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ABSTRACT

Viruses such as SARS-CoV-2 can remain viable on solid surfaces for up to one week, hence fomites are a potential
route of exposure to infectious virus. Copper has well documented antiviral properties that could limit this
problem, however practical deployment of copper surfaces has been limited due to the associated costs and the
incompatibility of copper metal in specific environments and conditions. We therefore developed an organic
coating containing an intelligent-release Cu?* pigment based on a cation exchange resin. Organic coatings
containing a 50 % weight or higher loading of smart-release pigment were capable of completely inactivating
(>6 log reduction in titre) SARS-CoV-2 within 4 h of incubation. Importantly these organic coatings demon-
strated a significantly enhanced ability to inactivate SARS-CoV-2 compared to metallic copper and un-pigmented
material. Furthermore, the presence of contaminating proteins inhibited the antiviral activity of metallic copper,
but the intelligent-release Cu?* pigment was unaffected. The approach of using a very basic paint system, based
on a polymer binder embedded with “smart release” pigment containing an anti-viral agent which is liberated by
ion-exchange, holds significant promise as a cost effective and rapidly deployed coating to confer virus inacti-

vating capability to high touch surfaces.

1. Introduction

As the world continues to live through the covid 19 pandemic [1], it
is clear that any means which could reduce the spread of highly infec-
tious diseases are of great significance. Although the primary modes of
transmission for SARS-CoV-2 is by airborne droplets and direct contact
(physical or close contact with an infected host) [2-8], indirect contact
with a fomite remains an important consideration as it has been reported
that the virus can remain viable on surfaces for up to 72 h [8-10] and
transfer to skin upon contact [11,12].

The anti-microbial and, more significantly, antiviral properties of
copper (Cu) have been well documented in the scientific literature
[13-17]. However, the practicality of deploying Cu metal or depositing
metallic Cu coatings to surfaces is limited on account of the associated
cost and incompatibility of Cu metal to specific environments and con-
ditions. As such, a more convenient approach may be one where the
copper is employed as an additive in a paint system, consisting of
pigment, binder and solvent, which can be applied as an organic coating
to potential high-touch surfaces. Several candidate technologies have
been investigated as possible anti-viral coating additives, including
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copper iodide nanoparticles [16], cationic copper impregnated fibres
[18], organo-metallic cu?t complexes [19], copper (I) oxide particles
[20,21] and microporous aluminosilicate zeolite materials containing
copper ions [22,23]. Indeed, it was recently reported that powder
coatings containing zeolite particles which had been loaded with a
combination of silver, copper and zinc cations demonstrate significant
anti-microbial properties [24]. An added attraction of in-coating cation-
exchange materials such as zeolites is the ability to act as intelligent-
release pigments, where the stored, in-coating cations remain immobi-
lised until an environment containing other aqueous cations contacts the
coating surface.

In this work we demonstrate that smart-release pigment technology,
which has previously been developed for corrosion protection within
organic coatings, can be adapted for anti-viral applications. Anti-
corrosion pigments based on both inorganic clay materials [25-27]
and organic cation-exchange resins containing stored cationic inhibitors
[28,29] have previously been shown to significantly retard rates of
corrosion-driven organic coating failure on steel surfaces. The technol-
ogy is significantly more versatile than current state-of-the-art inhibitive
pigments based on sparingly soluble salts, in that a wide range of
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cationic corrosion inhibitors such as rare earth metal, group II, and zinc
cations can be deployed using the same ion-exchange pigment system.
Cation inhibitor release is triggered by the presence of cations associated
with a corrosive aqueous environment, leading to inhibition of corrosion
in coating defects when the underlying metal is exposed.

Here we extend this work to demonstrate a simple, cheap, yet highly
effective anti-viral organic coating containing a pigment prepared from
Cu?*-loaded cation exchange resin dispersed in a polymer (polyvinyl co
butyral-co-vinyl alcohol-co-vinyl acetate [PVB]) binder and applied to
stainless steel surfaces. These organic coatings offer a significantly
enhanced ability to inactivate SARS-CoV-2 compared to metallic copper
and un-pigmented PVB, and are more resistant to inhibition by soil
loads, making them ideal coatings for high-touch surfaces where viral
transmission between individuals may occur.

2. Materials and methods
2.1. Materials

The African green monkey kidney Vero E6 cell line was obtained
from American Type Culture Collection (ATCC, no. 1586). To enhance
virus entry (>1-log) and generate a more sensitive assay for virucidal
activity, the cell line was transduced with Lentivirus vectors expressing
ACE2 and TMPRSS2 and subsequently drug selected [30]. The cells were
maintained in Dulbecco’s Modified Eagle’s Medium - high glucose
(DMEM) supplemented with 10 % fetal calf serum (FCS, Sigma Aldrich)
at 37 C in a humidified atmosphere of 5 % CO,. SARS-CoV-2 strain
England2 was propagated in the Vero E6 cells expressing ACE2 and
TMPRSS2 (Vero A/T), and harvested from the supernatant which con-
tained either 0 % or 2 % FCS (depending on the experiment). Viral titre
was determined using a standard plaque assay. 100 pL of virus solution
was deposited on each surface and incubated for 4 h within a biosafety
cabinet, after which the spot had completely dried. The dried spot was
retrieved by washing ten times with 1 mL of DMEM and 100 pL of this
solution was subjected to serial dilution. All infection experiments were
carried out in Cardiff University’s designated biosafety level-3 (BSL-3)
laboratory. Viral infections were performed in DMEM containing 2 %
FCS. All relevant chemicals were purchased from Sigma Aldrich and all
metal coupons were purchased from Goodfellow Metals.

2.2. Preparation of Cu’" exchanged pigment

Amberlite 120 H' has a quoted exchange capacity and density of 1.8
eq 17! and 1.5 kg 17! respectively. From these values the exchange ca-
pacity of the resin was estimated to be 1.5 milliequivalents (mEq) per
gram. Based on this value, an excess of Cu>" was used to ensure resin
saturation (calculated maximum of 9.5 g per 100 g of resin). Thus, 0.2 M
of CuS04.5H20 was dissolved in 1 L of distilled water and 100 g of
Amberlite 120 H' resin beads were added. This mixture was then stirred
at a constant speed for 2 h using a magnetic stirrer. After the 2 h ex-
change period, the resin beads were collected using a Buchner filtration
flask, washed with 500 mL of deionised water, and then dried for 24 h at
40 °C under vacuum. Once dried, the exchanged Amberlite 120 H" resin
beads were milled using a Retsch planetary ball mill at 350 RPM for 2 h.
The resulting powder was then sieved through a 20 pm mesh, yielding a
finely-divided, light blue coloured pigment.

2.3. Spectrophotometric determination of Cu(II) species

The concentration of Cu ions in solution was determined by optical
absorbance measurements using a PerkinElmer Lambda 750 UV/VIS/
NIR Spectrometer in conjunction with 1 cm plastic cuvettes. Absorbance
values for corresponding Cu concentrations were determined using a
well-known methodology, whereby an excess of ammonia in solution
complexes with Cu?* cations, forming the complex ion tetraammine-
copper(Il) (CU(NHg)%+), which produces a deep blue colour [31-33]. A
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calibration curve was prepared by plotting the absorbance measured at
Amax = 606 nm as a function of known Cu concentrations between 1 x
103 and 2 x 102 M. The resulting plot was a good straight line (R? =
0.9978) implying that aqueous Cu?* solutions (between concentrations
of1 x 10 %and 2 x 1072 M) obey the Beer-Lambert law, Eq. (1).

Ago6 = €606 C (@)

where g0 is the molar extinction coefficient at 606 nm, ¢ is concen-
tration in M and [ is the optical path length in cm. The value of &g06
obtained from the least-squares analysis of absorbance data was 42 M
em ! (£3) at ~20 °C, which is in good agreement with other reported
values. Thereafter, the solution concentration of Cu?>* was determined
by withdrawing an aliquot, volumetrically diluting with distilled water
(if necessary), mixed with an equal volume of 1 M of ammonia and
measuring the absorbance at 606 nm. Measurements of the post ex-
change solution to estimate the amount of Cu?* taken up by the ion
exchange resin were made by withdrawing and aliquot after the 2 H
exchange period, diluted by an order of magnitude and mixing with an
equal volume of 1 M ammonia. The back exchange measurements were
produced by stirring 1 g of milled pigment in 10 cm® of 0.3 M HyS0, (to
ensure the most efficient back-exchange) for 2 h, the pigment was then
separated from the solution by use of a centrifuge. An aliquot was
removed from the solution, diluted, and prepared in the same manner as
above.

2.4. Preparation and application of Ct’" exchanged pigment polymer
coatings

2 cm x 2 cm 430 stainless steel substrate surfaces were prepared by
abrading with 24,000 grit silicon carbide papers to remove the as-
received surface, including any contaminants and/or pre-existing
oxide layer. Degreasing was carried out by an acetone rinse followed
by air-drying. PVB solutions (MW ~70,000-100,000) were prepared in
ethanol (16 % w/w), the Cu?* exchanged pigment was added at known
weights (0.5-5 g of pigment to 25 g of ethanolic PVB solutions) and
thoroughly dispersed using a shear mixer. Organic coatings (films) were
produced by bar casting the PVB-Cu®* exchanged pigment dispersions
onto the 430 stainless steel substrates using electrical tape (~145 pm in
thickness) as a height guide. Subsequent evaporation of the ethanol
solvent resulted in a dry film thickness of ~25 pm (measured by a
micrometre screw gauge) and a range of composite organic coating
pigment loadings of 11 to 55 wt%.

2.5. Evaluation of antiviral activities of the Cu?" exchanged pigment
polymer coatings and analogues

The antiviral response of the Cu?* exchanged pigmented coatings
(hereafter referred to as CEP), pure copper powder pigmented coating
(prepared in the same manner as described for the Cu?* exchanged
coatings, at a loading of 10 g of powder to 25 g of ethanolic PVB solu-
tion), unpigmented PVB coating, bare stainless steel substrates, and bare
copper substrates were all measured as follows. 100 pL of SARS-CoV2 at
a titre of approximately 4 x 108 PFU/mL was applied to each sample
contained within a 6 well plate and dried within a Biosafety cabinet for
4 h. After incubation, residual virus was recovered by washing with
DMEM, and titrations were performed by plaque assay; serial dilutions
were used to infect Vero A/T cells for 1 h. Following this, cells were
overlaid with DMEM containing 2 % FCS, and 1.2 % Avicel®. After 72 h,
the overlay was removed, and the monolayer washed and fixed with
100 % methanol. Monolayers were stained with a solution of 25 % (v/v)
methanol and 0.5 % (w/v) Crystal Violet, then washed with water, and
plaques were enumerated.
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2.6. Statistical analysis

Viral titre data was log transformed and differences between sample
types were analysed using 1-way analyses of variance (ANOVA) and
Tukey’s multiple comparison test.

3. Results and discussion
3.1. Uptake and release efficiencies of Cu?* exchanged pigment

To determine whether our novel coatings, based on smart-release
cation-exchange pigments could be rendered antiviral through the
incorporation copper (II) ions, we generated a Cu?*-exchanged
analogue, which was subsequently dispersed in an ethanolic solution of
PVB to produce a model paint. To confirm the smart-release properties
of the Cu®* loaded CEP, where cation exchange with an external elec-
trolyte of high ionic strength will liberate stored Cu®" from the pigment,
quantification of the uptake and release of Cu?>* was carried out as
described in Section 2. During pigment preparation by dispersion of as-
received Amberlite 120 H" resin in a 0.2 M CuSOj4 solution, determi-
nation of the residual concentration of Cu?>* (aq) in the post-exchange
supernatant confirmed a pigment Cu®" cation capacity of 0.9 mmol/g.
This empirically determined value is in full agreement with the antici-
pated cation exchange capacity of 1.8 meq/g previously quoted for this
material. A subsequent back exchange experiment carried out by
dispersing 1 g of fine, milled Cu?"-CEP powder in 10 cm® of dilute
sulphuric acid and subsequent determination of Cu** concentration in
solution after 2 h stirring demonstrated that 0.62 mmol/g of the stored
Cu®* was released through the cation exchange process. The same
experiment repeated in the presence of distilled water showed that <5 %
of the stored Cu®* was liberated into solution, thus validating the notion
of a triggered release of the anti-viral agent stored within the pigment.

3.2. Antiviral activities of various surfaces

To investigate the antiviral capacity of different materials, SARS-
CoV-2 virions in DMEM were incubated on surfaces for 4 h, then re-
sidual titres of live virus calculated. To establish baseline parameters,
the antiviral capacity of a copper surface was assessed. As expected
given its well documented antiviral activity, copper resulted in a drop
(3logl0) in viral titres compared to a control (blank) well, while steel
did not result in any reduction in titre at all (Fig. 1). Biological fluids
such as saliva naturally contain proteins, we therefore included 2 % FCS
in some samples to act as an organic soil load that mimics these proteins,
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Fig. 1. Antiviral activities measured for steel, pure copper and blank wells in
the presence and absence of FCS, as determined by plaque titration after 4 h of
incubation. Data represents geometric means with 95 % confidence intervals, N
=4, **** =P < 0.0001 (ANOVA with Tukey’s multiple comparison test). Limit
of detection = 20 PFU/mL.
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a standard practice for testing disinfection of inanimate, nonporous
environmental surfaces [34]. Surprisingly, the addition of 2 % FCS
completely inhibited the antiviral efficacy of the copper (Fig. 1). All
subsequent experiments were therefore conducted in the presence of 2 %
FCS to allow for more stringent testing and to better mimic salivary
droplets.

Having established baseline activity, the anti-viral action of copper-
containing, PVB-based coatings applied to stainless steel substrates were
tested (Fig. 2). A PVB composite coating containing 56 wt/% of
dispersed Cu?*-CEP pigment was compared with a coating based on a
metallic Cu powder additive at the same loading (i.e. 5 g of pigment
dispersed in 25 g of ethanolic PVB solution). The latter showed no ef-
ficacy against the virus, whereas the Cu>"-CEP pigment loaded PVB
coated surface showed a highly significant reduction (>6 log) of viral
titre in comparison to a blank well, or control PVB coating lacking a
copper-based pigment. Impressively, the Cu?*-CEP system showed far
greater efficacy against virus in the presence of 2 % FCS, than achieved
with pure metallic copper against virus lacking FCS (>6 log reduction vs
~3 log reduction). A control experiment was carried out to determine
whether any antiviral activity could be ascribed to Cu®>* leaching out of
the paint and inactivating the virus during the titration stages. Media
without virus was added to the surface for 4 h, then rinsed off, and mixed
with a known concentration of live virus, before virus titration as
normal. No antiviral activity occurred, demonstrating that inactivation
was predominantly occurring on the surface of the paint itself, and not
during subsequent analysis (Supplementary Fig. 1).

A question arises as to why there is such a difference in antiviral
efficiency between PVB coatings containing dispersions of Cu powder as
opposed to Cu>*—CEP, given that Cu species should be present in each.
One explanation with respect to the inefficiency of the metallic Cu
powder pigmented system could be the limited exposure of the Cu
particles at the surface of the coating. It is possible that the PVB has
enveloped most of the available powder and thereby limited contact to
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Fig. 2. Antiviral activities of various copper-based organic coatings using 2 %
FCS virus stocks determined by plaque assay after 4 h of incubation. Data
represents geometric means with 95 % confidence intervals, N = 4, **** =P <
0.0001 (ANOVA with Tukey’s multiple comparison test). Limit of detection =
20 PFU/mL.
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the Cu surface and subsequent release of ions. The inability of the bare
Cu substrate to fully inactive the virus despite having the largest avail-
ability of Cu with respect to all the samples, suggests a limiting factor
associated with the surface and/or availability of Cu species. Other
works have reported the time dependant antiviral capacity of Cu and Cu
alloyed surfaces in which a reduction in efficiencies is observed when
these surfaces were exposed to air and the subsequent oxidation of the
Cu surfaces.

3.3. Antivirdl efficiency of Cu?* exchanged pigment

Based on the profound antiviral response observed by the Cu?*-CEP
system, an investigation as to whether a critical pigment loading exists
with respect to antiviral action was conducted. Fig. 3 shows the
measured viral titres for 6 CEP systems of varying pigment loading
(11-56 % w/w based on a dry CEP-PVB composite film) alongside a non-
pigmented PVB reference. A critical pigment loading threshold exists
between 42 and 50 wt% of the Cu>"-CEP/PVB system at which point the
antiviral action almost entirely stops.

This critical threshold can be attributed to the availability of Cu?*
ions which is governed by the exposure of pigment particles at the
coating surface. Like the metal Cu pigment analogue, at a 42 % loading,
there is insufficient direct exposure of the pigment particles at the
coating surface, and the release of Cu species is limited. A schematic
representation of the coating and virus interface is provided in Fig. 4.
Without direct exposure of the pigment, ion exchange and release of
Cu®" (either from H' or other relevant reactive cationic species e.g.
Na™) will be limited and the antiviral action diminished. It should also
be noted that if this smart-release technology is deployed as a coating
which can bestow anti-viral activity to high touch surfaces, such as door
handles, railing, push plates etc., then ion-exchange triggered liberation
of the stored Cu®" will take place in palmar or fingermark deposits
which will contain inorganic group I chlorides. [35].

4. Discussion

Several antiviral mechanisms of Cu have been proposed but an exact
understanding remains elusive. Generally, the virucidal properties of Cu
are primarily attributed to the release of both Cu* and Cu®* species. The
most consistently reported mechanisms is associated with the
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Fig. 3. Antiviral activities measured for PVB coatings containing varying Cu®*-
CEP pigment loadings applied to stainless steel substrates, compared with an
unpigmented PVB reference, using 2 % FCS virus determined by PFU titre post
4 h of incubation. Data represents geometric means with 95 % confidence in-
tervals, N = 4. Limit of detection = 20 PFU/mL.
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production of redox radicals, specifically, reactive oxygen species (ROS)
generated from the cycling of Cu ion states, as shown in the Haber-Weiss
and Fenton reactions (Egs. (2) & (3)) [36]

Cu*t + 0,—>Cut + 0, (2)

Cu* + H,0,—~Cu** + OH™ + OH 3)

Release of ROS leads to damage of the virus lipids, proteins and
nucleic acids, thereby destroying the capability to infect or replicate and
rendering the virus inactive [37]. In other studies, the action of ROS has
been shown to interact and degrade the virus envelope.

The exchanged pigment will be a source of Gu?* only, which would
suggest that the primary antiviral mechanism of the composite PVB
coatings investigated here is associated with Cu®" rather than Cu™.
Other studies have demonstrated the direct antiviral action of Cu®>" ions,
whereby they form complexes with biomolecules or displace metal ions
in specific metalloproteins, causing protein degradation/denaturation
and ultimately inactivation [35]. Evidence of a combined mechanism in
which virus morphology is irreversibly changed, inducing a disintegra-
tion of the virus envelope and dispersal of the spike proteins has also
been reported [38]. This change and subsequent inactivation was
attributed to the action of both Cu™ and Cu®" ions and assisted by ROS
generation. A schematic representation of both potential antiviral
mechanisms is illustrated in Fig. 5.

5. Conclusion

A simple organic coating based on Cu?t exchanged resin pigment
(Cu*-CEP) dispersed in a polymer binder and applied to stainless steel
substrates demonstrates potent activity against an enveloped virus
(SARS-CoV-2). Furthermore, the Cu*-CEP additive, when loaded to a
critical amount, is capable of inactivating >6log10 of virus even in the
presence of a soil load. In contrast, metallic copper surfaces and an
organic coating containing dispersed metallic copper surfaces or Cu
powder are significantly less effective under identical conditions. The
approach of using a very basic paint system, based on a polymer binder
embedded with “smart release” pigment containing an anti-viral agent
which is liberated by ion-exchange, holds significant promise as a cost
effective and rapidly deployed coating to confer virus killing capability
to high touch surfaces.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.porgcoat.2022.107135.
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