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Antiviral surfaces and coatings and their
mechanisms of action

Paulina D. Rakowska'?® Mariavitalia Tiddia!, Nilofar Faruqui1, Claire Bankier',

Yiwen Pei', Andrew J. Pollard!, Junting Zhang' & lan S. Gilmore® ™

Viral infections are a serious health challenge, and the COVID-19 pandemic has increased the
demand for antiviral measures and treatments for clean surfaces, especially in public places.
Here, we review a range of natural and synthetic surface materials and coatings with antiviral
properties, including metals, polymers and biopolymers, graphene and antimicrobial peptides,
and their underpinning antiviral mechanisms. We also discuss the physico-chemical prop-
erties of surfaces which influence virus attachment and persistence on surfaces. Finally, an
overview is given of the current practices and applications of antiviral and virucidal materials
and coatings in consumer products, personal protective equipment, healthcare and public
settings.

continents, having a catastrophic impact on health and the global economy. There is no single

solution to prevent the spread of viral infections. Different modes of infection transmissions
such as through aerosol, droplets or fomites (everyday use surfaces), add to the problem.
Therefore, multiple-barrier protection is often required and, next to high hygiene standards and
vaccination programmes, a number of control measures including adequate personal protective
equipment (PPE) or antiviral surfaces in public facilities, e.g., schools, health centres or airports
are important to reduce transmission of viruses. A vast amount of research, concerned with
antimicrobial properties of different surface materials and coatings, has been published. How-
ever, the antiviral or viricidal properties of materials are less well known. While bacteria are
single-celled living organisms, viruses are not considered to be ‘alive’ due to reliance on a host to
reproduce and survive. Many materials exert both antiviral and antimicrobial properties, but
there are also distinct differences in responses to preventative measures and treatments often
dictated by the differences between bacterial and viral structures and behaviours. We provide an
overview of surface materials and coatings that exhibit antiviral and (or) virucidal properties,
providing, where possible, their mechanism of action. A brief introduction to viruses, their
persistence and methods used in virology research is also given to context the findings. The focus
of this review is to gain a better understanding on the state of knowledge of antiviral properties
of different types of surface materials and on their practical and potential applications. Box 1
introduces many of the key terms and phrases used in this review.

I n today’s global society, disease outbreaks can spread rapidly and easily cross borders and

Virus

Viruses are biological entities built of DNA or RNA core wrapped in a protective protein coat.
They are one of the most diverse groups of microorganisms with 6590 species recognised by the
International Committee on Taxonomy of Viruses!. Viruses infectious to humans typically range
in size from 20 to 260 nm, although a few classes of viruses can grow much larger?=*. Virus life
cycles all comprise attachment and entry, replication and assembly and egress. Attachment and
entry is via the virus capsid or envelope proteins. In mammalian cells, virus replication can be
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Box 1 | Key terms

Antiviral agents
Defective viral particle

Virucidal agents

Chemical agents, most often drugs, inhibiting the proliferation of viruses

Spontaneously generated virus mutants, thought to be caused by replication errors and believed to play a role in immune
system priming and modulation of disease severity22/

Ability of the virus to cause infection by transmission between biotic and/or abiotic ecosystem constituents;

Ability of the virus to survive in the environment in sufficient numbers to act as a source of infection (per time interval)

Infectivity

Persistence

Viability Ability of the virus to replicate and infect

Viral titre Number of infectious particles in a volume of fluid;
Viron Complete, infectious form of a virus

Physical or chemical agents, e.g., disinfectants, that deactivates or destroys viruses

V-
Nucleocapsid / \ Membrane
protein ' glycoprotein
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Fig. 1 Schematic of a virus structure based on coronavirus. The nucleic
acid for replication is protected by a protein capsid which is contained
within a protective envelope consisting of envelope proteins, glycoproteins
and is decorated with a spike protein to bind to cells.

completed within several hours producing upwards of 103 virions
per cell®. Viruses rely on the host cell’s machinery to reproduce,
amplify and release from the cell®. Some, e.g., retroviruses, can
carry their own enzyme (polymerase or reverse transcriptase) for
replication but still cannot reproduce and amplify outside a host
cell’. Virion assembly occurs once enough nucleic acids and
proteins are present®. The structure of a virus (Fig. 1) is crucial to
understanding the properties it might possess, such as infectivity
potential, susceptibility to disinfectants or mode of replication.
Typically, a virus will be surrounded by a protective protein layer
—capsid. Capsids are formed in a highly specific manner and
their function is to protect the viral genome8. There are three
main types of capsid shape: icosahedral, helical and complex
(such as the pox virus capsids)®. Prokaryotic viruses (bacter-
iophages) have an elongated icosahedron shape termed a
prolate!®, Capsid shapes are used to aid the identification and can
provide insight into the life cycle of a virus. Some viruses, such as
influenza or coronavirus, have an additional protective lipid
bilayer—envelope. The envelope is often derived from the host’s
plasma membrane during their release from the cell in a process
called budding!!. Additional proteins (glycoproteins) are then
incorporated into this envelope in the form of spikes. These
spikes facilitate entry into host cells and coupled with the envelop
can have multiple roles in virus-host interactions!2. The envelope
offers the virus many advantages such as playing a protective role
in the process of budding out from the cell. It also aids structure
flexibility and helps to mask capsid spike antigens from anti-
bodies in the host’s immune system!3. This ability to evade the
host immune response could present an important factor in viral
infection outbreaks. Even though the non-enveloped viruses are
more likely to establish human-to-human transmission!4, the
majority of the recent years viral epidemics such as Ebola,
measles, Zika, avian influenzas, SARS, MERS, and the ongoing
COVID-19, have been caused by enveloped viruses!>16. Although
the lipid bilayer in enveloped viruses can offer additional pro-
tection to the virus, it can also be detrimental to their survival

outside of the host cell as the lipid bilayer can degrade upon harsh
physical or chemical conditions. Non-enveloped viruses tend to
be more environmentally stable and resistant to detergents and
heat. Non-enveloped viruses are more commonly found in
extreme environments® than enveloped viruses which demon-
strates resistance to environmental stress. However, whether they
can survive harsher conditions due to their lack of a lipid bilayer
or whether they evolved a more resistant capsid layer in these
extreme environments is yet to be fully understood.

Viral activity measurements and detection methods

There are a variety of methods to detect viruses and measure their
activity!”18 and international standards to assess virucidal
activity (Table 1). The most common assays used to test the
presence and the persistence of viruses are summarised in
Table 2. The methods can be divided into three general groups:
(1) cell-based assays to measure viral infectivity, (2) gene or
protein expression assays to detect virus presence and (3) direct
count of viral particles.

Viral persistence on surfaces. Several factors influence the spread
of viral infections throughout a population. These include age,
structure, availability of a new host and route of transmission!®.
Some viruses can be infectious to different species and cross-
species transmission is also possible20. For example, cor-
onaviruses are known to affect a wide range of birds and mam-
mals, including household animals such as cats and dogs>!-*? and
the recent emergence of human CoVs capable of causing
respiratory failure, such as SARS-CoV, MERS-CoV and COVID-
19 has had the origins traced back to animals such as bats?3.

Transmission of the viral particles between humans is often
caused by respiratory, skin or other bodily fluid secretions from an
infected individual. The virus can be spread directly through
aerosols and droplets or indirectly through contact with con-
taminated surfaces (fomites). Viral contamination on fomites could
cause multiple infections within a community. For example,
norovirus (a non-enveloped virus) is well known to persist for
several weeks on many different types of surface causing large
outbreaks in healthcare facilities?*. Aerosols and droplets are a
common route of transmission for many respiratory viruses
including influenza and SARS-CoV2>26. Aerosol transmission is
often considered the most dangerous as it can spread infectious
particles in high titres with limited infection control strategies
available to prevent the spread2”-28, Therefore, understanding of
how long viruses can survive on a surface can help inform infection
control strategies and control potential outbreaks.

There are four main properties, which can affect the
persistence of viruses on surfaces’ (Fig. 2). These include: (i)
material form such as porosity; (ii) physical, abiotic factors such
as relative humidity, temperature, exposure to light and type of
surface, e.g., roughness; (iii) biological, like the structure of the
virus or presence of other microorganisms, e.g., microbial biofilm
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Standard Title

Table 1 Overview of international standards to assess virucidal activity on surfaces and the effect of virucidal agents.

ISO Standards

ISO 21702:2019(en)
ISO 18184

ASTM Standards
E1052

E1053

E1482
E1838

E2197

E2756

Federal Standards

21 CFR Code of Federal Regulations (CFR), Food and Drug
Administration, Part 58

40 CFR Code of Federal Regulations (CFR), Environmental
Protection Agency, Part 160,

European Standards

EN 14476:2013 + A1:2015

Measurement of antiviral activity on plastics and other non-porous surfaces.
Textiles - Determination of antiviral activity of textile products.

Standard practice to assess the activity of microbicides against viruses in suspension.
Test method to assess virucidal activity of chemicals intended for disinfection of
inanimate, nonporous environmental surfaces

Test method for neutralization of virucidal agents in virucidal efficacy evaluations

Test method for determining the virus-eliminating effectiveness of hygienic handwash and
handrub agents using the fingerpads of adults

Quantitative disk carrier test method for determining bactericidal, virucidal, fungicidal,
mycobactericidal, and sporicidal activities of chemicals

Terminology relating to antimicrobial and antiviral agents

Laboratory practice for nonclinical laboratory studies

Good laboratory practice standard

Chemical disinfectants and antiseptics—Quantitative suspension test for the evaluation of
virucidal activity in the medical area—Test method and requirements (Phase 2/Step 1)

and (iv) chemical, such as pH, presence of reactive ions,
adsorption state, organic matter or presence of specific sub-
stances. Many viruses can be stabilised and protected by the
surrounding organic material, such as in saliva or mucus droplets.
It has been reported that the presence of substances such as
bacteria, fats, proteins in the viral inoculum can additionally
increase the persistence??-31,

Effect of surface physical properties on viral persistence
Since the discovery of the first virus in 189232, considerable efforts
have been made to understand viral survival in different environ-
ments and to estimate the impact of surface properties on their
viability. Major contributing factors with regards to surface prop-
erties include, among others®3, porosity?72%34-40, absorption*!:42
and surface hydrophobicity*>*# (Fig. 2). Each type of virus interacts
with a surface in its own unique way, and therefore the design of
effective antiviral surfaces may need to be tailored for a specific type
of virus. Viral persistence can also be influenced by other envir-
onmental conditions, including but not limited to, temperature,
relative humidity or how viruses absorb onto various surfaces?’.
These additional factors should be taken into consideration when
designing an antiviral surface?®-3233,37,38:41-44,

Porosity. The porosity of inanimate surfaces plays a significant
role in viral survival and several studies have compared the
persistence and time of complete decay of different types of
viruses on porous and non-porous surfaces?’-2%34-36,39 Tt ijg
found that the majority of viruses exhibit greater persistence on
non-porous materials than porous surfaces?®3>, although there
are exceptions*>#0. In the case of influenza A virus, at 35-40%
humidity (typical for indoor environments), the virus persisted
for more than 24-48 h on stainless steel and plastic surfaces but
the number of infectious viral particles dropped to undetectable
levels after 8-12 h on porous surfaces such as cloth or paper?7-3°,
It is thought that one of the contributing factors to poor virus
persistence on porous surfaces could be complete drying of the
viruses on the surfaces or insufficient elution of the viruses from
these materials®. Both the SARS-CoV-1 and SARS-CoV-2 cor-
onavirus demonstrated similar persistence in terms of surface
porosity?7-36, The reports show that these viruses persisted longer

(period of days) on the surfaces with low porosity such as plastic
and stainless steel than on the relatively porous surfaces such as
cardboard (period of hours)2736, It has been reported that the
infectious SARS-CoV-2 virus remains on the outer layer of a
surgical mask after seven days, whereas no viable virus was
detectable on treated smooth surfaces of stainless steel and plastic
after seven days3438,

Absorption. Several studies suggested that the antiviral properties
of surfaces can be associated with the ability to absorb a virus*!:42,
Due to the nature of liquid absorption, in contrast to fluid-repelling
surfaces, absorbent materials (such as cotton and cardboard) can
offer more protection against virus-containing respiratory
droplets?”-48, Lai and co-workers*> compared the survival of SARS-
CoV between two different hospital PPE gowns, a fluid-repelling
disposable type and a cotton gown. They found that highly con-
centrated droplets of virus culture were immediately absorbed by
the cotton material and no viable virus was detectable after 1h,
whereas most of the virus remained viable on disposable gowns for
up to 24 h. Therefore, an outer fluid-absorbing layer in the design
PPE garments and medical devices may be advantageous. A more
recent study*? shows that, at 21-23 °C and 40% relative humidity,
both the SARS-CoV-1 and SARS-CoV-2 coronavirus appeared to
be more persistent on cardboard as compared to non-absorbent
materials like plastic and stainless steel.

Surface hydrophobicity. Viral persistence can be also affected by
surface hydrophobicity*>#4. Specifically, the hydrophobicity of
the outer layers of proteins in virus capsids can affect its inter-
actions with solid surfaces and the environment®’. Building a
fundamental understanding of the interactions between viruses,
i.e., the outer surface of proteins, and solid surfaces is therefore
vital for controlling environmental transmission and designing
efficient antiviral strategies. Both experimental and computational
analysis have been used to determine the hydrophobicity of dif-
ferent viruses”®°!. Chattopadhyay et al.** demonstrated that the
sorption of hydrophobic viruses, i.e. viruses carrying hydrophobic
proteins outer layers, was favoured by surfaces coated with
hydrophobic sorbents, whilst the sorption of hydrophilic viruses
was favoured by hydrophilic surfaces*.
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Table 2 Overview of methods to detect viruses and measure their activity used in virology.

Assay Group 1

End point dilution assay (TCIDso) Method: The end point dilution assay (also known as the tissue culture infective dose (TCID) assay), involves

Plague assay

Focus forming assay

titrating a known viral titre in a cell line to estimate where 50% of cells in a cell culture die. The Spearman-Karber or
Reed-Muench?3 formula is commonly used to calculate the 50% point using serial dilutions. Modifications of this
assay include using colorimetric methods (coloured tetrazole) to improve reliability2'4,

Results are determined by observing the microscopic cytopathic effects (CPE) caused by the virus in the monolayer
of the cells. Results are often difficult to interpret and subjective. This assay is commonly used in the biotech
industry to understand how effective viral clearance procedures are at removing viruses when developing blood/
tissue-derived products, biologics and monoclonal antibodies.

Method: Plaque assays are a common method to determine the virus titre by determining the number of plaque
forming units (PFU)2'5. Similar to the TCIDsg assay, a serial dilution of a virus is inoculated into a plate containing a
cell line. The virus lyses the cell and spreads from cell to cell. Cell lysis can be viewed either by eye or microscope.
The method assumes that one PFU is a single infectious virus. Cells can be fixed and stained with crystal violet to
help count PFU's.

Results: Plague assays are regarded as one of the most quantitative methods used to assess antiviral substances
and infectious virions. However, it provides the measure of only live (not defective) viruses. Plaque assays can only
be used on viruses that cause cell lysis (influenza, herpesvirus). The assay often utilises an overlay method (such as
using agarose or cellulose) to immobilise the cells and restrict the spread of the viruses2!e. Modifications of the
assay can produce variable results.

Method: The Focus Forming assay is a type of plaque assay that uses immunostaining techniques to detect PFU's.
Fluorescent antibodies can be used to detect specific viral antigens in infected host cells2'7. Overlay methods
similar to the traditional plaque assay are used and fluorescent microscopy can be used to detect the infected cells.
Results: The focus forming assay is known to be as accurate as the TCIDso method. However, expensive reagents
are required and often specialist software is used to detect the foci. This method is not as commonly used as other
plaque assays.

Assay Group 2

gPCR

ELISA

Method: Real-time PCR (gPCR) is a molecular method that can be used to quantify and detect viruses. DNA or RNA from the virus can be
extracted from a sample and specific primers and probes are selected dependent on the target virus2'8. The reactions are then set up and
amplified on a real-time PCR Thermal Cycler. If a virus is present, it can be quantified by the increase in cycle threshold which is proportional to
the amount of nucleic acid in the sample.

Results: This method can yield accurate and fast results and is often used in clinical settings to detect amount of viruses in patient samples2'°. It
is a quantitative method but can yield false negatives or positives and kit contamination can be an issue.

Method: ELISA (Enzyme-linked immunosorbent assay) is often used in clinical settings to detect blood-borne viruses in particular. The assay
uses enzymes linked to antibodies that attach to matching viral antigens. The enzyme substrate is then added (most common is horseradish
peroxidase) which produces a signal if detected (most often a colour change)220. This colour change can be quantified by optical density (OD)
using a spectrophotometer.

Results: ELISA is a quantitative detection method but is often considered less quantitative than gPCR. ELISA can use standard equipment
(spectrophotometer) and commercial kits are common.

Assay Group 3

Flow cytometry (flow virometry)

Electron microscopy (EM)

Method: Flow cytometry is used to analyse and sort cells. Recently, flow cytometer resolutions have improved and
now have the capability to detect virus particles from background noise. Traditional forward light scatter has been
improved to block light and noise at specific angles?2!. More powerful lasers and detectors have also been developed
which are more effective at differentiating between nanoparticles and cells.

Results: Flow cytometry can be a very useful tool to detect the amount of viruses in a sample. It provides a complete
count of virus particles including live and defective viruses. However, standard flow cytometers will have difficultly
distinguishing the virus from particulate matter in samples or reagents and therefore significant investment is
required for a high spec machine. However, flow cytometry can be highly accurate and can be used to characterise
and track viruses through generations which is useful when trying to understand the origins and evolution of viruses.
Method: Electron microscopy is a well-established imaging method for detecting and characterising viruses. The
method requires the sample to be preserved, followed by negative staining??2. Negative staining creates contrast
between the sample and the background with an electron opaque (usually heavy metal based) stain, allowing the
structures of the virions to be visible.

Results: Electron microscopy is distinguished from other diagnostic methods, such as ELISA or gPCR as it can
characterise interactions with cells and image new species that are undetected by antibodies. It is a technique that is
more often used when imaging can be advantageous over other assays, for example to study novel or unknown viral
infections. Electron microscopy provides quantification of all viral particles (defective and live). The defective
particles are thought to be caused by replication errors and may play a role in immune system priming.

Antiviral materials and their proposed mechanisms of action
Metals and metal surfaces. The biocidal action of heavy metals,
occurring even at their low concentration, sometimes referred to
as an oligodynamic effect was first described, in modern times by
Karl Nigeli in 1893°2. More than 30 heavy metals are potentially
able to interact with microorganisms and these include silver

(Ag), gold (Au), bismuth (Bi), cobalt (Co), copper (Cu), iron (Fe),
mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), platinum
(Pt), antimony (Sb), tin (Sn), titanium (Ti), and zinc (Zn). It has
been known for centuries that some heavy metals possess anti-
infective properties. However, the mechanisms behind those
properties are not yet entirely understood and several factors
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Fig. 2 Surface properties influencing the persistence of viruses. These include physical properties (including light exposure, temperature and humidity),
chemical properties (such as pH or antiviral coatings) and biological properties (depending on the virus vulnerabilities, e.g., an envelope) as well as the type

of surface such as the porosity or topography.

seem to be contributing. It is crucial to note that metal ions are
integral to some viral proteins and processes. Therefore, an
imbalance in metal concentration or proximity or presence of
other reactive metal ions can have an effect on virus viability.
Chaturvedi et al.”3 state that metal ions play an important role in
a range of processes including, for example, regulation of tran-
scription and translation, reverse transcription, nucleic acid
chaperoning and folding and unfolding, catalysis, minus- and
plus-strand transfer, nucleic acid cleavage, inhibition of mem-
brane current. Metals can also have a structural role. Zinc,
magnesium and copper are the most common metals that bind
with viral proteins®>~>>. Knowledge of metal-binding/interaction
mechanisms could prove useful in the design and development of
antiviral materials and viral inhibitors. Bactericidal properties
have been assessed and well documented for a range of metals,
especially copper and silver. These have also been shown to
possess potent virucidal properties as described below.

Copper. The virucidal properties of copper and copper alloy
surfaces have been tested in several studies. Sagripanti et al.”®
demonstrated the virucidal activity of Cu(II), in comparison to Fe
(IIT) ions, on five viruses, representing different classes including
enveloped and non-enveloped, single- and double-stranded DNA
or RNA viruses. The virucidal effect of these metals was further
enhanced by the addition of peroxide, particularly for Cu(II).
They showed that mixtures of Cu(Il) ions and peroxide were
more efficient, under the applied test conditions, than glutar-
aldehyde in inactivating phi X174, T7, phi 6, Junin, and herpes
simplex viruses (HSVs). This study suggested that such sub-
stances/mixtures have the potential to inactivate most, if not all,
viruses that have been found contaminating medical devices®®.
Warnes and Keevil>” observed the effects of Cu on infectivity of
murine norovirus, MNV-1. MNV-1 is a non-enveloped, linear,
single-stranded, positive RNA virus and a close surrogate for the
human norovirus, causing gastroenteritis. The viability of the
virus was lost upon exposure to copper and copper alloys but
retained on stainless steel. The researchers conducted two types of
experiments simulating (i) slow drying vomitus (wet inoculum)
and (ii) hand-to-hand/-object transfer (dry inoculum). In the first
study it was not possible to recover infectious virus after as little
as 30 min of exposure to 100% Cu surface and 60 min to copper
(89%)-nickel alloy. In the dry inoculum method, the inactivation
was found to be 5 min for both surfaces. The study showed also
that the contact of the virus with copper surfaces destroyed the
viral RNA genome. In a subsequent study>® by the same group, it
was observed that viral capsid integrity was compromised upon
contact with a range of copper alloys and brasses. It was also
revealed that only a small change in the percentage of copper, of
10%, had a significant effect on the virucidal properties of

different copper alloys and brasses. A very similar study®® was
conducted by the same group on a Human Coronavirus 229E,
used as a surrogate for the more virulent coronaviruses respon-
sible for SARS, MERS and now COVID-19. The research con-
firmed a rapid inactivation of the human coronavirus on brass
and copper-nickel surfaces, using metal surfaces that did not
contain copper (stainless steel, zinc, and nickel) as controls. With
the wet inoculum method, the virus was inactivated in <40 min
on brass and 120 min on copper-nickels containing <70% copper.
Comparison was made with stainless steel and nickel surfaces,
which did not demonstrate any virucidal activity, although mild
antiviral activity was observed on zinc. The dried inoculum
method was found to have inactivated the virus approximately
eight times faster.

The virucidal properties of copper rely, primarily, on the
release of copper ions. Both ionic species, Cu(Il) and Cu(I),
contribute to virus inactivation but the effect of Cu(I) seems to be
longer term®®. This was demonstrated by Warnes et al.>°, who
inoculated HuCoV-229E onto 100% copper and brass (70% Cu)
surfaces in the presence of ethylenediaminetetraacetic acid
(EDTA) and bathocuproine disulfonate (BCS), chelators of Cu
(II) and Cu(I), respectively. Both chelators initially protected the
virus from inactivation for up to 2h with the BCS being still
protective on brass after 2h. There is also evidence for the
generation of reactive oxygen species (ROS) contributing to virus
inactivation®®>°. Carubelli et al.%" suggests that the cytotoxicity
may be caused by free radicals interacting with protein
components of a virus, through the generation of hydroxyl
radicals of transition metal ions bound to the proteins. Secondly,
oxidised nucleic acids may undergo degradation (in cells)®l.
Under oxidative stress, copper is well known to generate ROS,
that damage nucleic acids, through Fenton-like®62 and other
reactions®0-03. The effect of ROS was also tested by Warnes
et al.>% HuCoV 229E was inoculated on copper and brass
surfaces, in the presence of D-mannitol and Tiron (4,5-
dihydroxy-1,3-benzene disulfonic acid) to quench hydroxyl
radicals and superoxide anions, respectively, in order to
determine whether these moieties were involved in the virus
inactivation mechanism. Tiron protected the virus for the first
hour of contact, suggesting the importance of superoxide
generation. D-mannitol was only minimally protective on copper
but protected the virus for the duration of the test on brass.
Increasing the concentration of D-mannitol did not prolong the
survival of the virus on copper. The researchers concluded that
though the rapid inactivation of the virus is primarily due to
copper ion release with minimal effect from ROS, the role of ROS
becomes more significant with decreasing percentage of copper in
the alloy®®. It has been also documented that the oxidation and
oxidative stress such as the addition of peroxide or ascorbate
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could enhance the biocidal properties of copper®3. Cu ions can
also interact with different viral components, e.g., can cause the
inactivation of viral metalloproteins®%> by replacing the
respective metal with copper®. Proteins tend to select divalent
metal jons from the environment, following the Irving-Williams
order of stability:7 Mg2t < Mn2* < Fe2t < Co?T < Ni*t < Cu?t
> Zn2*. Copper ions are at the top in the series, with the ability to
replace the weaker binding ions.

Copper ions have been shown to be able to directly inhibit
virus’s proteases by reacting with surface cysteine and to inflict
damage to the viral genome in HIV (single-stranded, positive-
sense, enveloped RNA viruses) and HSV (enveloped, double-
stranded, linear DNA)>6:68,

Unlike bacteria, viruses lack nucleic acid repair mechanisms,
therefore they tend to be more susceptible to metals, which work
on the basis of nucleic acid damage. There is substantial evidence
suggesting that copper has the ability to disorder both DNA and
RNA by binding to and cross-linking between and within
strands®. Inactivation of coronavirus on copper and copper alloy
surfaces results in nonspecific and irreversible fragmentation of
the RNA with fragments becoming smaller with increasing
contact time>.

Silver. The biocidal properties of silver are well documented. The
attractiveness of using silver as a biocidal agent lies in its low
toxicity and biocidal effect at low concentrations’’. Since ancient
times silver was used in water containers to prevent the putre-
faction of liquids and foods. Silver was also mentioned in the
Roman pharmacopoeia of 69 B.C’l. Nowadays, there are
numerous examples of silver incorporated in everyday objects to
provide antiviral activity’%72. It can be found in water purifica-
tion systems, food packaging, toys and infant pacifiers, synthetic
fabrics and consumer products, e.g., washing machines or tele-
phone handles. It has also been widely employed in healthcare
and medical devices. Both the Environmental Protection Agency
and the World Health Organization (WHO) regard silver as
safe’374, Silver can cause argyria (irreversible skin discoloration)
but only by the ingestion of gram quantities of silver over several
years or by the administration of high concentrations to ill
individuals. Even though silver is commonly used biocide there
have been very few studies on its use as a virucide. Silver ions
have been described as having the highest level of antimicrobial
activity of all the heavy metals and many mechanisms for silver’s
bactericidal activity have been proposed’? and some interactions
of viruses with silver would be similar to that of bacteria. How-
ever, as opposed to bacteria, viruses do not possess the metabolic
activity and rely on host cell processes, therefore it is suggested
that the inactivation mechanism is the one that does not require a
metabolic process, e.g. the immobilization of the virus to a sur-
face, the blocking or destruction of host-cell receptors, or the
inactivation of the nucleic acid within the viral capsid’>7°. It has
been shown that viruses that contain sulfthydryl termini in their
molecular structure, may bind silver. This can further affect their
replication cycle’!. In addition, similarly to copper, silver is
believed to be subject to site-specific Fenton mechanism, in which
it binds to a biological molecule and undergoes reduction by
superoxide radicals or other reductants and then reoxidized by
hydrogen peroxide. These cyclic redox reactions result in radicals-
caused damage to the neighbouring target site of the
molecule”®77.

There are only a few reports on antiviral properties of silver
and silver-containing compounds on specific viruses. For
example, silver, as Ag,O, in concentration of 1-20 ppm, was
shown to be effective against HIV-17178, Kadar et al.”” reported
the antiviral effect of silver-peroxide solutions (concentrations

0.025-0.1%) on Papovavirus SV-40, Herpes simplex type 1,
Vaccinia virus, Adenovirus and Poliovirus. Silver sulfadiazine was
shown to cause direct inactivation of herpes simplex and vesicular
stomatitis viruses (VSVs)7180. The virucidal effects of silver
depend heavily on chemistry, concentration and synergistic
effects with other compounds in the surrounding environment.
Also, the effects will differ between viruses including different
types of the same virus’®. In terms of silver containing antiviral
surfaces or materials, the reports are even fewer. Han et al.8!
tested metal catalysts: Ag/AL,O; and Cu/Al,O;, pressed into
wafers, which have shown inactivating properties against SARS-
coronavirus and baculovirus. After exposure of virus solutions to
the Ag/Al,O; and Cu/AlL,O; surfaces for 5 and 20 min, the
infectivity of both viruses dropped down to a very low and
undetectable level, as measured by TCIDs, assay. The research
states that contact with metals destroys the replication and
propagation abilities of the viruses and the inactivation of viruses
is dependent on the ability of the metal catalysts to interact with
oxygen in the air.

Bright et al.82 reported antiviral properties of zeolite (sodium
aluminosilicate) powders containing Ag and Cu ions in varied
ratios. Firstly, they tested the zeolite as a suspension in
phosphate-buffered saline (PBS), showing that the 3.5% Ag/
6.5% Cu ion combination was the most efficacious against human
coronavirus 229E and feline infectious peritonitis virus (FIPV).
Next, they incorporated the most effective Ag/Cu-zeolite
formulation into plastic at either 5 or 10% (wt/wt). After 24h
of exposure, they observed a significant reduction in coronavirus
229E (tested by TCIDs assay), with a 1.84-log;o and a 1.77-logq
reduction for the 5 and 10% (wt/wt) concentrations, respectively.
The reductions for the FIPV were even greater, of 3.84-log;o on
the 5% and 5.05-logj, reduction on the 10% Ag/Cu-zeolite
plastics.

Polymers and biopolymers

The antiviral properties of surfaces could be directly linked to the
mechanisms and chemistries viruses use to attach and enter a
host cell. Viral entry often occurs via the attachment of the viral
spike protein to a receptor on a host cell surface, followed by low
pH fusion and replication®3. As an example, HIV uses a complex
series of steps to deliver its genome into the host cell®. Firstly, it
binds to a target cell. This attachment can be mediated through
various cell attachment factors such as relatively nonspecific
negatively charged cell-surface heparan sulfate proteoglycans, or
through interactions with more specific cell-surface integrins.
These binding steps bring the HIV envelope into close proximity
with the CD4 receptor at the cell surface. The cell infection
depends then on the interaction of the viral envelope glycoprotein
gp120 with the CD4. Polyanionic substances, such as polysulfates
and polyphosphate, have been shown to inhibit this process.
Examples of such polyanionic substances including dextran sul-
fate, polyvinylalcohol sulfate and naphthalene sulfonate are given
by De Clercq®. The types of polymers presenting antiviral and
antibacterial properties are varied and range from natural bio-
polymers with intrinsic antiviral/virucidal properties to engi-
neered thermoplastic elastomers. Antimicrobial polymers,
polysaccharides like glutamine and fluctosan3¢ contain a sulfonic
functional group, which works effectively against viral adhesion.
Hydrogels are often deemed biocompatible and can be used to
incorporate antiviral inorganic materials or could be combined
with synthetic polymers3”-88. Synthetic polymers, like linear
macromolecules such as polyethyleneimine (PEI)8%%0, poly-L-
lysine (PLL), diethylaminoethyl-dextran (DEAE-dextran), and
branched polymers such as poly(amidoamine) (PAMAM)
dendrimers®! and polyphenol ether®? can be used as coatings and
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their antiviral mechanism of action relies on an ionic chain. In the
development of antiviral strategies, nature itself can be inspira-
tional and naturally derived biopolymers could be considered as
an attractive option as a parallel to the discovery of naturally
occurring antibiotics such as antimicrobial peptides (AMPs).
Natural products could provide versatile and tuneable designs
against a wide spectrum of viruses. Some natural bacteriostatic
materials exhibit also antiviral properties and can be indirectly
used as antiviral/virucidal drug carriers®3-%°.

Synthetic polymers and coatings

Polyethylenimines (PEI). Haldar et al.?%7 conducted studies of
the bactericidal and virucidal properties of several branched and
linear N,N-dodecyl methyl-polyethylenimines and other hydro-
phobic PEI derivatives, prepared as painted coatings on glass
slides. The materials were challenged with two common patho-
genic bacteria, Staphylococcus aureus and Escherichia coli and
two different strains of influenza A virus. The study showed that
all of the PEI derivatives presented biocidal properties, with some
variances in virucidal effectiveness dependent on size (molecular-
weight) of PEIs*?8 Differently charged derivatives of linear PEI
(zwitter-ionic, anionic and neutral) were also tested®0. The neutral
PEI showed no virucidal properties, while zwitter-ionic PEI was as
effective as a corresponding cationic polymer and able to inacti-
vate 100% of the virus within minutes. In contrast, the anionic
polymer was only partially virucidal in a 30 min experiment,
however, longer exposure times of 2h showed a steady yet sub-
stantial increase from 66% to nearly 90%. They postulated that the
virucidal mechanism of action is destroying the virus lipid
envelope through “tentacle” fragments of the polyanionic chains®.
Their results suggested that both positively and negatively charged
sites of the PEI are able to attack the viral membrane, with the
negative charge having a predominant effect. The study was
expanded to other viruses including human and avian influenza
viruses with wild-type strains and drug-resistant ones. They
showed that the N,N-dodecyl, methyl-PEI painted glass slides
exhibit a 100% virucidal efficiency against influenza A virus,
regardless of the strain®®. The practical application of the N,N-
dodecyl, methyl-PEI in a prophylactic modality (as a coating on
latex condoms) was demonstrated by Larson et al.}%%, who showed
its effectiveness to inactivate two strains of HSV. Klibanov et al.
have developed a series of water-insoluble, hydrophobic polyca-
tions PEI-based polymeric material coatings, with biocidal
properties?®101,102 Syrfaces can be either covalently derivatised!02
with the polymer or simply painted®® with it.

Sulfonated block copolymers—TESET. Low pH conditions can
have a sterilizing effect. Therefore, materials able to create an
acidic environment can present biocidal properties. Peddinti
et al.193 demonstrated this for a class of charged hydrophilic
multiblock polymers containing a midblock functionalised with
sulfonic acid groups. The polymer was a thermoplastic elasto-
meric poly[tertbutylstyrene- b-(ethylene-alt-propylene)-b-(styr-
enesulfonate)-b-(ethylene-alt-propylene)-b-tert-butylstyrene]

(TESET). They examined TESETs with a different midblock
sulfonation degree, in a range from 26 to 52 mol%, showing that
the polymers are able to kill Gram-positive bacteria (MRSA) and
Gram-negative bacteria (A. baumannii, K. pneumoniae and E.
coli), including some drug-resistant strains in <5 min. Irrespective
of the degree of sulfonation, the TESETS were shown to be
effective in the inactivation of enveloped viruses—VSV and
Influenza A. However, in the case of a non-enveloped human
adenovirus-5 (HAd-5) the 26% sulfonated TESET was completely
ineffective and the 56% sulfonated TESET showed antiviral
properties but less than for enveloped species. They postulate that

the TESET mechanism of action is the ability to rapidly and
significantly lower the pH of pathogen suspensions leading to
degradation of the protective outer membrane, protein dena-
turation and inactivation. The biocidal properties are activated by
the simple presence of water and their effectiveness reduces upon
repeated exposure to the suspensions. However, it was demon-
strated, the materials can be fully rejuvenated by exposure to acid
and removal of cations complexed with sulfonic acid groups.

Photodynamic polymers. Peddinti et al.l% investigated, also,
polymeric materials with photoactivated biocidal properties. They
studied a semi crystalline thermoplastic elastomer—multiblock
copolymer composed of high-density polyethylene blocks and
poly(ethylene-co-a-octene) blocks (OBC26), to which they
incorporated ~1wt% of zinc-tetra(4-N-methylpyridyl)porphine
(ZnTMPyP#t). The ZnTMPyP#+ moiety acts as a photosensitiser
and, when activated by photon energy, it exchanges energy with
molecular oxygen generating high-energy single oxygen or ROS.
Since the ROS mechanism of action is non-specific, the approach
could be applicable to a wide range of pathogens. The
researchers!%4 examined six Gram-positive and Gram-negative
bacteria (S. aureus, vancomycin-resistant E. faecium, E. coli, A.
baumannii and K. pneumonia) and two viruses, including VSV,
and HAd-5 and demonstrated the photoreactive polymer being
highly effective against those pathogens. OBC26 without
ZnTMPyP#4t moiety was used as a control and showed no bio-
cidal activity.

UV-enhanced antiviral polycations. Wang et al.%2 investigated a
series of poly(phenylene ethynylene)- based cationic conjugated
polyelectrolytes (CPE) and oligo-phenylene ethynylenes (OPE),
shown previously to exert significant photoinducible anti-
microbial activity!9-107, They tested antiviral properties of these
materials on two model non-enveloped bacteriophages—T4 and
MS2. Most of the employed compounds exhibited high inacti-
vation ability against MS2 phage and moderate inactivation
against T4 in dark conditions. This ability is believed to be
attributed to the cationic CPEs and OPEs binding to the slightly
negatively charged surfaces of both bacteriophages through
electrostatic interactions leading to the destruction of viral
structures and/or inhibition of infection pathways. Under irra-
diation with UV light significant antiviral ability was observed for
all the tested compounds against both bacteriophages. In some
cases, especially with T4, the virucidal activity was significantly
enhanced in comparison to the experiments in the dark. Exposure
to UV light results in the generation of ROS causing photo-
chemically induced damage of the phage capsid protein.

Hydrogels. Hydrogels are three-dimensional networks of hydro-
philic polymers, with the ability to take up a large amount of water
while maintaining the 3D structure!%8. They can be created from a
range of different polymers but the crosslinking of water-soluble
polymers such as poly(ethylene glycol), polyacrylamide, poly(vinyl
alcohol), etc. seems most convenient and attractivel98-110, Some
natural polymers such as agar or gelatine have been also utilised in
hydrogels!! 112, Due to their non-toxicity and biocompatibility
hydrogels are already used in many biomedical applications!!3
including contact lenses, wound dressings, coatings on medical
devices or hygiene products. The use of hydrogels goes above the
biomedical applications as they are widely present in different
everyday products including, e.g., food packaging or paints. In
some cases, the same polymers that constitute hydrogel coating,
can also exert antimicrobial/antiviral properties}” or can be
engineered to incorporate antimicrobial/antiviral moieties such as
nanoparticles®””7, surfactants or drugs. As an example,
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monocarpin is a highly efficient antiviral monoglyceride, shown to
be effective against enveloped viruses, including VSV, HSV, visna
virus and HIV!4 Thorgeirsdottir et al.!l> tested the antiviral
activity on a range of monocarpin-containing, polyacrylic acid
based, hydrogels. Formulations with different ratios of propylene
glycol (co-solvent) in either 5 or 7.5% concentration with 0.2 or
0.4% polysorbate 40 (surfactant), were assessed. In all cases, the
gels showed up to 1 log;, greater reduction in viral titer (6.0 log;)
of HSV than the corresponding solutions of the same co-solvent
and surfactant ratios (5.0 log;o). The researchers postulate that the
hydrogel structure aids the antiviral properties of monocarpin by
forming bonds with the viral envelope leading to increased contact
between the virucide and the virus.

Meng et al.}1¢ presented an interesting approach of incorpor-
ating catechol, a natural adhesive moiety found in mussel proteins
into polyacrylamide-based, containing 10% dopamine methacry-
lamide, hydrogel. Upon rehydration in physiological pH catechol
undergoes autooxidation, generating hydrogen peroxide (H,O,),
thus exerting biocidal properties. It is suggested that the biocidal
mechanisms of H,0, come from its oxidizing properties and
reactivity with bacterial or viral biomolecules such as proteins,
lipids, nucleic acids, etc. affecting their structure/function!!”. The
researchers achieved a continuous peroxide generation of 1-5
mM of H,0,, over a period 4 days, This concentration proved
virucidal, which was demonstrated on non-enveloped porcine
parvovirus (PPV) and enveloped bovine viral diarrhoea virus
(BVDV). After 12 h of incubation with the viruses, the hydrogels
reduced the viral titer of PPV by nearly log;,. For the enveloped
BVDV the infectivity reduction was even greater of 4-5 log;.

Hydrogels incorporating “non-drugs” molecules, e.g., nano-
particles find widespread biomedical applications!!8. Ag or Au
being most commonly used and are well known for their high
biocidal activity®®119. Nanoparticles of metal-oxides!2%121, parti-
cularly TiO,122123, Zn0124125 and Ce0,126:127, have been also
found to display biocidal properties®”.

Biopolymers

Biopolymers are a class of naturally derived materials. Due to
their biocompatibility and intrinsic antimicrobial properties sev-
eral biopolymers have been used, for example, as an attractive
material in food packaging. While their antimicrobial properties
have been documented!?3, little attention has been given to their
antiviral properties.

Chitosans. Chitosan (poly-p-1,4-glucosamine) is an aminated
polysaccharide, formed by acid alkylation of crustaceans chitin
(poly-B-1-4)- N- acetyl-d-glucosamine)!?. Chitosan has been
extensively studied for its antimicrobial properties and potential
uses in the pharmaceutical, cosmetics, agricultural and food
industries!30-132, There are also reports of antiviral properties of
chitosan and its modified forms, which have been examined on a
range of animal and plant viruses. For example, in the report by
Ai et al.133 chitosan extracted from the larvae of Musca domestica
exhibited inhibition of infectivity of two baculoviruses, auto-
grapha californica multiple nucleopolyhedrovirus (AcMNPV)
and bombyx mori nucleopolyhedrovirus (BmNPV). In another
study by Davis et al.!34, 53 kDa chitosan showed a reduction in
the growth of surrogate enteric viruses, feline calicivirus FCV-F9
and murine norovirus MNV-1. derived 3,6-O-sulfated chitosan
sulfated chitosan was shown, by Gao et al.13%, to exert broad anti-
human papillomavirus (HPV) activities in vitro, by targeting the
viral capsid protein and by disrupting PI3K/Akt/mTOR pathway,
known to play a role in viral replication inside a host cell. Li
et al.136 showed that sialyllactose (SL)-incorporated chitosan-
based materials are able to inhibit viral adhesion of influenza

virus to a host cell. The SL-chitosan binds to hemagglutinin
protein on the surface of an influenza particle, which is respon-
sible for viral attachment to the host cell surface via binding with
surface glycoligands such as SL. Guo et al.137 reported on antiviral
mechanism of a combined biological agent consisting of chitosan
oligosaccharide and cytosinpeptidemycin (CytPM-COS). CytPM-
COS effectively inhibited tobacco mosaic virus (TMV), sup-
pressed viral RNA and capsid protein accumulation and triggered
production of ROS and induced upregulation of various defence
responsive genes in the tobacco plants. Davydova et al.l38
reported that low molecular weight derivatives of chitosan espe-
cially with decreasing degree of polymerisation showed antiviral
property against TMV by inhibiting the development of necrosis
caused by the virus!38,

Fucoidans. Fucoidan is an anionic sulfated polysaccharide
extracted from brown marine algae. It was recently demonstrated
that sulfated polysaccharides exhibit antiviral activities both
in vivo and in vitro and, since they have low cytotoxicity in
comparison to other antiviral drugs, there is interest in their use
in drug and gene delivery systems and wound and burn healing
formulations®. As reported by Ponce et al.!3% fucoidans
extracted from Adenocytis utricularis show inhibitory activity
against the replication of several enveloped viruses including
human immunodeficiency and human cytomegalovirus.

SP-303. Phenolic biopolymer SP-303140:141 s a 2 kDa plant fla-
vonoid, found to exhibit antiviral activity against two strains of
HSV type 1 and type 2142, As postulated by Bernard et al.42, the
antiviral mechanism of SP-303 comes from the inhibition of virus
penetration into cells by binding directly to viral or cell mem-
branes or to both. It was also tested by Wyde et al.!43, in vivo in
cotton rats (Sigmoden hispidus) for antiviral activity against
respiratory syncytial (RSV) and parainfluenza type 3 (PIV3)
viruses.

Glycopolymers. Hidari et al.14* synthesized and characterised
glycopolymers with terminal 2,6-sialic acid on lactosamine
repeats, which they tested on a range of viruses. They showed the
glycopolymers exerted viral inhibition properties against human
and swine influenza viruses. The effectiveness of the inhibition
was dependant on and growing with the number of lactosamine
repeats on the glycopolymers. Similar to the SL-chitosan descri-
bed earlier, the lactosamine-glycopolymers bind to hemagglutinin
protein acting as competitive inhibitors that prevent virus entry
to the host cell, which seem to be their predominant antiviral
mechanism. Avian and equine viruses were also tested, yet no
inhibition was observed by any of the lactosamine-glycopolymers.
Sequence analysis and molecular modelling highlighted that
amino acid substitution of haemagglutinin along with core car-
bohydrate and sialyl linkages on the receptor glycoconjugate have
an impact on its antiviral properties!44,

Mucins. Mucins are highly glycosylated polymeric proteins. They
are the main constituents of mucus—a porous biopolymer matrix
produced by epithelial tissues in most animals, which serves as
the first line of defence against many pathogens, including viru-
ses. Lieleg et al.14>. showed the ability of isolated porcine gastric
mucins to block human pathogenic viruses like human papillo-
mavirus HPV-16, Merkel cell polyomavirus (MCV), and a strain
of influenza A. In this study, a mucin layer was applied on three
different cell lines, which were next incubated with the viruses. It
was demonstrated that the mucin isolates were highly effective in
blocking the viruses from infecting the cells. The researchers
speculated that the antiviral mechanism of the mucins lies in the
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trapping of virus particles in the mucin matrix, caused by mul-
tiple low-affinity bonds between the mucin sugar groups and the
virus capsids. The efficiency of mucin shielding layer towards
viral infection was also shown to be dependent on the mucin
concentration, increasing with increased mucin content.

Antimicrobial peptides. AMPs are short, usually positively
charged oligopeptides with diverse structures and functions. They
play a fundamental role in the innate immune system response to
injuries and infections. AMPs are expressed in a wide variety of
tissues including skin, eyes, oral cavity, ears, airway, lung, female
reproductive tract, cervical-vaginal fluid, intestines, and urinary
tract146,147

Defensins and cathelicidin LL37, derived from humans have
been extensively studied for its antibacterial effects but more
recently anti-viral properties are being elucidated. The Anti-
microbial Peptide Database (APD)!48 contains more than 3000
AMPs, among which are 189 AMPs with antiviral activities. A
few chosen examples are briefly described below. There are
reports of incorporating AMPs into other materials, which have
been assessed for their antimicrobial properties!4°-151, However,
methods to graft or adsorb AMPs on the surface to fabricate, for
example, medically useful products are required to fully realise
their potential.

Yu et al.152 studied the effect of human cathelicidin LL-37 and
engineered LL-37 AMPs on a recombinant virus, pseudotyped
with Ebola virus glycoprotein, and on a wild-type Ebola virus.
The peptides inhibited the infection by targeting the endosomal
cell-entry step by impairing cathepsin B-mediated processing of
Ebola virus glycoprotein. AMPs synthesized by incorporating D-
amino acids cannot be degraded by intracellular enzymes and
exhibit a higher degree of activity in the early stages of viral
infection rather than during its replication stage. In different
reports, Barlow et al.l1>3 showed antiviral properties of the
cathelicidin LL-37 against influenza virus and Currie et al.l>4
against the respiratory syncytial virus. Cathlecidin derived
peptides (GF-17 and BMAP-18) have also shown efficacy against
zika virus and inhibition is through direct inactivation of the virus
by the interruption and damage to the viral membrane but also,
indirectly, via the inhibition of interferon signalling pathway!>°.
Defensins are small cysteine-rich peptides, well known for their
host defence and immune signalling activities. They have been
also recognised for their antiviral properties, reported in a
number of papers!°©-158, In one example, neutrophil a-defensins
have been shown, by Daher et al.1%%, to have a direct effect on
several enveloped viruses including influenza A, herpes simplex
viruses 1 and 2, VSV and cytomegalovirus. Non-enveloped
viruses, echovirus type 11 and reovirus type 3 have been also
tested but seemed unaffected by the action of defensins. The
difference in susceptibility to inactivation between enveloped and
naked viruses suggest the lipid envelope as an interaction site
between the peptide and the virus. It was also noted that the effect
of defensins on viral infection appears to be specific to the type of
defensin peptide, virus and a target host cell. In addition to the
direct effect on the virus and the cell, defensins act as immune
modulators that may play a role in viral transmission!>8.

Lactoferrin is an iron-binding glycoprotein, which has
exhibited antiviral activity against a wide range of human and
animal viruses (both DNA and RNA), including hepatitis C
(HCV) through the direct binding of the peptide to the HCV
particles!®, HSV through inhibition of virus-host interactions, or
through inhibition of human immunodeficiency virus (HIV)
replication in host cell. To other reported lactoferrin-affected
viruses belong poliovirus!®l, calicivirus!®!, rotavirus'? and SARS
coronavirus!3. Lactoferrin prevents entry of virus in the host cell

and its antiviral mechanisms vary among viruses, where it may
bind either directly to the virus particle or to the host cell receptor
or coreceptor!60-162,164,

Hepcidin, a 25-amino-acid antimicrobial peptide (LEAP-1), is
predominately expressed by liver hepatocytes and is the principal
regulator of iron absorptionl®. The effects of hepcidin on the
pathogenesis of viral infections is not well understood; however,
expression of hepcidin has been reported following a number of
human and murine viral infections!.

Wang et al.1%7 reported elevated hepcidin expression in chronic
HBYV and HCV patients, in contrast to acute hepatitis infections. It
was postulated that hepcidin expression may be upregulated at
later stages of infection when iron levels are elevated. Increased
hepcidin levels in HIV-1 positive plasma donors of both acute as
well as transitioning to chronic infections were reported. HIV
replication is iron-dependent and the hepcidin-induced sequester-
ing of iron in cells such as lymphocytes and macrophages is a
highly favourable condition for HIV pathogensis!®. Rajanbabu
et al.1%8 studied the antiviral effects of tilapia hepcidin (TH)1-5,
against infectious pancreatic necrosis virus (IPNV) in Chinook
salmon embryo (CHSE)-214 cells. The presence of THI-5
decreased the number of plaques formed by the cytopathic effect
of IPNV in the CHSE-214 cells. In addition, the presence of
hepcidine showed, further, modulation of interleukin, annexin and
other viral-responsive gene expressions and, hence, demonstrated
immunomodulatory functions.

There is a requirement to improve the delivery and stability of
these peptides whilst retaining their functionality and a few
strategies have been proposed. As an example, in the study by
Zhang et al.1%%, amphipathic a-helical peptide p41, a positively
charged analogue of C5A peptide derived from the HCV protein,
was incorporated into anionic poly (amino acid)-based block
copolymers via electrostatic coupling. In vitro antiviral activity of
this nanoformulation against both HCV and HIV were retained.
In vivo incorporation was also able to decrease the viral load in
mice transplanted with human Iymphocytes and HIV-1-
infected!%%. A subsequent study!”° of using the same nanoformu-
lation in a galactosylated form, was tested as liver-specific delivery
system. It exhibited prominent advantages to prevent HCV
association with lipid droplets and was able to suppress the
intracellular expression of HCV proteins in an in vitro assessment.
In addition, in vivo assessment indicated preferential accumula-
tion in the liver of the tested animals. Another strategy to prevent
protease degradation is to substitute L amino acids with D-amino
acids. Jackman et al.1”! engineered an a-helical peptide AH-D (D-
enantiomer amino acid), that effectively targeted the highly curved
membrane of small enveloped viruses such as Zika by rupturing
the virus’ lipid envelope much quicker than the L-isomer
equivalent, it was also effective against other neurotropic viruses
in vitro such as Dengue and Chikungunya which have a similar
structure to Zika. The peptide showed promise in tackling Zika
virus-infected mice, reducing viral load and inflammation in the
brain. Subsequent study by Camargoes et al.!72 showed that AH-D
peptide, when administered to mice during the early stages of
pregnancy, prevented Zika replication and the death of offspring.

Graphene

Graphene is a two-dimensional layer of sp?-hybridised carbon
atoms, arranged in a hexagonal lattice, that has demonstrated
extraordinary properties, such as high electrical and thermal
conductivity!73. Tt is being used in commercial products, like
nanocomposites and electronics. Graphene can be produced in
different forms, classically as a single-layer sheet over a substrate, or
as few-layer flakes with finite lateral dimensions, typically found in a
powder/liquid dispersion form. This latter nanoscale particulate
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material can also be functionalised with different surface chemis-
tries, leading to derivatives such as graphene oxide (GO) and
reduced graphene oxide (rGO), which have varying amounts of
oxygen-containing functional groups attached to the basal plane!74.

GO has been shown to act as an antiviral agent, suppressing the
infection of several different viruses, including pseudorabies, tomato
bushy stunt virus, respiratory syncytial virus and HSV175-178, The
structure of the flakes, with their high surface-to-volume ratios and
sharp edges, has proved destructive to viruses and their inherent
negative charge has been attributed to the observed virucidal
properties!”>-178, In some cases, GO has been used in partnership
with other known antiviral materials such as silver nanoparticles or
sulfonated magnetic nanoparticles to achieve antiviral activity!7>.
Easy chemical modification of GO and rGO with different func-
tional groups that are already understood to have a detrimental
effect on viruses, such as polyglycerol sulfate and beta-cyclodextrin,
allows further improvement in antiviral properties. While electro-
static interactions between polyglycerol sulfate and virus particles
trigger the binding of graphene to viruses, preventing viral adhesion
to the host cell, alkyl chains induce a high antiviral activity by
secondary hydrophobic interactions!”?. However, these effects on
viruses have only been demonstrated for GO flakes when used in
assays, rather than on surfaces.

Graphene has been shown to have antimicrobial properties,
with the reduction in Escherichia coli (E. coli) proven in different
studies!80. The physical interaction of different graphene deri-
vatives (graphite, graphite oxide, rGO and GO) is understood to
affect the cellular membrane integrity, metabolic processes and
morphology of microorganisms!'®). However, it has also been
demonstrated that different types of carbon-based 2D materials
can have different effects on E. coli, with some surfaces actually
promoting the proliferation of the bacterium and the formation
of a dense biofilms!8!. This confirms the issue that a lack of
material characterisation can lead to very different performance
of graphene-enhanced surfaces than expected. At the same time,
commercially available face masks have now entered the market
that are antibacterial and contain nanoscale graphitic flakes.

Surfaces modified with graphene using plasma-enhanced che-
mical vapour deposition (CVD) can exert biocidal properties, via
a proposed ‘bed of nails’ effect!82, This is due to the up to 250 nm
high graphene layers protruding from the surface, which may
penetrate the bacterial membrane and drain the cytosolic content,
with broken and disintegrated envelopes observed for these types
of graphene structures!®2183, a5 predicted theoretically!84. At the
same time, these length scales were found to be harmless to larger
mammalian cells. In contrast, a CVD graphene layer grown
horizontally on the surface did not show the same antimicrobial
properties. Similarly, graphene/polymer composites surfaces have
been shown to be effective antibacterial surfaces using a similar
effect!®. Although shown to act as an antiviral/virucidal agent,
and used to produce antibacterial surfaces!8%, no graphene sur-
faces have yet been tested for antiviral properties. However, this is
a rapidly developing field and CVD-grown graphene typically
uses a copper catalyst surface for growth, with high coverage of
single-layer graphene on a copper surface already achievable in
industrial-scale, roll-to-roll processes'8”-188,  Graphene may
therefore be a complementary addition to already successful
copper surfaces, or polymers to enhance their antiviral properties.

Composites

Composites offer an attractive strategy in fabricating useful
materials with antiviral properties. Combining different classes of
materials or incorporating antiviral moieties, e.g., metals, into
easily moulded materials such as polymers allows tailoring the
required properties of materials.

Silver nanoparticles (AgNPs) are known for their excellent anti-
viral properties. However, differently to silver in its metal bulk form,
using free AgNPs, due to their size and properties, poses several
drawbacks such as particle aggregation, cytotoxicity or genotoxic
damage by inhalation or ingestion into human body in larger
quantities. Park et al.18% found that by decorating silica with ~30
nm- AgNPs an efficient hybrid system can be developed, which
showed clear dose-dependent effects against influenza A virus. They
suggested that the major antiviral mechanism of this material was its
interaction with the components present on the viral membrane.
Martinez-Abad et al.1%. studied the incorporation of 0.001-1.0 wt.%
silver ions into polylactide (PLA) films by a solvent casting techni-
que, with the aim to create a potential antimicrobial food packaging
material. The PLA-silver films showed antibacterial and antiviral
activity in vitro, with increasing effects at higher silver concentra-
tions when tested against Salmonella and feline calicivirus. Mori
et al.1%l, studied the antiviral effect of silver nanoparticles (AgNPs)-
chitosan composite against influenza A virus. The antiviral activity
was evaluated from the decreased TCIDs ratio of viral suspensions
between composite-treated samples and controls. Composites with
different sizes of AgNPs were tested and stronger antiviral activity
was observed for smaller particles for comparable concentrations of
incorporated AgNPs. For all the tested particle sizes, the antiviral
activity increased with increasing concentration of the particles in
the composite. In another study with AgNPs composite!®2, chitin
nanofibers sheets (CNFSs) with immobilized AgNPs also showed
antiviral efficacy against HIN1 influenza A virus.

Tyo et al.19 tested the antiviral properties of a multi-layered
nanoparticle (NP)-electrospun fibre (EF) with Griffithsin (GRFT)
composite. The composites were fabricated from polycaprolactone
(PCL) fibres surrounding polyethylene oxide (PEO) fibres that
incorporated methoxy poly(ethylene glycol)-b-poly(lactide-co-
glycolide) (mPEG-PLGA) GRFT NPs. The efficacy of GRFT NP-
EFs was assessed using human immunodeficiency virus (HIV-1)
pseudovirus assays, demonstrating complete in vitro protection
against HIV-1 infection. In addition, sustained-release NP-EFs,
administered 24 h prior to infection, prevented the lethal effect of
herpes simplex virus 2 (HSV-2) in a murine model. Monmatur-
apoj et al.!%4 studied TiO,-modified hydroxyapatite composite and
showed its strong activity against influenza A virus. They specu-
lated this composite as a promising material for use in anti-
microbial filtration materials in e.g. medical face masks. In another
study with titanium dioxide, Amirkhanov et al.1%> created nano-
biocomposite material consisted of titanium dioxide nanoparticles
covered with polylisine (PL) and DNA/peptide nucleic acid (PNA)
and showed its inhibitory effects on influenza A virus. In a study
by Grover et al.1%, perhydrolase (AcT) was immobilized onto
multi-walled carbon nanotubes (MWNTs) and then incorporated
into latex-based paints to form catalytic coatings. The material
showed >4 log;o reduction in the titer of influenza virus (X-31).
Even though the test lacked testing on a broad virus spectrum, it
shows the potential of perhydrolase acyl donor substrates, such as
propylene glycol diacetate (PGD), glyceryl triacetate or ethyl
acetate, to engineer antiviral materials with potential use in anti-
viral paints in hospital to reduce the propagation of infection.

Overall, the proposed mechanisms of action can be categorised
into six basic types: (a) ionic surfaces that degrade the RNA/DNA
such as metals and polyethylenimines; (b) Photosensitizing
materials producing ROS; (c) adsorbing surfaces causing mem-
brane disruption through dehydration; (d) sharp nanostructured
surfaces causing membrane disruption through puncture such as
graphene; (e) controlled release of virucides including AMPs in
hydrogel and (f) inactivating surfaces such as biopolymers
binding to the membrane or capsid proteins. In Table 3, we
provide a summary of materials with antiviral properties with,
where reported, the mechanisms of action and persistence
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Table 3 Summary of literature on materials with antiviral properties with reported mechanism of action and persistence.

Material/surface Proposed mechanism of action Target viruses Persistence Ref.
Metals
Cu Possibly viral replication inhibited by Infuenza A 27
copper-linked (cross linking) RNA damage
Cu(ll) (metal ions dissolved in Nucleic acid damage by crosslinking Bacteriophage $X174, 7 min 56
solution with the addition of bacteriophage T7, <10 min
peroxide) bacteriophages ¢6, 22 min
Junin 33 min
herpes simplex 8 min
Fe(lll) (metal ions dissolved in Nucleic acid damage by crosslinking Bacteriophage $X174, >60 min 56
solution with the addition of bacteriophage T7, <10 min
peroxide) bacteriophages ¢6, 24 min
Junin >60 min
herpes simplex >60 min
Cu Damage to the viral capsid, RNA Murine norovirus MNV-1 <5 min (dry) 57,58
degradation <30 min (wet)
Human coronavirus 229E <5 min (dry) 59
<20 min (wet)
Cu(89%)-Ni alloy Damage to the viral capsid, RNA Murine norovirus MNV-1 <5 min (dry) 57,58
degradation <60 min (wet)
Human coronavirus 229E < 30 min (wet) 59
Brass (70% Cu, 30% Zn) Damage to the viral capsid, RNA Murine norovirus MNV-1 <5 min (dry) 57,58
degradation >120 min (wet)
Human coronavirus 229E <5 min (dry) 59
<40 min (wet)
Stainless steel Murine norovirus MNV-1 human  >5 days 57-59
coronavirus 229E
Cu/Al,03 SARS-coronavirus baculovirus <20 min 81
Ag/Al03
Ag/Cu-zeolite plastics Coronavirus 229E feline infectious <24 h 82
peritonitis virus (FIPV) <24h
Polymers
Polyethylenimines (PEI) Charged “tentacle” fragments of Human and avian infuenza A 5-120 min 90,97,99
polyanionic chains interacting and Herpes simplex virus <15 min 100
destroying viral membrane
TESET (Midblock-sulfonated block Sulfonic acid promoting local acidic Vesicular stomatitis virus (VSV) <5 min (TESET26 103
co-polymer) environment, leading to stress on the outer influenza A human adenovirus 5  and TESET56)
membrane Human adenovirus 5 (HAd-5) <5 min (Only
TESET 56%)
Multiblock co-polymer OBC26 with Generation of high-energy singlet oxygen  Vesicular stomatitis virus (VSV) <60 min 104
ZnTMPyP4+ (10,), or other reactive radical species, human adenovirus 5 (HAd-5)
inducing inactivation by non-specific
reactions with viral components
Poly(phenylene ethynylene)-based Generation of ROS causing Bacteriophage T4 92
cationic polyelectrolytes (CPE) and photochemically induced damage of the bacteriophage MS2
oligo-phenylene ethynylenes (OPE) phage capsid protein
Polyacrylic hydrogel containing Inhibition of viral replication Herpes simplex virus - ns
monocarpin
Catechol containing polyacrylamide-  Peroxide releasing, oxidative stress, Porcine parvovirus (PPV) <12h e
based hydrogel, with 10% dopamine  reactivity with viral structural compounds  bovine viral diarrhoea
methacrylamide virus (BVDV)
Biopolymers
Chitosan Autographa californica multiple 133
nucleopolyhedrovirus (AcMNPV)
bombyx mori
nucleopolyhedrovirus (BmNPV)
feline calicivirus (FCV-F9), murine 134
norovirus (MNV-1)
3,6-O-sulfated chitosan (36s) Blocking of adsorption to host cell via Human papillomavirus (HPV) 135
direct binding to the viral capsid proteins
SL-chitosan Blocking of adsorption to host cell via Influenza 136
direct binding to capsid protein
(hemmaglutin)
Cytosinpeptidemycin- chitosan Induced generation of ROS; duced Tobacco mosaic virus (TMV) 137
oligosaccharide (CytPM-COS) upregulation of various defence
responsive genes
Low molecular weight (LM) chitosans Not known Tobacco mosaic virus (TMV) 138
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Table 3 (continued)

Perhydrolase/multi-walled carbon
nanotubes

Influenza X-31

Material/surface Proposed mechanism of action Target viruses Ref.
fucoidan Inhibition of viral replication Human immunodeficiency 139
virus (HIV)
human cytomegalovirus
SP-303 Inhibition of virus penetration into cells by Herpes simplex viruses type 1 142
binding directly to virus or cell membranes (including a thymidine-kinase-
or both deficient strain) and type 2
respiratory syncytial virus (RSV) 143
parainfluenza type 3
viruses (PIV3)
Glycopolymers with sialic acid on Block adsorption to host cell via direct Human influenza viruses Swine 144
lactosamine repeats binding to capsid protein (hemmaglutin) influenza virus
Mucin Entrapment of viral particles in mucin Human papillomavirus HPV-16 145
polymeric matrix Merkel cell polyomavirus (MCV)
influenza A
Antimicrobial peptides
Cathelicidin LL-37 Preventing endosomal cell-entry by West Africa Ebola virus (EBOV) 152
impairing cathepsin B-mediated processing Influenza A 153
of viral glycoprotein Respiratory syncytial virus 154
Cathlecidin GF-17 Damage and interruption of viral Zika virus (ZIKV) 155
cathlecidin BMAP-18 membrane integrity;
inhibition of interferon signalling pathway
Defensin Direct interactions with the viral envelope; Influenza A 159
immunomodulatory roles herpes simplex virus 1 & 2
Vesicular stomatitis virus
cytomegalovirus
Lactoferrin Direct interactions with the viral envelope; Including hepatitis C (HCV), 160
competitive binding to the host cell poliovirus 161
receptor or coreceptor feline calicivirus
rotavirus136 162
SARS coronavirus.137 163
Hepcidin Sequestering iron from pathogens Hepatitis B 167
Hepatitis C
HIV 166
Infectious pancreatic necrosis 168
virus (IPNV)
Graphene
Graphene oxide (GO) reduced Negative charge leads to electrostatic Pseudorabies virus porcine 175
graphene oxide (rGO) interaction with virions so that nanoscale  epidemic diarrhoea virus
sharp edges destroy and inactivate virus
Reduced graphene oxide Particles bind enveloped viruses during the  African swine fever virus 176
functionalised with either dendritic adhesion process and inhibit virus by
polyglycerol or linear polyglycerol preventing viral adhesion to the host cell
azide functional groups
Reduced graphene oxide with Sulfonated moieties capture virions Herpes simplex virus 1 178
sulfonated magnetic nanoparticles allowing virus destruction using
photothermal effect through irradiation
with near-infrared light
Graphene flakes with polyglycerol Electrostatic interactions trigger binding of Herpes simplex virus 1 79
sulfate and fatty amine graphene to virus, whilst secondary
functional groups hydrophobic interactions induce antiviral
activity
Composites
Silica/30 nm silver particles Interaction with components present on Influenza A 189
viral membrane
Silver-infused polylactide films Feline calicivirus 190
silver nanoparticles/chitosan Influenza A 191
silver nanoparticles /chitin nanofibers Influenza A 192
sheets (CNFSs)
Griffithsin nanoparticle/fibre Human immunodeficiency virus 193
composites 1 herpes simplex virus 2
TiO,-modified hydroxyapatite Influenza A 194
TiO,-polylisine nanoparticles/DNA/ Influenza A 195
peptide nucleic acid
196
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Applications of antiviral materials and coatings

Antiviral materials and coatings have very broad applications,
from antiviral food packaging and food contact surfaces for
controlling human enteric viruses!'”’, to health products for
prevention of sexually transmitted infections to PPE in the
healthcare sector. The applications dictate the different properties
of materials. For example, in food production and retail, the
antiviral materials cannot be toxicl’. Materials used in public
transport need to be stable, durable and non-flammable. Here, we
give an overview of practical applications of antiviral materials
and coatings which are summarised in Table 4. Example appli-
cations in the context of a hospital setting are illustrated in Fig. 3.

PPE and soft surfaces. PPE is clearly a prime area of importance,
to protect people from the risk of contact infection. As PPE
includes facial masks or visors, protective suits, spill gowns,
gloves, boot covers, goggles. etc, it requires compatibility with a

wide range of materials from woven fabrics, used in masks, to
disposable aprons. However, generally the materials should be
non-toxic and skin friendly.

Masks and respirators are one of main application of antiviral
materials since the primary transmission carriers for respiratory
viruses are droplets and aerosols, which are released through a
cough, sneeze or when speaking and even breathing. During the
SARS-CoV-2 pandemic, face masks and respirators are often
mandated in public areas to limit the spread of infections!?3. The
conventional type of face masks and respirators composed of
woven or non-woven fabric block the virus by filtration of
aerosols and droplets. However, the virus persists on the
surface?®19% which leads to a risk due to incorrect wearing of
masks or their reuse. Research has focused on developing self-
cleaning masks by using different materials and technologies2%,
especially nano-based materials and techniques, some of which
are already available or close to the market. One popular strategy
is incorporating antiviral nanoparticles into fibrous membranes

Application type Material

Table 4 Examples of published antiviral materials and coatings with the potential use in PPE, public areas and other applications.

Note

Masks and PPE
membranes (RNMs)

Masks and PPE

Face masks Graphene

Face masks Copper oxide

Face masks TiO,-modified hydroxyapatite composite
Face masks Nanoporous membrane

Face masks, PPE and wipes Catechin polyphenol

Public Transport Silver

Various surfaces

Various surfaces
ammonium cationic surfactant,

Door frames, window panels, Nanostructured surfaces
and hospital and medical

equipment

Rechargeable antibacterial and antiviral nanofibrous

Silver nanoparticles absorbed on a chitin sheet

Polycation N,N-dodecyl, methyl-polyethylenimine (PEI)

Silica nanoparticles (SNPs) coated with a quaternary

didodecyldimethylammonium bromide (DDAB).

The photoactive RNMs can store biocidal activity and
under light irradiation and readily release ROS to
provide biocidal functions under dim light or dark
conditions?23

Development of microbicidal/antiviral material, using
Ag NPs absorbed on a chitin sheet with a nanoscale
fibre-like surface structure is under
development!92:204,224

Few-layer graphene deposited onto low-melting
temperature nonwoven masks. The masks could be
reusable after sunlight sterilization202,

Impregnation of copper oxide into respiratory protective
face masks endows them with potent anti-influenza
biocidal properties without altering their physical barrier
properties201.

Hydroxyapatite modified with anatase titanium dioxide
composite shows antiviral activity against HIN1
Influenza A virus, which is promising to apply to
masks'4.

A flexible nanoporous Si-based template on a silicon-
on-insulator wafer is used as a hard mask during a
reactive ion etching process to transfer the patterns
onto a flexible and lightweight polymeric membrane.
Pores with sizes down to 5 nm were achieved. The mask
is antifouling and self-cleaning due to intrinsically
hydrophobic properties of membrane293,

Chemical modification of the surface of non-woven
cellulosic fibre filters (Kimwipes®) by fixing polyphenol
could confer antiviral properties, which could be
potentially used as filters in masks and wipes for the
cleaning of surfaces and as protective clothing22>.
Seating covers used in public transport system could be
treated with silver through the in situ photoreduction of
a silver solution?™,

The surfaces could be simply coated with this
polycation’s butanol solution, which exerts antimicrobial
and antiviral properties®”.

SNPs coated with a quaternary ammonium cationic
surfactant are very effective biocide and can be reused
several times without significantly losing their biocidal
activity. SNPs can be potentially attached to any
substrate, by a chemical adhesive formed by
polydopamine226,

Nanostructures randomly aligned as ridges on
aluminium 6063 alloy surfaces, providing antiviral
properties212
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(a) Hard surfaces

- Nanostructured
surfaces

- Mineral
nanocrystals

- Metallic NPs

« Touch screens
- Taps

« Door handles
« Steering wheel

(d) PPE

- Graphene
- Graphene oxide
- AgNPs
+ Masks - Copper oxide
+ Gloves - Zinc oxide
« Visors - Nanofibrous
« Labcoats membranes
Nanocrystals
Nanodiamond
Polyphenol

(b) Large surfaces
and infrastructure

- Copper

- Polyethyl
eneimine

- Didodecyldimeth-
ylammonium
bromide

- Walls

« Floors

« Cupboards

« Tables

« Doorframes

« Window panels

(c) Soft surfaces

- Graphene

- Graphene oxide

- AgNPs

- Copper oxide

- Zinc oxide

- Nanofibrous
membranes

- Polyphenol

« Textiles

- Mattresses

« Ambulance
interior

+ Soft furnishing

Fig. 3 A hospital composition illustrating examples where anviral surfaces and coatings could be beneficial. Four classes of surfaces are shown; a hard
surfaces such as touch screens and door handles, b large area and infrastructure such as walls, floors and tables; ¢ soft surfaces including textiles and

ambulance interior and d PPE including masks, gloves, visors and coverings.

of the mask or depositing an ultrathin nanoparticle layer on the
respirators. Examples include copper oxide and silver nanopar-
ticles incorporated into nanofiber membranes or the fabric of
masks!91.201. Another way is to make masks superhydrophobic,
so that virus-laden droplets would not be able to remain on the
masks. A possible approach is depositing a few layers of graphene
onto commercial surgical masks?02. It is proposed that an
advantage of graphene coating comes from the possibility of its
self-sterilisation triggered either by electrical charge induction or
by exposing it to the sunlight for 40-100s292, Other super-
hydrophobic materials, such as fluorinated polymers and metallic
nanowires, have also the potential to be used in respiratory
masks?03,

Antiviral compounds incorporated to other types of PPE, such as
apron or gloves, would further reduce the risk of infection for health
care workers. Many antiviral materials, already used in masks and
respirators, e.g., Zn or Ag nanoparticles!?204 or graphene?02, with
high antiviral efficiency and low-toxicity to humans, could be
potentially used. Some drawbacks of utilising metal ions or metallic
nanoparticles in PPE or other everyday-use surfaces should be
considered when designing, manufacturing and implementing the
products. Firstly, ion leaching can occur leading, eventually, to the
loss of antiviral and antimicrobial properties of the material20>-206,
Secondly, there is a potential risk to the environment that metallic
nanoparticles can exert after being released from products with, for
example, domestic or industrial wastewater207-208, Photo-induced
antimicrobial/antiviral materials are promising candidates for
application in PPE as apart from high biocidal efficiency and
long-term stability they can be “green” materials with low
environmental concern®?®210. By incorporating daylight-active
chemicals into rechargeable nanofibrous membranes (RNMs),
photoactive RNMs could act by releasing ROS to provide biocidal
functions under dim light or dark conditions and store the biocidal
activity under light irradiation, which could be potentially
incorporated as a surface protective layer of PPE. There have been
many advances to improve the antibacterial properties of medical
devices especially those that go into the wet or humid environment
of the body (eg. -catheters, tracheal and laryngeal tubes).
Biopolymers and biocompatible polymer coatings could also be
used to reduce viral transmission.

Large surfaces and infrastructure. Another application of anti-
viral materials is the use of antiviral surfaces or surface coatings in

public settings such as healthcare facilities or public transport
system, to slow down the spread of virus through fomites. This
application requires durable materials with long-term (weeks or
even months) antiviral efficiency. Similar to PPE, metal ions such
as silver and copper are popular candidates for use in public areas.
Deposition of silver clusters, through the photoreduction of a
silver salt, directly on the surface could be implemented, e.g., on
the natural leather seats in the public transport system?!l. The
coatings based on polymers, incorporating metallic nanoparticles
or metal ions, could protect the metal from oxidation and cor-
rosion and could also be engineered for slow release of metal ions,
providing long-lasting antiviral properties. A non-release
approach, enhancing the durability of antiviral coatings, was
proposed by Haldar et al.”7, based on coating surfaces with bio-
cidal PEI polymers, as described earlier. Some of the materials
discussed in this review can be applied as a paint and these could
be applied to a wide variety of surfaces from walls, doors and
cabinets to equipment and other hard surfaces.

Hard surfaces. The ubiquitous touch screen is found everywhere,
from personal mobile phones to medical equipment, and is
notorious for harbouring bacteria and viruses. Many of the
materials, such as copper, discussed in this review could be
potentially used in thin-film coatings on glass surfaces. Door
handles, taps and other frequently touched hard surfaces could
similarly benefit from metal coatings such as copper. An alter-
native way is to generate nanostructured topography on indust-
rially relevant surfaces that can physically inactivate viruses.
Recently, Hasan et al.2!2. fabricated 23 nm wide nanostructures
randomly aligned as ridges on aluminium 6063 alloy surfaces
which could significantly reduce the viability of common
respiratory viruses compared to the smooth surfaces?!?. With
excellent durability, this strategy could be potentially used in
hospitals and other public areas.

Outlook

The aim of this review is to provide an overview and better
understanding of the current state of knowledge, research direc-
tion and practices in the area of antiviral materials and coatings.
We focus on the reported mechanisms of action. The repertoire of
materials with antiviral and antimicrobial properties is large and
varied. Adding to that further possibilities of design and engi-
neering of new chemistries, provides many options.
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Antimicrobial properties of these materials are widely studied but
reports on antiviral properties are much fewer and this is a gap
that should be considered.

As can be seen, there is a significant resource of existing lit-
erature on viral persistence on different surfaces. However, a
quantitative or even semi-quantitative analysis of the data is
hampered by a lack of equivalence in the ways that persistence is
measured or a consistent set of virus classes that are used to
challenge the materials. There are existing ISO, ASTM, US Federal
and EU standards on the measurement of antiviral activity but a
lack of use in the literature. The most frequently used method is
the end point dilution assay (TCIDs,), though as noted earlier, the
results are often difficult to interpret and are subjective. There
appears to be a compelling need for systematic studies of different
material types, challenged with specific virus strains of repre-
sentative classes (enveloped, non-enveloped etc.) using quantita-
tive approaches. This points to ‘high-throughput screening’ type
experiments with material arrays. Furthermore, a reference stan-
dard surface, that could be used in an intercomparison study,
would greatly benefit the community by providing a base-line of
repeatability within a lab and replicability between laboratories.
We believe that such studies would considerably increase the value
and re-use of data created in future studies.

Copper is one of the most effective and simplest of the materials
in this review and would appear to be easily integrated, e.g., as
alloys or coatings, into frequently touched hard surfaces such as
door accessories, taps, stair banisters and steadying poles in
transport. Touch-screen displays could have thin films containing
copper. However, increased exposure to copper would need
careful consideration in terms of other health effects. Indeed,
unwanted environmental effects caused by leaching may be one of
the most significant issues to be considered in the deployment of
antiviral surfaces. Natural products may provide the right balance
of antiviral efficacy and environmental impact. It is clear that
material science can play a very important role in the development
of conceptual and practical measures to slow infectious outbreaks.
Both existing and innovative broad-spectrum antiviral strategies
should be considered, which could contribute to the challenge and
preparedness of future viral pandemics.
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