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Interrogating the Effect of Assay Media on the Rate of Virus
Inactivation of High-Touch Copper Surfaces: A Materials

Science Approach

Carol F. Glover,* Tsuyoshi Miyake, Victor Wallemacq, Jamie D. Harris, John Emery,
Daniel A. Engel, Stephen J. McDonnell, and John R. Scully

Contamination of high-touch surfaces with infected droplets of bodily secre-
tions is a known route of virus transmission. Copper surfaces have been
reported to inactivate human coronaviruses after several minutes, via the
release of Cu cations. Utilization of copper alloys for high-touch surfaces can be
a pivotal preemptive strategy for preventing the next pandemic. Understanding
the true efficacy by which copper, and copper alloys, inactivate the virus under
realistic conditions is essential for tuning intrinsic alloy features such as
composition, grain orientation, and surface attributes, to optimize for antiviral
function. However, virus inactivation measurements depend on the presence
of an assay media (AM) solution as a carrier for the virus, and its effects on

the surface properties of pure copper that regulate oxidative copper release are
previously unknown. Herein, these properties and the influence of AM on the
efficacy of virus inactivation occurring on the surface of pure copper are inves-
tigated. The process is uncovered by which a five-fold decrease in virus half-life
is observed in simulated real-life conditions, relative to exposure to traditional
AM. The investigation highlights the notion that virus inactivation on copper
surfaces may be significantly more effective than previously thought.

1. Introduction

Human coronaviruses (such as SARS-CoV-1, SARS-CoV-2,
OC43, and 229E) have been shown to remain infectious for
up to five days on common non-biocidal surfaces, including
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stainless steel, glass, and ceramic tile.l?

While the most effective form of virus-
transmission is through inhalation of air,
carrying aerosol particles containing infec-
tious virus,®l projected by coughing and
sneezing, transfer through touching con-
taminated surfaces still poses a risk.! Fol-
lowing hand-contact, virus particles may
be transferred to the facial mucosa of a
novel host upon touching the eyes, nose,
and mouth.

High-touch surfaces, such as door-
handles and hand-rails, are prone to con-
tinuous recontamination.”® As such,
design of materials for high-touch sur-
faces that can inactivate viruses over short
time-scales, is a high priority for materials
scientists.’l Copper and copper alloys
have been demonstrated to possess excel-
lent antiviral properties, via the release of
soluble copper cations (such as Cu'*) into
the local environment, through an elec-
trochemical corrosion process.'271% Their
utilization of high-touch surfaces could be a pivotal preemp-
tive strategy for preventing the next pandemic.’""! However,
the efficacy and rate with which cations released from a copper
surface can inactivate the virus has become a source of conten-
tion, where investigators report inactivation times ranging from
the order of minutes, to several hours.l'?%2!l Doremalan et al.
demonstrated a time of 4 h for SARS-CoV-2 to be inactivated
on a copper surface,!! and Robinson et al. demonstrated a time
of 5 h for 99% inactivation of SARS-CoV-2 on a novel additively
manufactured Copper-Tungsten-Silver alloy.?!l In stark con-
trast, Bryant et al. reported an inactivation time of one minute,
citing the cell culture medium as a key reason for the disparity
of results.?% Bryant speculates that the L-glutamine culture
medium used by Doremalan et al. will result in partial sur-
face passivation as a result of Cu(OH), precipitates, inhibiting
copper cation release, resulting in a slower inactivation time.[2%
Bryant states that GlutaMAX-1-fed viral cultures, used in their
own study, would not passivate the copper.?’! However, no evi-
dence has been provided to support the presence of Cu(OH),.

Measuring the true efficacy by which the virus is inacti-
vated is essential to inform the tuning of copper alloys to the
desired composition, and other metallurgical details such as
phases and grain orientation, all adjustable for optimizing
for a critical balance between corrosion, oxide formation,
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and ion release. Corrosion rates must be sufficient to release
enough copper cations for desired antiviral function, while
simultaneously suppressing undesirable tarnish-forming
oxides (to sustain acceptable aesthetics, important for per-
ceived cleanliness and hygiene in public spaces) or passi-
vating oxides, which prevent the continued release of cations
necessary for virus inactivation. The assay solutions, used as
the medium through which the virus is exposed to the sur-
face of interest in laboratory experiments, contain species that
render a local environment that differs greatly from the bodily
secretions present in real-life (such as perspiration or saliva).
The local environment to which the copper surface is exposed
dictates the composition, stability, and thickness of surface
oxides, which in-turn regulates the amount of soluble copper
cations released into solution, and thus, their availability for
virus inactivation.l?>23] Modifications to the local environment
can result in an enhancement, or inhibition, of cation release
as mentioned briefly by Bryant.[?"!

This calls into question whether virus inactivation tests per-
formed in traditional assay media (AM) reliably represent the
virus inactivation-rate that occurs in a real-life environment.
Here, we investigate the inactivation-rate of human betacoro-
navirus OC43 (a close representation of SARS-CoV-2 used for
experimental purposes)?!l on pure copper surfaces, using solu-
tions made up of various compositions of: 1) a traditional AM,
and 2) artificial perspiration (AP), where the latter represents
the most common bodily secretion found on high-touch sur-
faces.”! Tables S1 and S2, Supporting Information, presented
in the Supporting Information, give details of the composition
of AP and AM. In a traditional virus inactivation test, 1009% AM
is used as the virus carrier, however, it is possible to conduct
such tests using other solutions. It should be noted that this is
most practical when at least 10% AM is present. While tests in
100% AP may appear to be the obvious replication of the real-
world environment, the AM is an essential carrier solution for
the virus and full omission from the experiment makes data
collection extremely difficult.

Herein, we discuss the mechanism through which the
virus inactivation-rate on a 99.95 wt.% commercially pure
(CP) copper surface is affected by the composition of the test
media. We identify the optimum composition of a hybrid
AP:AM solution that can enable accurate virus inactivation
testing. All experiments were conducted in a range of solu-
tion compositions that comprised the following amounts of
AP: 100%, 90%, 80% 60%, and 0% (with the exception of the
virus inactivation tests, where the use of 100% AP was found
to be highly impractical), with the balance being AM. This
will enable extrapolation to 100% AP behavior in the virus
inactivation tests. Electrochemical cyclic voltammetry (CV)
experiments were utilized to quantify the oxidation of copper
to form Cu(I) cation species (expressed as an anodic charge
coupled with the moles of copper oxidized through Faraday’s
Law) through electrochemical oxidation of pure copper, after
a period of immersion in the various solution compositions.
Any solid-state corrosion products, that is, copper oxides, that
formed on the surfaces of the copper during such immer-
sions were also characterized using X-ray photoelectron spec-
troscopy (XPS), combined with electrochemical coulometric
reduction (CR) experiments./:]
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2. Results
2.1. Inactivation-Rate of Betacoronavirus (OC43) in Various Media

The inactivation-rate of beta-coronavirus (OC43), was deter-
mined on CP copper surfaces, and on pure plastic control sur-
faces, in the various AM:AP solution component ratios. The
data are presented in Figure 1a, and a summary of the virus
halflife as a function of %AP content is presented in Figure 1b.
A virus inactivation halflife of approximately 92 min was
recorded for tests conducted in 100% AM, and the initial inacti-
vation rate was found to be extremely slow in the first 60 min.
In stark contrast, the virus inactivation half-life was found to
be approximately 17 min for tests conducted in the solution
containing 90% AP. The data show that the virus inactiva-
tion half-life increases progressively with increasing AM con-
tent (Figure 1b). For all test solution compositions regardless
of AP:AM content, no virus inactivation was observed on the
plastic control surfaces over an exposure period of 160 min. The
data presented in Figure la enabled the selection of an immer-
sion time for interrogation and analysis using electrochemical
experiments and XPS to study CP copper surface reactivity and
film-forming qualities after pre-exposures to the same solutions
used for the virus inactivation tests. 20 min was selected as a
highly representative pre-exposure immersion time, given the
spread observed in the % of virus inactivation data across the
range of solution compositions at this time (Figure 1a).

2.2. Electrochemical Oxidation of Pure Copper Following
Exposure to Various Media

CV was employed to quantify the oxidation of CP copper to
form Cu(l) cation species, following 20-min full-immersion
pre-exposures to solutions at each AM: AP composition. Experi-
ments were conducted in clean, Cu ion-free, deaerated borate
buffer solution at pH 8.4 (i.e., where copper oxide are stable),
such that only the solid Cu products were sampled. Representa-
tive voltammograms, selected from the third CV cycle, are pre-
sented in Figure 2a.

Copper oxidation was quantified by calculation of the charge
associated with the oxidation peak that represents Cu(0) —
Cu(l), as labeled in Figure 2c. On inspection of the recorded
peaks, pre-exposures to 100% AP and 90% AP were found to
produce a significantly larger Cu(0) — Cu(I) oxidation peak,
relative to the experiments carried out in the other solution
compositions. For clarity, the y-axis has been re-scaled to show
the lower-intensity peaks and presented in Figure 2b. In each
case, the charge associated with the Cu(0) — Cu(l) peak was
calculated by dividing the applied potential-current density (E-I)
peak area by the scan rate. A summary of the calculated charge,
and the % of surviving virus after 20 min of exposure (extracted
from Figure 1a), is presented in Figure 2d as a function of %
AP in the exposure solution. Relative to the 100% AP pre-expo-
sure, the measured charge associated with the Cu(0) — Cu(I)
peak was found to be reduced by approximately 85%, 93%, and
87% after immersion in 0%, 60%, and 80% AP, respectively. In
contrast, only a 5% reduction in charge was observed for pure
copper samples pre-exposed to the 90% AP solution.
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Figure 1. a) % Virus staining versus time for OC43 on pure Cu and plastic surfaces in solutions of various AM:AP composition ratios. b) Virus half-life
as a function of AP content. Data are presented in terms of mean values + standard deviation, where n = 3. For Figure 1(a) p-values between plastic
and pure Copper were calculated using two-factor with the ANOVA statistical method with replication, for all time points p < 0.01. The p-values for
pure Copper samples were calculated using one-factor ANOVA and, between 20 and 100 min, p < 0.01. For Figure 1(b) the p-value was calculated using

one-factor ANOVA, where p < 0.01 (p = 5.73 x 107).

2.3. Characterization of Pure Copper Surface Phases Following
Exposure to Various Media

XPS and electrochemical CR experiments were also utilized
to characterize the surfaces of CP copper after 20-min full-
immersion pre-exposures to solutions at each AM:AP compo-
sition. Figure 3 shows XPS spectra measured on CP copper
after pre-exposures to 100% AM and 100% AP. Considering
the Cu 2p3/2 core level, the integrated intensity of the 100%
AP specimen is almost entirely ascribed to Cu(I), accounting
for 98%, with only 2% of Cu(0) (position linked to the less
surface sensitive Cu 3p core level). Conversely, the integrated
intensity of the specimen pre-exposed to 100% AM is domi-
nated by 52% Cu(Il), with only 44% Cu(I). The same trend is
observed in the Cu LMM core level, with the integrated inten-
sity of Cu(I) decreasing progressively between pre-exposure to
100% AP and 100% AM. An example of how the deconvolu-
tion of the metal and oxide peaks in the Cu LMM core level
was performed is given in Figure S1, Supporting Information.
Finally, the O 1s spectra corroborate the trend in Cu(I) oxide,
where this is most evident in the specimen pre-exposed to
100% AP.

Comparing the copper core levels for the specimens pre-
exposed to 100% AP and 100% AM, along with intermediary
solution compositions (shown in Figures S4-S6, Supporting
Information), a trend in the oxide states is evident. Oxide
thickness calculations made using the presented XPS data are
included in Section S1.1, Supporting Information, “Oxide Thick-
ness Calculations”. Specimens pre-exposed to 100% AP are
dominated by Cu(I) with little to no Cu(lI), and exhibit a thicker

Adv. Mater. Interfaces 2022, 9, 2200390 2200390 (3 of 10)

total oxide. Conversely, samples exposed to 100% AM feature a
majority of Cu(II) and comparatively more of a Cu(0) integrated
intensity (Figure 3), with a thinner total oxide (Figure 5b). A
comparison of the Cu 2p spectra of the pure copper samples
exposed to 100% AM and 100% AP is shown in Figure S2, Sup-
porting Information.

An electrochemical CR technique was employed to further
characterize CP copper after 20-min pre-exposures to solutions
of each AP:AM composition. The technique has been used in
multiple electrochemical investigations and provides infor-
mation on the oxide composition and thickness (e.g., amount
per unit area) via the establishment of reduction plateau’s that
can be assigned to a specific oxide species.?°-33 Data are pre-
sented in Figure 4a, where the potential (V vs SCE), resulting
from cathodic galvanostatic holds at —20 tAcm™2, is plotted as a
function of time. Four distinct plateau regions can be observed
in all experiments where AM was present in the pre-exposure
(labeled 1, 2, 3, and 4 in Figure 4).

The plateau at position 4, observed in all cases, is a result
of the hydrogen evolution reaction (HER). Despite the pres-
ence of chlorides in both AP and AM (as listed in Tables S1
and S2, Supporting Information), chlorides were not detected
by XPS on any sample containing AM. A low level (<3.2%) of
chloride was detected on the specimen exposed to 100% AP. As
such, none of the observed plateaus can be attributed to Cu—Cl
compounds in the reduction test. The plateau at position 1 can
be found at approximately —0.29 V versus SCE and was not
observed in the experiment carried out with a pre-exposure to
100% AP. Given the limited detection of Cu(II) by XPS for this
exposure condition, and the absence of a plateau at —0.29 V
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Figure 2. Cyclic voltammograms conducted on Pure Cu in deaerated borate buffer solution (pH 6.5), where the third cycle is given. Samples were
first held for 20 min in various media and scan rate of 10 mV sec™' was used. a) Data after immersion in all solutions, b) data after no immersion,
100% AM and 80% AP + 20% AM immersion, c) scan direction and the oxidation/reduction peak, and d) a plot showing the charge associated with
the Cu(0) = Cu(l) oxidation peak and the % surviving virus as a function of AP content.

versus SCE (position 1), it seems reasonable to speculate that
this plateau can be attributed to the reduction of CuO, via.

2Cu0 +H,0+2¢” — Cu,0+20H"
E,;, =0.670—0.059pH (V vs SHE) 1)

Reaction (1)

This was substantiated by XPS, where CP copper speci-
mens pre-exposed to a solution of 40% AM: 60% AP were
characterized following a CR hold that was terminated imme-
diately after the first reduction plateau at position 1. Data are
given in Figures S7-S10, Supporting Information. The same
conclusion was drawn in previous investigations employing
CR in comparable conditions.?233] Employing Equation (1),
the data infers that the reduction of CuO occurs at a potential
of —0.233 V versus SCE relative to the equilibrium potential
for this reaction.

The plateaus labeled 2 and 3 in Figure 4a occur within the
following potential ranges: (2) —0.39 V versus SCE to —0.51 V
versus SCE and, (3) —0.57 V versus SCE to —0.69 V versus
SCE. Various authors have demonstrated the presence of two
such reduction plateaus, measured on pure copper, using CR
holds3%31 and linear sweep voltammetry (LSV),2%2% and both

Adv. Mater. Interfaces 2022, 9, 2200390 2200390 (4 0f10)

authors attributed these potential plateaus to Cu,O. This was
verified using infrared reflection absorption spectroscopy
(IRAS),U UV-visible NIR,?8l and XPS.1?"] Persson et al. assigned
the plateau at position 2 (i.e., at a more positive potential,
relating to the more reducible species) to a Cu,O precursor of
Cu,O, with the same crystallographic structure but containing
mixed-valence states, where interstitial metallic Cu is present in
the Cu(l) oxide phase.’” Nonetheless, plateaus 2 and 3 can be
attributed to the reduction of Cu,0 via,

Cu,0+H,0+2e — 2Cu+20H Reaction (2)

E,j, = 0.460 — 0.059pH (V vs SHE) (2)

Employing Equation (2) gives potentials of approximately
—0.144 V versus SCE and —0.294 V versus SCE relative to the
equilibrium potential for this reaction for plateau 2 and plateau
3, respectively. It should be noted that a percentage of the Cu,0
reduced at position 2 will be as a result of the reduction of CuO
at position 1, as per Reaction (1).

Figure 5a summarizes calculations made from Figures 3
and 4 where the oxide ratio of Cu(I):Cu(Il) is given, as deter-
mined from the XPS Cu LMM core level fits (Figure 3) and
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Figure 3. XPS Spectra measured on pure Cu after immersions in 100% AM and 100% AP.

from the CR data (Figure 4). The summary plots given in
Figure S3, Supporting Information, provide additional infor-
mation regarding the ratio of Cu(0):Cu(I):Cu(Il) as measured
via XPS from the Cu 2p core level (Figure S2(a), Supporting
Information, and the Cu LMM core level (Figure S3(b), Sup-
porting Information). Furthermore, Figure 5b compares the
trends in total oxide thickness for each solution composition, as
calculated separately from XPS and CR data. Details regarding

the methods used to calculate oxide thickness are given in
Section 5.2 and Section S1.1, Supporting Information, for CR
experiments and XPS measurements, respectively. The data are
in qualitative agreement that a trend of increasing Cu(I):Cu(II)
oxide ratio (Figure 5a) and oxide thickness (Figure 5b) is
observed with increasing AP content. A discussion of the sys-
tematic errors in these measurements that reduce accuracy
more than precision is included in the SI.
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Figure 4. CR data measured in deaerated borate buffer solution (pH 8.4) on pure Cu after 20-min pre-exposures to solutions of various AM:AP com-

position ratios.
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Figure 5. a) XPS Cu2p Spectra measured on pure Cu after immersions in 100% AM and 100% AP. b) Summary of total oxide thickness and ratio of

Cu(i):Cu(ii) as measured using XPS and electrochemical CR data.

It is important to discuss the complete fate of copper in the
alloy, at the surface in solid compound or as dissolved species
in solution. Next, we turn our attention to the solution phase
focusing on dissolving copper whether free ions or chelated.

2.4. Release of Cu Cations into Solution

It is of interest to quantify the copper released in a solution
regulated by chemical and electrochemical processes. Inactiva-
tion is due to free Cu ions.Zl The total amount of Cu (in ppb)
in AP and AM solutions following 20-min and, separately, 1-h
immersions of CP copper was measured using graphite fur-
nace atomic absorption spectrometry (GFAAS). The data is pre-
sented in Figure 6 After 20 min, it can be observed that 33%
more total copper was present in the AM solution, when com-
pared to the AP solution. In contrast, after an immersion period
of 1h, 73% more Cu was measured in the AM solution, relative

25,000

2z AP
I AM

20,000

15,000+

Cu (ppb)

10,000

5,000

04
1 hour

20 minutes

Figure 6. Bar chart showing the amount of Cu measured (ppb) in AM and
AP solutions after the immersion of CP Cu for 20 min and 1 h, measured
using GFAAS.
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to the AP solution. Furthermore, an increase of only 15% Cu
was measured in AP solution after 1 h of immersion relative
to the amount of Cu measured after 20-min immersion. An
increase of 66% Cu was measured in AM solution after 1 h,
relative to the 20-min immersion). It should be noted that the
GFAAS technique is not able to distinguish between oxidation
states, and the total Cu in solution, including any chelated Cu,
is captured in the measurement.*¥ Since, free copper is anti-
microbial, chelating in AM and AP must also be accounted for.

3. Discussion

The study presented herein demonstrates that exposure of
99.95 wt.% CP copper to a traditional virus inactivation AM
test solution significantly inhibits the inactivation of the beta-
coronavirus (OC43) (Figure la), when compared to exposures
to the solution containing AP solution. AP is representative
of one of the most common bodily secretions found on high-
touch surfaces.?>] We demonstrate that the systematic increase
of the AM:AP ratio in the virus inactivation test solution pro-
gressively prolongs the half-life of the betacoronavirus (OC43)
(Figure 1b). An increase in the virus inactivation half-life by a
factor of 5 was observed when testing in 100% AM, when com-
pared with tests conducted in 10% AM: 90% AP solution. A
result of this nature is consistent with the virus inactivation
test solution having a significant effect on one or more of the
following factors: 1) the fate of oxidized species, that is, soluble
cation release versus insoluble oxide formation, 2) the compo-
sition and thickness of surface oxides, 3) the rate of soluble
cation-release into solution, 4) the oxidation state of soluble
Cu cations released into solution (i.e., Cu(I) or Cu(lI)), and 5)
the availability of soluble cations released into solution, that is,
chelating of Cu cations by species present in the solution, pre-
venting their interaction with the virus, in contrast to the pres-
ence of free Cu(I) or Cu(II).

In assessment of the above factors, and the electrochem-
ical, mass spectrometry, and surface characterization results
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presented here, we can form a hypothesis regarding the mech-
anism by which the virus inactivation test solution affects the
test itself. First, graphite furnace atomic absorption spectros-
copy (GFAAS) measurements (shown in Figure 6 demonstrated
that significantly more Cu cations were present in AM solution,
relative to AP solution, after 20 and 60-min immersion times
(33% and 73%, respectively). The expectation based on the rela-
tionship between free copper ion concentration is that larger
concentrations inactivate at a higher rate.l’) Hence, this result
strongly suggests that Cu chelating occurs in the AM solution,
given the disparity in virus inactivation efficacy between 100%
AM and 10% AM: 90% AP solution after 1 h of solution expo-
sure (Figure 1), despite an approximately four-fold increase in
soluble Cu release (Figure 2) in 100% AM. As such, chelated
Cu cations would not be available for virus inactivation, as dem-
onstrated in the schematic diagram given in Figure 7a. Chela-
tors are typically organic compounds such as amino acids,*>~*"]
which make up a large portion of Dulbecco’s modified eagle
medium (DMEM 11965) which, in turn, makes up 97% of the
total AM solution. The individual components of DMEM 11965
are listed in Table S2, and the amino acids listed can be identi-
fied as Cu chelators.?% As such, it seems that exposure to the
CP copper surface for an extended time period is required,
such that the concentration of soluble Cu cations released is in
excess of the rate of Cu chelation by the AM solution.

100% AM
Droplet

Cu(l) < Cu(ll)

CP Copper

INTERFACES
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The electrochemical and XPS surface analysis data presented
herein can provide insight into the mechanism through which
large differences in soluble Cu release occur between AM and
AP solutions. First, it should be recognized that copper oxida-
tion results in both copper ions in solution and in solid cor-
rosion products. The corrosion products can regulate the
remaining copper release.

We have demonstrated using XPS and electrochemical CR
(Figure 5) that pre-exposure of CP copper to test solutions con-
taining any amount of AM, produces a different surface oxide
composition than a pre-exposure to 100% AP solution. Increasing
levels of AM content in the test solution resulted in an increasing
fraction of Cu(Il) oxide and, hence, the ratio of Cu(I):Cu(II) is
found to decrease with increasing AM content (Figure 5a). We
have demonstrated that Cu,0 was the dominant oxide resulting
from a pre-exposure to 100% AP, while CuO was the dominant
oxide resulting from pre-exposure to 100% AM (Figure 5). The
solubility products (Kg,) of Cu,O and CuO have been found to be
2.0 x 107 and 5.6 x 1072 38l respectively. This suggests that the CuO
is 5 orders of magnitude less soluble and would be expected to
provide a more chemically stable surface phase relative to Cu,O.
However, several additional factors contribute to electrochem-
ical based copper release, for instance, the increased thickness
of the oxide layer formed after pre-exposures to AP (Figure 5b)
may provide a greater impediment to Cu ion release in the short

100% AP

100% AP
Droplet

Cu(l) > Cu(ll)

CP Copper

Figure 7. Schematic diagram showing the effects of virus inactivation test solution on the oxide and composition and thickness and the effect on
Copper cation release for a) 100% AM, where the crosses represent chelated Cu™ cations, and b) 100% AP where the crosses represent the limited

cation release due to the oxide.
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term even though it is more soluble, preventing or slowing elec-
trochemical reactions occurring at the interface but requiring a
potential field across the product film. As such, the total concen-
tration of soluble Cu cations released is a complex function of
all these features. The free copper available for virus inactivation
could be suppressed by chelators. This proposed mechanism is
represented in the schematic diagram given in Figure 7b.

It should be noted that several processes affecting virus inac-
tivation may be occurring simultaneously, where the oxidation
state of soluble Cu cations released into solution (i.e., Cu(I) or
Cu(Il)) may differ for CP copper exposed to AP or AM solu-
tions. The oxidation state of the released soluble Cu species is
important because Cu(l) has been shown to have greater effi-
cacy for virus inactivation than Cu(II)."™ This is due to the role
of Cu(I) in the occurrence of Fenton reactions that produce
reactive oxygen species via:

Cu" +H,0, - Cu®* +OH™ +OH’ Reaction (3)

Warnes et al. demonstrated that virus activation is primarily
due to the direct action of Cu ions, but that some contribution
from superoxide and hydroxyl radicals occurs.? In the absence of
hydrogen peroxide in the contact solution, as is the case herein,
Fujimori et al. suggested that a reaction between Cu'* and mole-
cular oxygen would result in the formation of the hydrogen per-
oxide required to fuel the Fenton reaction via a two-step process:"*!

2Cu™ 420, - 2Cu* +20;, Reaction (4)

20, +2H" - H,0,+0, Reaction (5)

As a strong oxidizing reagent, peroxide is likely to be highly
effective towards virus inactivation.?” As such, the high efficacy
for virus inactivation observed in 90% AP solution could also
be a result of the production of such reactive species. Further
analysis of both of the mechanisms suggested here will require
additional study to determine their contribution to the efficacy
of virus inactivation, which is beyond the scope of this paper.

The work presented here informs the design of copper
alloys, where understanding the true efficacy by which virus
deactivation occurs on these surfaces under realistic condi-
tions is essential. We have demonstrated the importance of
performing virus inactivation testing in solutions that closely
imitate the natural biological solution of interest, and high-
lighted the reality that virus inactivation on copper surfaces
may be significantly more effective than previously thought.
Moreover, differing details of test methods may lead to discrep-
ancies in inactivation time, clouding the identification of supe-
rior approaches. Accurate information regarding virus inacti-
vation will facilitate design optimization for a critical balance
between desired antiviral function, suppression of undesirable
tarnish-forming oxides (to maintain aesthetics), color stability,
other properties such as formability and suppression of unde-
sirable passivating oxides (that prevent the continued release of
cations necessary for virus inactivation). Future virus deactiva-
tion testing will be conducted on novel copper alloys, identified
in previous work by co-author Scully,” based on Cu—Al and
Cu—Al—Sn. AM:AP virus deactivation test solutions will be uti-
lized based on the work presented here.
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4. Conclusion

The work presented here suggests that virus inactivation testing
on copper surfaces is highly sensitive to the test solution used.
A five-fold decrease in virus half-life was observed in a solution
comprised of 90% AP, relative to a solution made from traditional
AM only. The critical functional property in the virus inactivation
process is the availability of free copper cations, where a critical
concentration must be attained relative to each viral target. We
have demonstrated that the AM:AP ratio has an influence on:
1) the thickness and composition of the solid molecular com-
pounds formed on the metallic surface during exposures, and
2) the rate of copper cation release. However, we propose a virus
inactivation inhibition mechanism by which AM solution has a
chelating effect on soluble Cu cations, such that the amount of
available Cu for virus deactivation is below the critical threshold.
This theory derives from the observation that virus deactivation
is inhibited despite an enhanced cation release-rate when pure
copper is exposed to 100% AM solution, and a decreasing oxide
thickness measured after exposure to an increasing AM:AP ratio.
This work highlights the hypo-activating nature of a virus test
solution, relative to AP, that clouds the true efficacy by which
anti-viral properties are provided by pure copper. We aim to
inform future copper alloy design and optimization by high-
lighting the importance of testing solutions that closely imitate
the natural biological solution of interest.

5. Experimental Section

Virus Inactivation Tests: Thawed Betacoronavirus 1 stock was mixed
with the indicated solutions. Then 70 uL of virus-containing solutions
were spotted on the plastic or CP copper surface for indicated times.
At the indicated times, the same amount of the samples was removed
from the surface and added to the 96 well plates with HCT-8 cells in
the assay medium. After 72 h of incubation, cells were fixed with 4%
paraformaldehyde. Then cells were permeabilized with 0.1% Triton,
and stained with anti-Coronavirus nucleoprotein (OC-43) (Millipore),
followed by staining with IRDye800CW Goat anti-mouse antibody and
Cell Tag 700 Stain (Li-Cor). Intensity of the signal of each well was
measured by Odyssey CLx(Li-Cor).

Electrochemical Cyclic Voltammetry and Coulometric Reduction: All
electrochemical experiments were conducted in Cu ion-free dearated
boric acid buffer (pH 8.4), to maintain stable copper oxides, and utilize
a three-electrode cell configuration. The copper specimens were used as
the working electrode, a Pt mesh was used as the counter electrode and
a saturated calomel electrode (SCE) was used as the reference electrode.
Prior to each experiment, CP copper specimens were fully immersed
in one of the following solutions: (a) no solution, (b) 100% AM, (b)
100% AP, (c) 80% AP + 20% AM, (d) 90% AP +10% AM for 20 min. CV
scans were conducted at a sweep rate of 10 mV s between —0.7 and
+0.5 V versus SCE. Three sweeps were conducted in each experiment
and data from the third sweep was presented. The charge associated
with the oxidation of Cu(0) to Cu(l) was calculated by measuring the
area under Peak (1) (Figure 3c) via integration and dividing by the scan
rate. CR experiments were conducted by applying a galvanostatic hold
of =20 pAcm™2 and measuring the resulting potential as a function of
time. The thickness (9) of the copper oxides was calculated from the CR
potential data using Faraday’s Law:

5=105QV /nF ()

where §is measured in A, F is Faraday’s constant (96485 C equiv™), n
is number of equivalents (equivalents/mole), Q is the charge density
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(mC-cm™?), V is the molar volume for each oxide, where respective
values of 12.4 and 23.9 cm®mol™" were used for CuO and Cu,O. The
thickness of the CuO layer was calculated using the cathodic charge
associated with the first plateau. In order to measure the thickness of
the original Cu,O layer formed during the pre-exposure, extraction of the
Cu,O formed during the experiment, as a result of the reduction of CuO,
was necessary. This was done by subtracting the charge associated with
the first plateau from the total charge from plateaus (2) and (3), which
both relate to Cu,0.

X-Ray Photoelectron Spectroscopy (XPS): The XPS was acquired with a
PHI Versaprobe 11l XPS (Nanoscale Materials Characterization Facility,
University of Virginia) using a monochromatic Al Ko source (1486.6 eV
KE, 6.5 mA, 20 kV). The analyzer work function was calibrated to give an
Au 42 metallic gold peak at a BE of 83.96 eV. Instrument base pressure
was 5.70 X 107 Pa. Survey spectra and high-resolution spectra were
obtained using an analysis area of = 100 x 1400 tm and pass energies of
200 and 26eV, respectively.

Spectra were analyzed using KolXPD software (version 1.8.0).
Elemental copper and associated metal oxide species were fitted
according to curve fitting parameters proposed by Biesinger.*l For
species with multiple peaks, their Gaussian widths were correlated
relative to one another according to Biesinger's values. The Gaussian
width for a species’ lowest binding energy feature was determined
through the best fits. Similarly, Lorentzian widths for the Cu 2p core levels
were fixed to that found for sputtered pure copper. For the Cu LMM, the
Lorentzian widths of each species were defined as a percentage of the
Gaussian width, following Biesinger’s GL(x) parameters. Peak positions
were correlated by fixing peak separations following Biesinger’s curve
fitting parameters, whilst each species’ lowest binding energy peak
position was determined from the best fits. Finally, all peak integrated
intensities were determined via best spectral fits. This procedure ensured
that features with multiple components have a fixed shape that can vary
only in total area, total width, and total position. The metal oxide peaks
in the O 1s spectra were deconvoluted via the aforementioned process,
referencing curve fitting parameters proposed by Biesinger et al.!

Pure copper samples were exposed to different test solutions for
twenty-minute immersions, followed by a rinse in DI water. Samples
were then dried using pure nitrogen gas and mounted onto sample
holders using conductive carbon tape, before insertion into the XPS
system.

Graphite  Furnace Atomic  Absorption — Spectrometry: Total Cu
concentrations were measured in 5 mL of 100% AP and 100% AM
solutions that had been exposed to CP copper for 20 min. Each
exposure was carried out in triplicate. A calibrated graphite furnace
(HGA 900, Perkin-Elmer, Waltham, MA, USA) and an atomic absorption
spectrometer (AA2100, Perkin-Elmer) (GFAAS) with a copper cathode
lamp were used for measurements. Prior to GFAAS analysis, samples
were acid digested using trace metal grade nitric acid (Fisher Chemical,
Fair Lawn, NJ, USA) for a final sample concentration of 2% nitric acid by
volume.

Materials: CP copper (99.95 wt.%, UNS C11000) sheet used in all
experiments was obtained from McMaster Carr. Before all experiments,
CP copper was ground with successive grades of abrasive SiC grit paper
up to 1200 grit, then rinsed with ethanol. Naturally aerated (quiescent)
AP solution was made using the standard given in BS EN 1811:2011,
designed for evaluating nickel release from jewelry, in the current study
pH adjustment to pH 6.50 £ 0.05 was made with NH,OH instead of
NaOH. The composition is given in Table S1, Supporting Information.
A boric-borate buffer electrolyte media was prepared using 0.11 ™
boric acid (H3BO;) and 21 mm sodium tetraborate (Na,B,0;) for CR
experiments at pH 8.40 £ 0.05); at this pH any pre-formed Cu oxides were
chemically stable. HCT-8 and Betacoronavirus 1(0C43, CR-1558) were
purchased from ATCC. Betacoronavirus 1 were amplified as described in
Yang C-W et al.l?l Briefly, Betacoronavirus 1 was propagated in HCT-8
cells cultured in the Assay medium based on Dulbecco’s modified eagle
medium (DMEM) and 2% fetal bovine serum (FBS) and Pen/Strep.
After a significant cytopathic effect was observed, supernatant of the cell
culture was stored at —80 °C. Cell rinsing was done using Phosphate
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buffered saline (PBS). DMEM AM, PBS, and Pen/Strep were obtained
from ThermoFisher Scientific. The composition of DMEM (Table S2,
Supporting Information), and PBS (Table S3, Supporting Information)
are given in the Supporting Information.

Statistical Analysis: The plots presented in Figure 1 were given in
terms of mean values + standard deviation, where n = 3. For Figure 1a
p-values between plastic and pure Copper were calculated using two-
factor with the ANOVA statistical method with replication, for all time
points p < 0.01. The p-values for pure Copper samples were calculated
using one-factor ANOVA and, between 20 and 100 min, p < 0.01. For
Figure 1b the p-value was calculated using one-factor ANOVA, where
p < 0.01(p = 5.73 x 107). Statistical analysis was carried out using
Microsoft EXCEL software. For all electrochemical methods, experiments
were conducted in triplicate and representative data has been presented.
Error has been presented using the calculated standard deviation for
peak area and oxide thickness calculations for CV and CR experiments,
respectively. GFAAS experiments were conducted in triplicate and the
mean values and standard deviation have been presented.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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