The main identified antimicrobial mecha-
nisms are reactive oxygen species (ROS) production, lipidic membrane
disruption and peroxidation, alteration of protein structure and func-
tion, and direct DNA and RNA damage [88, 89]. We will review here the
most common metals under study: silver, zinc, copper, and titanium.

One of the biocidal mechanisms of metals is the release of the asso-
ciated metallic ions and their interactions with bacteria, fungi, and vi-
ruses [86, 87, 88]. For silver, this process is considered as relatively slow
under normal conditions and leads to low effective silver ion concen-
trations because of the low solubility of silver particles. Silver salts are
therefore normally preferred for obtaining a higher local silver con-
centration at levels that can kill bacteria [89, 90]. Silver salts, such as
silver halides and silver sulfide, have low solubility in water but produce
a more controlled release of metal ions [89-91].

Silver compounds are normally better suited for humid environments
compared to other metals. In fact, zinc and copper compounds can also
be used as antiviral materials. Copper, in the form of CuO,, has been
shown, through a contact-killing mechanism, to inactivate viruses in its
solid state and within a low humidity environment [92].

The positive charge of the metallic ions promotes an interaction with
the negatively charged sites on microbes (Fig. 10). This interaction alters
membrane structure, increases permeability, and produces reactive

Metal Compounds in solution

S
% 5

Adhesion of metal nanoparticles to disrupt
the virus envelope before entering the cell

Penetration\through endocytosis
ROSgeneration

Competitiory/for hydrogen bonding

Inactivation ofthe viral activity

Fig. 10. Mechanisms of action of metal compounds in solution during the virus
infection cycle. In a standard infection cycle, the viral particles i) adhere to the
cell wall, ii) penetrate the cell through endocytosis, iii) release their viral
content, and iv) replicate their viral RNA. The virus then enables the cell to v)
assemble and vi) release new viral particles. Metal compounds can interfere
with steps i, ii, and iv, to interrupt the infection.
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oxygen species (ROS), which affect DNA replication and virus—cell in-
teractions [90, 91]. For example, the antibacterial activity of ZnO
compounds is well known; however, their precise antimicrobial mech-
anisms remain uncertain. Possible mechanisms include the direct con-
tact of ZnO structures with cell walls [93,94], metal ion release [95], and
ROS formation [96-98].

Antiviral composite coatings containing silver [99, 100], copper
[101-103], zinc [104] or a combination of these metals have begun to
be developed and tested. The main issue to overcome when embedding
biologically active compounds into polymer coatings is ensuring that the
active sites are present on the surface to ensure an interaction with
microbes. As a process optimization approach, particles can be depos-
ited on the partially polymerized coating to enhance interactions be-
tween microbes and nanoparticles .

The lack of availability of active sites for the direct contact with
microbes can normally be addressed by adjusting coating thickness,
filler content, polymer crosslinking, or adopting alternative pathways.
For example, Behzadinasab et al [105]. proposed a simple approach
based on a two-step deposition to avoid inhibition of the antiviral
properties of CuOy by the polymer matrix. The first layer was a poly-
urethane (PU) coating that was partially cured on the surface. This was
followed by a second step whereby CuO, nanoparticles were applied on
top of the non-fully cured PU. The nanoparticles were thus partially
embedded within the surface, keeping the CuO accessible to microbes
[105]. This approach produced a reactive coating demonstrating a
strong antiviral activity against SARS-CoV-2 with an efficacy maintained
after both mechanical damage and washings. Slamborova et al [104].
produced a methacrylate-based hybrid coating using silver, copper, and
zinc cations through a sol-gel route. This solution, which requires a short
curing time at room temperature, resulted in a highly efficient, low-cost
process suitable for industrial-scale applications.

The drawback of using some metal-based compounds is the leaching
of metal ions, which is necessary for the antimicrobial activity of the
metals. These applications are therefore less environmentally friendly
than other contact-kill solutions. Much scientific debate remains about
possible associated environmental and toxicological issues that have yet
to be addressed or fully understood [106-108]. Embedding nano-
particles within polymer matrices could, however, eliminate some of
these concerns, as this approach reduces the leaking of metal ions and
cytotoxicity while maintaining an antimicrobial effect [104]. Silver
nanoparticles, for example, can be PEGylated to decrease their cytotoxic
effects and increase their antiviral activity [109].

4.1. Photocatalytic materials

Metal oxides, such as TiOy or CuO, are well known for their photo-
catalytic properties. Once exposed to UV, these materials can produce
ROS and develop antiviral efficacy [110-112]. Nakano et al [113].
produced a TiO» thin film through spin-coating. They demonstrated how
the inactivation of the influenza virus depended on UV-A light intensity
and showed that by increasing UV-A light intensity, inactivation efficacy
increased. The level of UV-A intensity in their experiment presented a
good model of daytime indoor intensity. One drawback to these mate-
rials is that they are ineffective in the dark, under visible or fluorescent
light, or under low-intensity UV light. To describe the antiviral mecha-
nism, Nakano et al. evaluated the degradation of proteins and RNA.
After 16 h of irradiation, all viral protein fragments were fully degraded,
and the quantity of viral RNA was reduced by 90%. These findings
indicated that these surfaces first attacked the viral envelope and then
damaged the nucleic acids (DNA or RNA).

Other works confirmed this double-acting antiviral mechanism
whereby the degradation of proteins took place because of strong oxi-
dization mediated by OH and Oy—produced by TiO, photocatalysis
[114]—and photocatalytic damage by TiOg that likely targeted the
nucleic acids [115].

The main drawback of these materials is their selectivity for incident
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light wavelengths. Many studies have focused on the functionalization
of TiO2 nanoparticles to increase their reactivity in the visible range
[116, 117] or under fluorescent light [118] to improve the antiviral
activity of TiO» in indoor conditions, i.e., low UV Fig. 11. illustrates TiOq
functionalization to improve antiviral activity. After functionalization
with Cu(lIl), the nanoparticles photogenerate holes that produce ROS
and thus provide an antiviral effect under visible light conditions. In the
dark, the presence of reactive Cu(I) metal nanoparticles ensures an
antiviral effect due to the Cu contact-killing properties.

5. Graphene-based materials

Graphene-based materials have demonstrated antimicrobial prop-
erties both in their reduced form, such as graphene nanoplatelets (GNP)
and reduced graphene oxide (rGO) [119], and their oxidized form, i.e.,
graphene oxide (GO) [120-123]. Being 2D materials, platelet shaped
nanomaterials have both micrometric properties on the surface and
nanometric properties on the thickness. Due to these physical properties,
graphene materials act as nano-knives on lipidic membranes because of
their sharp nano-edges [124, 125]. The structure of graphene-based
platelet-shaped materials allows the sharp edges to puncture the mem-
brane (Fig. 12). Chemical residues on GO materials enhance this effect
by inducing ROS generation.

Graphene-based materials, such as GO, rGO, and GNP, have begun to
be used as components of nanocomposites with metal nanostructures
covalently attached to or grown directly on the graphene-based mate-
rials [94, 126].

The proper design of composites using those materials takes advan-
tage of the associated nano-knife effect owing to the microscopic size of
graphene-based materials while also adding the nanometric antimicro-
bial effects of the nanostructures grown on the graphene surface [126].
The micrometric size of GO, rGO and GNPs also ensures that the nano-
materials are more available on the surface of bulk polymer composite
materials when used as fillers, whereas the nanomaterials eventually
grown on the platelets are responsible for an increase in antimicrobial
activity [127].

6. Conclusions

Testing is a critical step in antiviral coating design. Given the
increased demand for antiviral testing, access to testing facilities is
difficult for studies involving antiviral coatings. Material scientists
should apply physical techniques, such as QCM-D and AFM, and com-
parison should be made with antiviral standard protocols to provide
easy-to-reproduce, consistent data; our understanding of antiviral
mechanisms would improve greatly improve with this standardization.

For the design of antiviral coatings, commonly accepted approaches

Visible light

dark

Cu(ll) in Cu,0 Cu(l)in Cu,0

creation of Cu(l)
by illumination

antiviral effect
in the dark

antiviral effect by

Cu,0: Cu(l)/Cullt)
photogenerated holes

Fig. 11. Antiviral effect of a visible light-sensitive CuyO/TiO, photo-
catalyst [112].
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Fig. 12. Mechanical damage of cell walls in contact with platelet-shaped graphene-based materials. Schematic (a) and molecular simulation (b) images of bac-
teria—graphene structural interactions in which the platelet behaves as a nano-knife on lipidic membranes [124].

include superhydrophobic surfaces, silver-, zinc-, or copper-releasing
compounds, polycation functionalized surfaces, and photoactive
surfaces.

An improved selection of material requires that attention be given to
the application. Once pH, humidity, and light conditions of the final
applications are known, antiviral coatings could be produced by
selecting the material of interest; for example, photocatalytic materials
should be used in the presence of UV radiation, not in dark conditions in
which they are not expected to provide any antimicrobial effect. In a
similar way, humidity can influence the selection of metal particles; for
example, silver is most suitable for wet environments, whereas copper is
better for dry conditions.

One main drawback of the widespread use of these materials in-
volves a selection of AMR genes. Moreover, as their activity is based on a
release mechanism, their activity will be reduced over time. Although
high concentrations can extend their lifetime, these higher levels could
also lead to the excessive leaking of toxic metal ions. Efforts to counter
these environmental concerns are based mainly on encapsulation, which
would reduce toxicity, control metal release, and increase the longevity
of the coating.

Superhydrophobic surfaces can significantly decrease interactions
between infected droplets and surfaces; without a coadjutant; however,
these surfaces cannot offer antiviral activity against enveloped viruses.
Interestingly, although superhydrophobic surfaces have an affinity for
hydrophobic microbes, the same microbes are more easily targeted by
polycations.

Polycation activity is highly dependent on the pH that protonates the
protein chains and increases or decreases the interaction between the
polymer and the microbe. In particular, pH also depends on the IEP of
the protein that is to be targeted within the biological system. The main
drawback of this kind of material is a shorter longevity owing to the
accumulation of viral and bacterial debris from the disruption of the
envelopes and membranes, respectively. These surfaces can normally be
reactivated after proper cleaning [128]; however, the same cleaning
must be investigated during antiviral testing.

Finally, during the material design, the targeted application and
contextual environmental conditions (pH, humidity, light conditions)
must be understood and integrated into the choice of materials. Subse-
quently, the combined use of two or more antiviral mechanisms likely
offers the best means of ensuring optimal performance, and mechanisms
that can work synergistically to inactivate viral particles are particularly
encouraged. Efforts must be made to prioritize strategies that avoid
AMR, as this microbial resistance represents one of the greatest

challenges for modern medicine.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors would like to thank MITACS and Nanophyll Inc. for their
financial support of this research.

References

[1] WHO, COVID-19 Weekly Epidemiological update global epidemiological
situation, no 2021 (March). https://www.who.int/publications/m/item/weekl
y-operational-update-on-covid-19—22-march-2021.

A. Adalja, T. Inglesby, Broad-spectrum antiviral agents: a crucial pandemic tool,

Expert Rev. Anti Infect. Ther. 17 (2019) 467-470, https://doi.org/10.1080/

14787210.2019.1635009.

[3] L.L. Luchsinger, C.D. Hillyer, Vaccine efficacy probable against COVID-19

variants, Science, 37 (2021) 1116, https://doi.org/10.1126/science.abg9461.

J. Flint, V.R. Racaniello, G.F. Rall, A.M. Skalka, L.W. Enquist, Principles of

Virology, ASM PRESS, 2015.

[5] H.F. Florindo, R. Kleiner, D. Vaskovich-Koubi, Immune-mediated approaches
against COVID-19, Nat. Nanotechnol. 15 (2020) 630-645, https://doi.org/
10.1038/541565-020-0732-3.

[6] P.D. Rakowska, M. Tiddia, N. Faruqui, C. Bankier, Y. Pei, A.J. Pollard, J. Zhang, I.

S. Gilmore, Antiviral surfaces and coatings and their mechanisms of action,

Commun. Mater. 2 (2021) 53, https://doi.org/10.1038/543246-021-00153-y.

The Lancet Respiratory Medicine, COVID-19 transmission—Up in the air, Lancet

Respirat. Med. 8 (2020) 1159, https://doi.org/10.1016/52213-2600(20)30514-

2.

[8] Z. Sun, K. Ostrikov, Future antiviral surfaces: lessons from COVID-19 pandemic,

Sustain. Mater. Technol. 25 (2020) 00203, https://doi.org/10.1016/j.

susmat.2020.e00203.

S. Firquet, et al., Survival of enveloped and nonenveloped viruses on inanimate

surfaces, Microb. Environ. 30 (2015) 140-144, https://doi.org/10.1264/jsme2.

ME14145.

[10] R.N. Zaneti, et al., Quantitative microbial risk assessment of SARS-CoV-2 for
workers in wastewater treatment plants, Sci. Total Environ. 754 (2021), 142163,
https://doi.org/10.1016/j.scitotenv.2020.142163.

[11] J. Lu, J. Guo, Disinfection spreads antimicrobial resistance, Sci. Lett. 37 (2021)
473-475, https://doi.org/10.1126/science.abg4380.

[12] WHO, O.LE., and FAO, Eds., Monitoring and evaluation of the global action plan on
antimicrobial resistance. 2019, https://apps.who.int/iris/handle/10665/325006.

[13] S.M. Imani, L. Ladouceur, T. Marshall, R. Maclachlan, L. Soleymani, T.F. Didar,
Antimicrobial nanomaterials and coatings: current mechanisms and future
perspectives to control the spread of viruses including SARS-CoV-2, ACS Nano 14
(2020) 12341-12369, https://doi.org/10.1021/acsnano.0c05937.

[2

=

[4

=

[7

—

[9

—


https://www.who.int/publications/m/item/weekly-operational-update-on-covid-19---22-march--2021
https://www.who.int/publications/m/item/weekly-operational-update-on-covid-19---22-march--2021
https://doi.org/10.1080/14787210.2019.1635009
https://doi.org/10.1080/14787210.2019.1635009
https://doi.org/10.1126/science.abg9461
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0004
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0004
https://doi.org/10.1038/s41565-020-0732-3
https://doi.org/10.1038/s41565-020-0732-3
https://doi.org/10.1038/s43246-021-00153-y
https://doi.org/10.1016/S2213-2600(20)30514-2
https://doi.org/10.1016/S2213-2600(20)30514-2
https://doi.org/10.1016/j.susmat.2020.e00203
https://doi.org/10.1016/j.susmat.2020.e00203
https://doi.org/10.1264/jsme2.ME14145
https://doi.org/10.1264/jsme2.ME14145
https://doi.org/10.1016/j.scitotenv.2020.142163
https://doi.org/10.1126/science.abg4380
https://apps.who.int/iris/handle/10665/325006
https://doi.org/10.1021/acsnano.0c05937

A. Bregnocchi et al.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

R. Pemmada, et al., Science-based strategies of antiviral coatings with viricidal
properties for the COVID-19 like pandemics, Materials 13 (2020) 4041, https://
doi.org/10.3390/mal3184041.

J.M. Freire, N.C. Santos, A.S. Veiga, A.T. da Poian, M.A.R.B. Castanho, Rethinking
the capsid proteins of enveloped viruses: multifunctionality from genome
packaging to genome transfection, FEBS J. 282 (2015) 2267-2278, https://doi.
org/10.1111/febs.13274.

M. Rosenberg, et al., Potential ecotoxicological effects of antimicrobial surface
coatings: a literature survey backed up by analysis of market reports, PeerJ 2
(2019) 1-34, https://doi.org/10.7717 /peerj.6315.

S.D. Walji, M.G. Aucoin, A critical evaluation of current protocols for self-
sterilizing surfaces designed to reduce viral nosocomial infections, Am. J. Infect.
Control 48 (2020) 1255-1260, https://doi.org/10.1016/j.ajic.2020.02.008.

S.Y. Ren, et al., Stability and infectivity of coronaviruses in inanimate
environments, World J. Clin. Case. 8 (2020) 1391-1399, https://doi.org/
10.12998/WJCC.V8.18.1391.

A. International, E2721—16 ASTM, Standard test method for evaluation of
effectiveness of decontamination procedures for surfaces when challenged with
droplets containing human pathogenic viruses, ASTM International (2016).
https://doi.org/10.1520/E2721.

ISO 21702:2019, Measurement of antiviral activity on plastics and other non-
porous surfaces, 2019. https://www.iso.org/standard/71365.html.

A. International, ASTM E1053-20 Standard practice to assess virucidal activity of
chemicals intended for disinfection of inanimate, nonporous environmental
surfaces, ASTM International (2020). https://www.astm.org/Standards/E1053.
htm.

M. Khalid [jaz, Raymond W.Nims, S.S. Zhou, K. Whitehead, V. Srinivasan,

T. Kapes, S. Fanuel, J.H. Epstein, P. Daszak, J.R. Rubino, J. McKinney,
Microbicidal actives with virucidal efficacy against SARS-CoV-2 and other beta-
and alpha-coronaviruses and implications for future emerging coronaviruses and
other enveloped viruses, Sci. Rep. 11 (2021) 5626, https://doi.org/10.1038/
$41598-021-84842.

J. Haldar, A.K. Weight, A.M. Klibanov, Preparation, application and testing of
permanent antibacterial and antiviral coatings, Nat. Protoc. 2 (2007) 2412-2417,
https://doi.org/10.1038/nprot.2007.353.

International Organization for Standardization, ISO 18184:2019, Textiles —
Determination of antiviral activity of textile products, 2019.

S. Seino, Y. Imoto, T. Kosaka, T. Nishida, T. Nakagawa, T.A. Yamamoto, Antiviral
activity of silver nanoparticles immobilized onto textile fabrics synthesized by
radiochemical process, MRS Adv. 1 (2016) 705-710, https://doi.org/10.1557/
adv.2016.43.

X. Dong, M.M. Moyer, F. Yang, Y.P. Sun, L. Yang, Carbon dots’ antiviral functions
against noroviruses, Sci. Rep. 7 (2017) 1-10, https://doi.org/10.1038/541598-
017-00675-x.

N.A. Alkubaisi, N.M.A. Aref, Dispersed gold nanoparticles potentially ruin gold
barley yellow dwarf virus and eliminate virus infectivity hazards, Appl. Nanosci.
7 (2017) 31-40, https://doi.org/10.1007/s13204-016-0540-0.

J.J. Broglie, et al., Antiviral activity of gold/copper sulfide core/shell
nanoparticles against human norovirus virus-like particles, PLoS One 10 (2015)
1-14, https://doi.org/10.1371/journal.pone.0141050.

C. Qian, et al., Recent progress on the versatility of virus-like particles, Vaccines 8
(2020) 1-14, https://doi.org/10.3390/vaccines8010139.

G. Bitton, Adsorption of viruses onto surfaces in soil and water, Water Res. 9
(1975) 473-484, https://doi.org/10.1016/0043-1354(75)90071-8.

B. Michen, T. Graule, Isoelectric points of viruses, J. Appl. Microbiol. 109 (2010)
388-397, https://doi.org/10.1111/j.1365-2672.2010.04663.x.

C.P. Gerba, Applied and theoretical aspects of virus adsorption to surfaces, Adv.
Appl. Microbiol. 30 (1984) 133-168, https://doi.org/10.1016/S0065-2164(08)
70054-6.

E. Joonaki, A. Hassanpouryouzband, C.L. Heldt, O. Areo, surface chemistry can
unlock drivers of surface stability of SARS-CoV-2 in a variety of environmental
conditions, Chem 6 (2020) 2135-2146, https://doi.org/10.1016/].
chempr.2020.08.001.

N. Jarach, H. Dodiuk, S. Kenig, Polymers in the medical antiviral front-line,
Polymers 12 (2020) 1727, https://doi.org/10.3390/POLYM12081727.

C. Balagna, R. Francese, S. Perero, D. Lembo, M. Ferraris, Nanostructured
composite coating endowed with antiviral activity against human respiratory
viruses deposited on fibre-based air filters, Surf. Coat. Technol. 409 (2021),
126873, https://doi.org/10.1016/j.surfcoat.2021.126873.

AK. Srivastava, et al., Potential of graphene-based materials to combat COVID-
19: properties, perspectives, and prospects, Mater. Today Chem. 18 (2020),
100385, https://doi.org/10.1016/j.mtchem.2020.100385.

N. Hutasoit, et al., Sars-CoV-2 (COVID-19) inactivation capability of copper-
coated touch surface fabricated by cold-spray technology, Manuf. Lett. 25 (2020)
93-97, https://doi.org/10.1016/j.mfglet.2020.08.007.

A. Hooda, M.S. Goyat, J.K. Pandey, A. Kumar, R. Gupta, A review on
fundamentals, constraints and fabrication techniques of superhydrophobic
coatings, Prog. Org. Coat. 142 (2020), 105557, https://doi.org/10.1016/j.
porgcoat.2020.105557.

I. Francolini, C. Vuotto, A. Piozzi, G. Donelli, Antifouling and antimicrobial
biomaterials: an overview, APMIS 125 (2017) 392-417, https://doi.org/
10.1111/apm.12675.

R. Jafari, G. Momen, M. Farzaneh, Durability enhancement of icephobic
fluoropolymer film, J. Coat. Technol. Res. 13 (2016) 405-412, https://doi.org/
10.1007/s11998-015-9759-z.

10

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Applied Surface Science Advances 8 (2022) 100224

Y.L. Zhang, H. Xia, E. Kim, H.B. Sun, Recent developments in superhydrophobic
surfaces with unique structural and functional properties, Soft Matter 8 (2012)
11217-11231, https://doi.org/10.1039/c2sm26517f.

A.J. Galante, S. Haghanifar, E.G. Romanowski, R.M.Q. Shanks, P.W. Leu,
Superhemophobic and antivirofouling coating for mechanically durable and
wash-stable medical textiles, ACS Appl. Mater. Interface. 12 (2020)
22120-22128, https://doi.org/10.1021/acsami.9b23058.

E. Fadeeva, et al., Bacterial retention on superhydrophobic titanium surfaces
fabricated by femtosecond laser ablation, Langmuir 27 (2011) 3012-3019,
https://doi.org/10.1021/1a104607g.

V.K. Truong, et al., Air-directed attachment of coccoid bacteria to the surface of
superhydrophobic lotus-like titanium, Biofouling 28 (2012) 539-550, https://doi.
0rg/10.1080/08927014.2012.694426.

C.E. Cansoy, H.Y. Erbil, O. Akar, T. Akin, Effect of pattern size and geometry on
the use of Cassie-Baxter equation for superhydrophobic surfaces, Colloid. Surf. A
386 (2011) 116-124, https://doi.org/10.1016/j.colsurfa.2011.07.005.

K. Maghsoudi, G. Momen, R. Jafari, M. Farzaneh, Rigorous testing to assess the
self-cleaning properties of an ultra-water-repellent silicone rubber surface, Surf.
Coat. Technol. 374 (2019) 557-568, https://doi.org/10.1016/j.
surfcoat.2019.05.073.

E. Vazirinasab, K. Maghsoudi, R. Jafari, G. Momen, A comparative study of the
icephobic and self-cleaning properties of Teflon materials having different surface
morphologies, J. Mater. Process. Technol. 276 (2020), 116415, https://doi.org/
10.1016/j.jmatprotec.2019.116415.

Q. Song, R. Zhao, T. Liu, L. Gao, C. Su, Y. Ye, S. Yin Chan, X. Liu, K. Wang, P. Li,
W. Huang, One-step vapor deposition of fluorinated polycationic coating to
fabricate antifouling and anti-infective textile against drug-resistant bacteria and
viruses, Chem. Eng. J. 418 (2021), 129368, https://doi.org/10.1016/j.
cej.2021.129368.

S.A. Meguid, A. Elzaabalawy, Potential of combating transmission of COVID-19
using novel self-cleaning superhydrophobic surfaces: part I— Protection
strategies against fomites, Int. J. Mech. Mater. Des. 16 (2020) 423-431, https://
doi.org/10.1007/510999-020-09513-x.

B.B. Hsu, J. Ouyang, S.Y. Wong, P.T. Hammond, A.M. Klibanov, On structural
damage incurred by bacteria upon exposure to hydrophobic polycationic
coatings, Biotechnol. Lett. 33 (2011) 411-416, https://doi.org/10.1007/510529-
010-0419-1.

C. Amankwaabh, J. Li, J. Lee, M.A. Pascall, Development of antiviral and
bacteriostatic chitosan-based food packaging material with grape seed extract for
murine norovirus, Escherichia coli and Listeria innocua control, Food Sci. Nutrit. 8
(2020) 6174-6181, https://doi.org/10.1002/fsn3.1910.

C.T.G.V.M.T. Pires, J.A.P. Vilela, C. Airoldi, The effect of chitin alkaline
deacetylation at different condition on particle properties, Procedia Chem. 9
(2014) 220-225, https://doi.org/10.1016/j.proche.2014.05.026.

R.C. Goy, D. de Britto, O.B.G. Assis, A review of the antimicrobial activity of
chitosan, Polimeros 19 (2009) 241-247, https://doi.org/10.1590/50104-
14282009000300013.

R.A.A. Muzzarelli, M.G. Peter, Chitin Handbook, 1997.

E. Guibal, Interactions of metal ions with chitosan-based sorbents: a review, Sep.
Purif. Technol. 38 (2004) 43-74, https://doi.org/10.1016/j.seppur.2003.10.004.
D. Raafat, H.G. Sahl, Chitosan and its antimicrobial potential - A critical literature
survey, Microb. Biotechnol. 2 (2009) 186-201, https://doi.org/10.1111/j.1751-
7915.2008.00080.x.

U. Turaga, V. Singh, S. Ramkumar, Biological and Chemical Protective Finishes
For Textiles, Woodhead Publishing Limited, 2015.

M.V. Campagna, E. Faure-Kumar, J.A. Treger, J.D. Cushman, T.R. Grogan,

N. Kasahara, G.W. Lawson, Factors in the selection of surface disinfectants for use
in a laboratory animal setting, J. Am. Assoc. Lab. Anim. Sci. 55 (2016) 175-188.
W.Y. Cheah, P.L. Show, L.S. Ng, G.Y. Lin, C.Y. Chiu, Y.K. Chang, Antibacterial
activity of quaternized chitosan modified nanofiber membrane, Int. J. Biol.
Macromol. 126 (2019) 569-577, https://doi.org/10.1016/j.
ijbiomac.2018.12.193.

M. Ignatova, K. Starbova, N. Markova, N. Manolova, I. Rashkov, Electrospun
nano-fibre mats with antibacterial properties from quaternised chitosan and poly
(vinyl alcohol), Carbohydr. Res. 341 (2006) 2098-2107, https://doi.org/
10.1016/j.carres.2006.05.006.

W. Sajomsang, P. Gonil, S. Tantayanon, Antibacterial activity of quaternary
ammonium chitosan containing mono or disaccharide moieties: preparation and
characterization, Int. J. Biol. Macromol. 44 (2009) 419-427, https://doi.org/
10.1016/j.ijbiomac.2009.03.003.

X. He, et al., The improved antiviral activities of amino-modified chitosan
derivatives on Newcastle virus, Drug Chem. Toxicol. 44 (2019) 1-6, https://doi.
org/10.1080/01480545.2019.1620264.

E.I. Rabea, M.E.T. Badawy, C.v. Stevens, G. Smagghe, W. Steurbaut, Chitosan as
antimicrobial agent: applications and mode of action, Biomacromolecules 4
(2003) 1457-1465, https://doi.org/10.1021/bm034130m.

M. Zheng, et al., Intranasal administration of chitosan against influenza A (H7N9)
virus infection in a mouse model, Sci. Rep. 6 (2016) 1-11, https://doi.org/
10.1038/srep28729.

G. Huang, Y. Liu, L. Chen, Chitosan and its derivatives as vehicles for drug
delivery, Drug Deliv. 24 (2017) 108-113, https://doi.org/10.1080/
10717544.2017.1399305.

S.A. Loutfy, et al., Antiviral activity of chitosan nanoparticles encapsulating
curcumin against hepatitis C virus genotype 4a in human hepatoma cell lines, Int
J Nanomedicine 15 (2020) 2699-2715, https://doi.org/10.2147/1JN.S241702.


https://doi.org/10.3390/ma13184041
https://doi.org/10.3390/ma13184041
https://doi.org/10.1111/febs.13274
https://doi.org/10.1111/febs.13274
https://doi.org/10.7717/peerj.6315
https://doi.org/10.1016/j.ajic.2020.02.008
https://doi.org/10.12998/WJCC.V8.I8.1391
https://doi.org/10.12998/WJCC.V8.I8.1391
https://doi.org/10.1520/E2721
https://www.iso.org/standard/71365.html
https://www.astm.org/Standards/E1053.htm
https://www.astm.org/Standards/E1053.htm
https://doi.org/10.1038/s41598-021-84842
https://doi.org/10.1038/s41598-021-84842
https://doi.org/10.1038/nprot.2007.353
https://doi.org/10.1557/adv.2016.43
https://doi.org/10.1557/adv.2016.43
https://doi.org/10.1038/s41598-017-00675-x
https://doi.org/10.1038/s41598-017-00675-x
https://doi.org/10.1007/s13204-016-0540-0
https://doi.org/10.1371/journal.pone.0141050
https://doi.org/10.3390/vaccines8010139
https://doi.org/10.1016/0043-1354(75)90071-8
https://doi.org/10.1111/j.1365-2672.2010.04663.x
https://doi.org/10.1016/S0065-2164(08)70054-6
https://doi.org/10.1016/S0065-2164(08)70054-6
https://doi.org/10.1016/j.chempr.2020.08.001
https://doi.org/10.1016/j.chempr.2020.08.001
https://doi.org/10.3390/POLYM12081727
https://doi.org/10.1016/j.surfcoat.2021.126873
https://doi.org/10.1016/j.mtchem.2020.100385
https://doi.org/10.1016/j.mfglet.2020.08.007
https://doi.org/10.1016/j.porgcoat.2020.105557
https://doi.org/10.1016/j.porgcoat.2020.105557
https://doi.org/10.1111/apm.12675
https://doi.org/10.1111/apm.12675
https://doi.org/10.1007/s11998-015-9759-z
https://doi.org/10.1007/s11998-015-9759-z
https://doi.org/10.1039/c2sm26517f
https://doi.org/10.1021/acsami.9b23058
https://doi.org/10.1021/la104607g
https://doi.org/10.1080/08927014.2012.694426
https://doi.org/10.1080/08927014.2012.694426
https://doi.org/10.1016/j.colsurfa.2011.07.005
https://doi.org/10.1016/j.surfcoat.2019.05.073
https://doi.org/10.1016/j.surfcoat.2019.05.073
https://doi.org/10.1016/j.jmatprotec.2019.116415
https://doi.org/10.1016/j.jmatprotec.2019.116415
https://doi.org/10.1016/j.cej.2021.129368
https://doi.org/10.1016/j.cej.2021.129368
https://doi.org/10.1007/s10999-020-09513-x
https://doi.org/10.1007/s10999-020-09513-x
https://doi.org/10.1007/s10529-010-0419-1
https://doi.org/10.1007/s10529-010-0419-1
https://doi.org/10.1002/fsn3.1910
https://doi.org/10.1016/j.proche.2014.05.026
https://doi.org/10.1590/S0104-14282009000300013
https://doi.org/10.1590/S0104-14282009000300013
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0054
https://doi.org/10.1016/j.seppur.2003.10.004
https://doi.org/10.1111/j.1751-7915.2008.00080.x
https://doi.org/10.1111/j.1751-7915.2008.00080.x
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0057
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0057
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0058
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0058
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0058
https://doi.org/10.1016/j.ijbiomac.2018.12.193
https://doi.org/10.1016/j.ijbiomac.2018.12.193
https://doi.org/10.1016/j.carres.2006.05.006
https://doi.org/10.1016/j.carres.2006.05.006
https://doi.org/10.1016/j.ijbiomac.2009.03.003
https://doi.org/10.1016/j.ijbiomac.2009.03.003
https://doi.org/10.1080/01480545.2019.1620264
https://doi.org/10.1080/01480545.2019.1620264
https://doi.org/10.1021/bm034130m
https://doi.org/10.1038/srep28729
https://doi.org/10.1038/srep28729
https://doi.org/10.1080/10717544.2017.1399305
https://doi.org/10.1080/10717544.2017.1399305
https://doi.org/10.2147/IJN.S241702

A. Bregnocchi et al.

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

L. Calder6n, et al., Nano and microparticulate chitosan-based systems for
antiviral topical delivery, Eur. J. Pharm. Sci. 48 (2013) 216-222, https://doi.org/
10.1016/j.€jps.2012.11.002.

H. Haghighi, R. de Leo, E. Bedin, F. Pfeifer, H.W. Siesler, A. Pulvirenti,
Comparative analysis of blend and bilayer films based on chitosan and gelatin
enriched with LAE (lauroyl arginate ethyl) with antimicrobial activity for food
packaging applications, Food Packag. Shelf Life 19 (2019) 31-39, https://doi.
org/10.1016/].fpsl.2018.11.015.

V.G.L. Souza, J.R.A. Pires, C. Rodrigues, I.M. Coelhoso, A.L. Fernando, Chitosan
composites in packaging industry-current trends and future challenges, Polymers
12 (2020) 417, https://doi.org/10.3390/polym12020417.

X. Li, M. Ma, D.U. Ahn, X. Huang, Preparation and characterization of novel
eggshell membrane-chitosan blend films for potential wound-care dressing: from
waste to medicinal products, Int. J. Biol. Macromol. 123 (2019) 477-484, https://
doi.org/10.1016/j.ijbiomac.2018.10.215.

D. Hu, T. Qiang, L. Wang, Quaternized chitosan/polyvinyl alcohol/sodium
carboxymethylcellulose blend film for potential wound dressing application,
Wound Med. 16 (2017) 15-21, https://doi.org/10.1016/j.wndm.2016.12.003.
AM. Larson, B.B. Hsu, D. Rautaray, J. Haldar, J. Chen, A.M. Klibanov,
Hydrophobic polycationic coatings disinfect poliovirus and rotavirus solutions,
Biotechnol. Bioeng. 108 (2011) 720-723, https://doi.org/10.1002/bit.22967.

F. Gelman, K. Lewis, A.M. Klibanov, Drastically lowering the titer of waterborne
bacteriophage PRD1 by exposure to immobilized hydrophobic polycations,
Biotechnol. Lett. 26 (2004) 1695-1700, https://doi.org/10.1007/s10529-004-
3737-3.

J. Haldar, D. An, L.A. de Cienfuegos, J. Chen, A.M. Klibanov, Polymeric coatings
that inactivate both influenza virus and pathogenic bacteria, Proc. Natl. Acad. Sci.
U.S.A. 103 (2006) 17667-17671, https://doi.org/10.1073/pnas.0608803103.

P. Gu, et al., Polyethylenimine-coated PLGA nanoparticles-encapsulated Angelica
sinensis polysaccharide as an adjuvant for HON2 vaccine to improve immune
responses in chickens compared to Alum and oil-based adjuvants, Vet. Microbiol.
251 (2020), 108894, https://doi.org/10.1016/j.vetmic.2020.108894.

C. Shen, et al., Polyethylenimine-based micro /nanoparticles as vaccine
adjuvants, Int. J. Nanomed. 12 (2017) 5443-5460, https://doi.org/10.2147/1JN.
S$137980.

N. Sharma, C. Modak, P.K. Singh, R. Kumar, D. Khatri, S.B. Singh, Underscoring
the immense potential of chitosan in fighting a wide spectrum of viruses: a
plausible molecule against SARS-CoV-2? Int. J. Biol. Macromol. 179 (2021)
33-44, https://doi.org/10.1016/j.ijbiomac.2021.02.090.

P. Elena, K. Miri, Formation of contact active antimicrobial surfaces by covalent
grafting of quaternary ammonium compounds, Colloid. Surf. B 169 (2018)
195-205, https://doi.org/10.1016/j.colsurfb.2018.04.065.

D. Diaz, et al., Silica-quaternary ammonium ‘Fixed-Quat’ nanofilm coated
fiberglass mesh for water disinfection and harmful algal blooms control,

J. Environ. Sci. 82 (2019) 213-224, https://doi.org/10.1016/].jes.2019.03.011.
E. Tuladhar, M.C. de Koning, I. Fundeanu, R. Beumer, E. Duizer, Different
virucidal activities of hyperbranched quaternary ammonium coatings on
poliovirus and influenza virus, Appl. Environ. Microbiol. 78 (2012) 2456-2458,
https://doi.org/10.1128/AEM.07738-11.

I.-.F. Tsao, H.Y. Wang, Removal and inactivation of viruses by a surface-bonded
quaternary ammonium chloride, Downstr. Process. Biosepar. (1990) 250-267.
ACS Symposium.

J.W. Gaustad, C.R. McDuff, H.J. Hatcher, Test method for the evaluation of
virucidal efficacy of three common liquid surface disinfectants on a simulated
environmental surface, Appl. Microbiol. 28 (1974) 748-752, https://doi.org/
10.1128/aem.28.5.748-752.1974.

L.-.F Tsao, H.Y. Wang, C. Shipman, Interaction of infectious viral particles with a
quaternary ammonium chlorid (QAC) surface, Biotechnol. Bioeng. 34 (1989)
639-646, https://doi.org/10.1002/bit.260340508.

K. Hegstad, S. Langsrud, B.T. Lunestad, A.A. Scheie, M. Sunde, S.P. Yazdankhah,
Does the wide use of quaternary ammonium compounds enhance the selection
and spread of antimicrobial resistance and thus threaten our health? Microb.
Drug Resist. 16 (2010) 91-104, https://doi.org/10.1089/mdr.2009.0120.

M. Voumard, et al., Adaptation of: pseudomonas aeruginosa to constant sub-
inhibitory concentrations of quaternary ammonium compounds, Environ. Sci. 6
(2020) 1139-1152, https://doi.org/10.1039/c9ew01056d.

J. Boateng, O. Catanzano, Silver and silver nanoparticle-based antimicrobial
dressings. Therapeutic Dressings and Wound Healing Applications, John Wiley
and Sons Ltd, New Jersey, 2020, pp. 157-184.

A. Sirelkhatim, et al., Review on zinc oxide nanoparticles: antibacterial activity
and toxicity mechanism, Nano-Micro Lett. 7 (2015) 219-242, https://doi.org/
10.1007/540820-015-0040-x.

P. Muranyi, C. Schraml, J. Wunderlich, Antimicrobial efficiency of titanium
dioxide-coated surfaces, J. Appl. Microbiol. 108 (2010) 1966-1973, https://doi.
org/10.1111/j.1365-2672.2009.04594.x.

S.M. Dizaj, F. Lotfipour, M. Barzegar-Jalali, M.H. Zarrintan, K. Adibkia,
Antimicrobial activity of the metals and metal oxide nanoparticles, Mater. Sci.
Eng. C 44 (2014) 278-284, https://doi.org/10.1016/j.msec.2014.08.031.

S. Chernousova, M. Epple, Silver as antibacterial agent: ion, nanoparticle, and
metal, Angew. Chemie Int. Ed. 52 (2013) 1636-1653, https://doi.org/10.1002/
anie.201205923.

A. Salleh, et al., The potential of silver nanoparticles for antiviral and
antibacterial applications: a mechanism of action, Nanomaterials 10 (2020) 1-20,
https://doi.org/10.3390/nano10081566.

11

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Applied Surface Science Advances 8 (2022) 100224

K. S, V. C, Effectiveness of nanomaterial copper cold spray surfaces on
inactivation of influenza A virus, J. Biotechnol. Biomater. 05 (2015) 1-5, https://
doi.org/10.4172/2155-952x.1000205.

K.H. Tam, et al., Antibacterial activity of ZnO nanorods prepared by a
hydrothermal method, Thin. Solid. Films 516 (2008) 6167-6174, https://doi.
org/10.1016/j.ts£.2007.11.081.

E. Zanni, et al., Evaluation of the antibacterial power and biocompatibility of zinc
oxide nanorods decorated graphene nanoplatelets: new perspectives for
antibiodeteriorative approaches, J. Nanobiotechnol. 15 (2017) 57, https://doi.
org/10.1186/512951-017-0291-4.

J. Pasquet, Y. Chevalier, J. Pelletier, E. Couval, D. Bouvier, M.A. Bolzinger, The
contribution of zinc ions to the antimicrobial activity of zinc oxide, Colloid. Surf.
A 457 (2014) 263-274, https://doi.org/10.1016/j.colsurfa.2014.05.057.

R. Kumar, A. Umar, G. Kumar, H.S. Nalwa, Antimicrobial properties of ZnO
nanomaterials: a review, Ceram. Int. 43 (2017) 3940-3961, https://doi.org/
10.1016/j.ceramint.2016.12.062.

V. Lakshmi Prasanna, R. Vijayaraghavan, Insight into the mechanism of
antibacterial activity of ZnO: surface defects mediated reactive oxygen species
even in the dark, Langmuir 31 (2015) 9155-9162, https://doi.org/10.1021 /acs.
langmuir.5b02266.

A. Kumar, A.K. Pandey, S.S. Singh, R. Shanker, A. Dhawan, Engineered ZnO and
TiO 2 nanoparticles induce oxidative stress and DNA damage leading to reduced
viability of Escherichia coli, Free Radical Biol. Med. 51 (2011) 1872-1881,
https://doi.org/10.1016/j.freeradbiomed.2011.08.025.

S. Zhang, Y. Tang, B. Vlahovic, A review on preparation and applications of silver-
containing nanofibers, Nanoscale Res. Lett. 11 (2016) 1-8, https://doi.org/
10.1186/511671-016-1286-z.

Y. Mori, T. Ono, Y. Miyahira, V.Q. Nguyen, T. Matsui, M. Ishihara, Antiviral
activity of silver nanoparticle/chitosan composites against HIN1 influenza A
virus, Nanoscale Res. Lett. 8 (2013) 93-97, https://doi.org/10.1186/1556-276x-
8-93.

L. Tamayo, M. Azdcar, M. Kogan, A. Riveros, M. Pdez, Copper-polymer
nanocomposites: an excellent and cost-effective biocide for use on antibacterial
surfaces, Mater. Sci. Eng. C 69 (2016) 1391-1409, https://doi.org/10.1016/j.
msec.2016.08.041.

1. das Jana, et al., Copper nanoparticle-graphene composite-based transparent
surface coating with antiviral activity against influenza virus, ACS Appl. Nano
Mater. 4 (2021) 352-362, https://doi.org/10.1021/acsanm.0c02713.

G. Borkow, J. Gabbay, Putting copper into action: copper-impregnated products
with potent biocidal activities, FASEB J. 18 (2004) 1728-1730, https://doi.org/
10.1096/f}.04-2029fje.

1. Slamborova, V. Zajicova, J. Karpiskovd, P. Exnar, 1. Stibor, New type of
protective hybrid and nanocomposite hybrid coatings containing silver and
copper with an excellent antibacterial effect especially against MRSA, Mater. Sci.
Eng. C 33 (2013) 265-273, https://doi.org/10.1016/j.msec.2012.08.039.

S. Behzadinasab, A. Chin, M. Hosseini, L. Poon, W.A. Ducker, A surface coating
that rapidly inactivates SARS-CoV-2, ACS Appl. Mater. Interface. 12 (2020)
34723-34727, https://doi.org/10.1021/acsami.0c11425.

X. Chen, H.J. Schluesener, Nanosilver: a nanoproduct in medical application,
Toxicol. Lett. 176 (2008) 1-12, https://doi.org/10.1016/].toxlet.2007.10.004.
S. Singh, Zinc oxide nanoparticles impacts: cytotoxicity, genotoxicity,
developmental toxicity, and neurotoxicity, Toxicol. Mech. Methods 29 (2019)
300-311, https://doi.org/10.1080/15376516.2018.1553221.

G.R. Tortella, et al., Silver nanoparticles: toxicity in model organisms as an
overview of its hazard for human health and the environment, J. Hazard. Mater.
390 (2019), 121974, https://doi.org/10.1016/j.jhazmat.2019.121974.

H. Ghaffari, et al., Inhibition of HIN1 influenza virus infection by zinc oxide
nanoparticles: another emerging application of nanomedicine, J. Biomed. Sci. 26
(2019) 1-10, https://doi.org/10.1186/512929-019-0563-4.

H. Ishiguro, et al., Photocatalytic inactivation of bacteriophages by TiO2-coated
glass plates under low-intensity, long-wavelength UV irradiation, Photochem.
Photobiolog. Sci. 10 (2011) 1825-1829, https://doi.org/10.1039/c1pp05192j.
P. Hajkova, P. Spatenka, J. Horsky, I. Horska, A. Kolouch, Photocatalytic effect of
TiO2 films on viruses and bacteria, Plasma Process. Polym. 4 (2007), https://doi.
org/10.1002/ppap.200731007, 397-40.

M. Miyauchi, K. Sunada, K. Hashimoto, Antiviral effect of visible light-sensitive
cuxo/tio2 photocatalyst, Catalysts 10 (2020) 1-19, https://doi.org/10.3390/
catal10091093.

R. Nakano, et al., Photocatalytic inactivation of influenza virus by titanium
dioxide thin film, Photochem. Photobiolog. Sci. 11 (2012) 1293-1298, https://
doi.org/10.1039/c2pp05414Kk.

P.C. Maness, S. Smolinski, D.M. Blake, Z. Huang, E.J. Wolfrum, W.A. Jacoby,
Bactericidal activity of photocatalytic TiO2 reaction: toward an understanding of
its killing mechanism, Appl. Environ. Microbiol. 65 (1999) 4094-4098, https://
doi.org/10.1128/aem.65.9.4094-4098.1999.

W.G. Wamer, J.J. Yin, R.R. Wei, Oxidative damage to nucleic acids
photosensitized by titanium dioxide, Free Radical Biol. Med. 23 (1997) 851-858,
https://doi.org/10.1016/50891-5849(97)00068-3.

M. Miyauchi, et al., Visible-light-sensitive photocatalysts: nanocluster-grafted
titanium dioxide for indoor environmental remediation, J. Phys. Chem. Lett. 7
(2016) 75-84, https://doi.org/10.1021/acs.jpclett.5b02041.

K. Takehara, et al., Inactivation of avian influenza virus HIN1 by photocatalyst
under visible light irradiation, Virus Res. 151 (2010) 102-103, https://doi.org/
10.1016/j.virusres.2010.03.006.


https://doi.org/10.1016/j.ejps.2012.11.002
https://doi.org/10.1016/j.ejps.2012.11.002
https://doi.org/10.1016/j.fpsl.2018.11.015
https://doi.org/10.1016/j.fpsl.2018.11.015
https://doi.org/10.3390/polym12020417
https://doi.org/10.1016/j.ijbiomac.2018.10.215
https://doi.org/10.1016/j.ijbiomac.2018.10.215
https://doi.org/10.1016/j.wndm.2016.12.003
https://doi.org/10.1002/bit.22967
https://doi.org/10.1007/s10529-004-3737-3
https://doi.org/10.1007/s10529-004-3737-3
https://doi.org/10.1073/pnas.0608803103
https://doi.org/10.1016/j.vetmic.2020.108894
https://doi.org/10.2147/IJN.S137980
https://doi.org/10.2147/IJN.S137980
https://doi.org/10.1016/j.ijbiomac.2021.02.090
https://doi.org/10.1016/j.colsurfb.2018.04.065
https://doi.org/10.1016/j.jes.2019.03.011
https://doi.org/10.1128/AEM.07738-11
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0081
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0081
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0081
https://doi.org/10.1128/aem.28.5.748-752.1974
https://doi.org/10.1128/aem.28.5.748-752.1974
https://doi.org/10.1002/bit.260340508
https://doi.org/10.1089/mdr.2009.0120
https://doi.org/10.1039/c9ew01056d
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0086
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0086
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0086
https://doi.org/10.1007/s40820-015-0040-x
https://doi.org/10.1007/s40820-015-0040-x
https://doi.org/10.1111/j.1365-2672.2009.04594.x
https://doi.org/10.1111/j.1365-2672.2009.04594.x
https://doi.org/10.1016/j.msec.2014.08.031
https://doi.org/10.1002/anie.201205923
https://doi.org/10.1002/anie.201205923
https://doi.org/10.3390/nano10081566
https://doi.org/10.4172/2155-952x.1000205
https://doi.org/10.4172/2155-952x.1000205
https://doi.org/10.1016/j.tsf.2007.11.081
https://doi.org/10.1016/j.tsf.2007.11.081
https://doi.org/10.1186/s12951-017-0291-4
https://doi.org/10.1186/s12951-017-0291-4
https://doi.org/10.1016/j.colsurfa.2014.05.057
https://doi.org/10.1016/j.ceramint.2016.12.062
https://doi.org/10.1016/j.ceramint.2016.12.062
https://doi.org/10.1021/acs.langmuir.5b02266
https://doi.org/10.1021/acs.langmuir.5b02266
https://doi.org/10.1016/j.freeradbiomed.2011.08.025
https://doi.org/10.1186/s11671-016-1286-z
https://doi.org/10.1186/s11671-016-1286-z
https://doi.org/10.1186/1556-276x-8-93
https://doi.org/10.1186/1556-276x-8-93
https://doi.org/10.1016/j.msec.2016.08.041
https://doi.org/10.1016/j.msec.2016.08.041
https://doi.org/10.1021/acsanm.0c02713
https://doi.org/10.1096/fj.04-2029fje
https://doi.org/10.1096/fj.04-2029fje
https://doi.org/10.1016/j.msec.2012.08.039
https://doi.org/10.1021/acsami.0c11425
https://doi.org/10.1016/j.toxlet.2007.10.004
https://doi.org/10.1080/15376516.2018.1553221
https://doi.org/10.1016/j.jhazmat.2019.121974
https://doi.org/10.1186/s12929-019-0563-4
https://doi.org/10.1039/c1pp05192j
https://doi.org/10.1002/ppap.200731007
https://doi.org/10.1002/ppap.200731007
https://doi.org/10.3390/catal10091093
https://doi.org/10.3390/catal10091093
https://doi.org/10.1039/c2pp05414k
https://doi.org/10.1039/c2pp05414k
https://doi.org/10.1128/aem.65.9.4094-4098.1999
https://doi.org/10.1128/aem.65.9.4094-4098.1999
https://doi.org/10.1016/S0891-5849(97)00068-3
https://doi.org/10.1021/acs.jpclett.5b02041
https://doi.org/10.1016/j.virusres.2010.03.006
https://doi.org/10.1016/j.virusres.2010.03.006

A. Bregnocchi et al.

[118]

[119]

[120]

[121]

[122]

[123]

S.Y. Choi, B. Cho, Extermination of influenza virus HIN1 by a new visible-light-
induced photocatalyst under fluorescent light, Virus Res. 248 (2018) 71-73,
https://doi.org/10.1016/j.virusres.2018.02.011.

1. Rago, et al., Antimicrobial activity of graphene nanoplatelets against
Streptococcus mutans, in: IEEE 15th International Conference on Nanotechnology
(IEEE-NANO), 2015, https://doi.org/10.1109/NANO.2015.7388945.

J. He, et al., The inhibition effect of graphene oxide nanosheets on the
development of Streptococcus mutans biofilms, Part. Part. Syst. Char. 34 (2017)
1-8, https://doi.org/10.1002/ppsc.201700001.

S. Ye, et al., Antiviral activity of graphene oxide: how sharp edged structure and
charge matter, ACS Appl. Mater. Interface. 7 (2015) 21578-21579, https://doi.
org/10.1021/acsami.5b06876.

F. Perreault, A.F. de Faria, S. Nejati, M. Elimelech, Antimicrobial properties of
graphene oxide nanosheets: why size matters, ACS Nano 9 (2015) 7226-7236,
https://doi.org/10.1021/acsnano.5b02067.

M.Y. Xia, et al., Graphene-based nanomaterials: the promising active agents for
antibiotics-independent antibacterial applications, J. Controll. Releas. 307 (2019)
16-31, https://doi.org/10.1016/j.jconrel.2019.06.011.

12

[124]

[125]

[126]

[127]

[128]

Applied Surface Science Advances 8 (2022) 100224

D.P. Linklater, V.A. Baulin, S. Juodkazis, R.J. Crawford, P. Stoodley, E.P. Ivanova,
Mechano-bactericidal actions of nanostructured surfaces, Nat. Rev. Microbiol. 19
(2021) 8-22, https://doi.org/10.1038/541579-020-0414-z.

Y. Tu, et al., Destructive extraction of phospholipids from Escherichia coli
membranes by graphene nanosheets, Nat. Nanotechnol. 8 (2013) 594-601,
https://doi.org/10.1038/nnano.2013.125.

Y.N. Chen, Y.H. Hsueh, C. te Hsieh, D.Y. Tzou, P.L. Chang, Antiviral activity of
graphene-silver nanocomposites against nonenveloped and enveloped viruses,
Int. J. Environ. Res. Public Health 13 (2016) 4-6, https://doi.org/10.3390/
ijerph13040430, 2016.

A. Bregnocchi, C.R. Chandraiahgari, E. Zanni, G. De Bellis, D. Uccelletti, M.

S. Sarto, PVDF composite films including graphene/zno nanostructures and their
antimicrobial activity, in: Proceedings of the 16th International Conference on
Nanotechnology Sendai, Japan, August 22-25, 2016.

1. Banerjee, R.C. Pangule, R.S. Kane, Antifouling coatings: recent developments in
the design of surfaces that prevent fouling by proteins, bacteria, and marine
organisms, Adv. Mater. 23 (2011) 690-718, https://doi.org/10.1002/
adma.201001215.


https://doi.org/10.1016/j.virusres.2018.02.011
https://doi.org/10.1109/NANO.2015.7388945
https://doi.org/10.1002/ppsc.201700001
https://doi.org/10.1021/acsami.5b06876
https://doi.org/10.1021/acsami.5b06876
https://doi.org/10.1021/acsnano.5b02067
https://doi.org/10.1016/j.jconrel.2019.06.011
https://doi.org/10.1038/s41579-020-0414-z
https://doi.org/10.1038/nnano.2013.125
https://doi.org/10.3390/ijerph13040430
https://doi.org/10.3390/ijerph13040430
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0127
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0127
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0127
http://refhub.elsevier.com/S2666-5239(22)00016-2/sbref0127
https://doi.org/10.1002/adma.201001215
https://doi.org/10.1002/adma.201001215

	Design strategies for antiviral coatings and surfaces: A review
	1 Introduction
	1.1 Review structure

	2 Testing protocols for antiviral surfaces
	3 Design of antiviral coatings
	3.1 Superhydrophobic antimicrobial surfaces
	3.2 Cationic polymers

	4 Metal-based compounds
	4.1 Photocatalytic materials

	5 Graphene-based materials
	6 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


