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ABSTRACT: The ongoing COVID-19 pandemic has created a
need for coatings that reduce infection from SARS-CoV-2 via
surfaces. Such a coating could be used on common touchsurfaces
(e.g., door handles and railings) to reduce both disease
transmission and fear of touching objects. Herein, we describe
the design, fabrication, and testing of a cupric oxide anti-SARS-
CoV-2 coating. Rapid loss of infectivity is an important design
criterion, so a porous hydrophilic coating was created to allow
rapid infiltration of aqueous solutions into the coating where
diffusion distances to the cupric oxide surface are short and the
surface area is large. The coating was deposited onto glass from a
dispersion of cuprous oxide in ethanol and then thermally treated at 700 °C for 2 h to produce a CuO coating that is ≈30 μm thick.
The heat treatment oxidized the cuprous oxide to cupric oxide and sintered the particles into a robust film. The SARS-CoV-2
infectivity from the CuO film was reduced by 99.8% in 30 min and 99.9% in 1 h compared to that from glass. The coating remained
hydrophilic for at least 5 months, and there was no significant change in the cross-hatch test of robustness after exposure to 70%
ethanol or 3 wt % bleach.
KEYWORDS: SARS-CoV-2, coronavirus, coating, CuO, cupric oxide, viricidal, COVID-19

1. INTRODUCTION
The coronavirus disease 2019 (COVID-19) was responsible
for about 1,180,000 deaths1 worldwide in the period of
January−October 2020. With over 45 million cases, COVID-
19 caused a dramatic change in human life and a dramatic
downturn of the world economy in 2020. This disease is
caused by a virus, SARS-CoV-2. The US Centers for Disease
Control (CDC) has described the primary transmission mode
to be via close contact or inhalation of respiratory droplets,2
and research has suggested that airborne transmission is
possible.3 Infection from contaminated surfaces is known for
other viruses4 and occurs for SARS-CoV-2.5 The CDC has
recommended frequent disinfection of communal surfaces to
reduce transmission.2 Recent work has shown that SARS-CoV-
2 remains viable on solids for extended periods; it is viable for
up to 1 week on hard surfaces such as glass and stainless
steel.6,7 This has led to the widespread fear of touching
communal objects that may have been touched by other
individuals and widespread efforts to decontaminate surfaces
during the COVID-19 pandemic.8
One way to reduce COVID-19 transmission via surfaces is

to engineer coatings that inactivate SARS-CoV-2 and to use
the coating on communal objects such as door handles,
elevator buttons, and gas pumps. Possible applications extend
to hospitals,9 schools, public transportation, and so forth. The
aim is for the coating to reduce the inactivation period from 1

week6,7 to minutes or hours or whatever the expected interval
is between users of the coated object. We have recently
described a surface coating with cuprous oxide as the active
ingredient that inactivates 99.9% of SARS-CoV-2 in 1 h.10 The
dramatic reduction in longevity of the virus from 1 week to 1 h
on stainless steel or glass shows that coatings have the potential
to effect disinfection between users of communal objects.Our
efforts are now focused on identifying additional active
materials and producing more rapid inactivation.
In this study, we have investigated a cupric oxide coating.

Although cupric oxide (CuO) is not as common as cuprous
oxide (Cu2O) for antimicrobial use, previously reported
antimicrobial11−13 and antibacterial14,15 properties suggest
potential against SARS-CoV-2. A significant advantage of
CuO is that the fully oxidized state enables sintering of
particles into a porous coating with a very large surface area.
The mechanism of antimicrobial and antibacterial properties of
solid-state cupric oxide is not fully understood, but prior work
suggests that it is unlikely that Cu2+ ion release controls the

© 2021 American Chemical Society
5919

https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

Research Article

http://www.acsami.org/?ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Mohsen%2BHosseini%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Alex%2BW.%2BH.%2BChin%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Saeed%2BBehzadinasab%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22Leo%2BL.%2BM.%2BPoon%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22William%2BA.%2BDucker%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&amp;text1=%22William%2BA.%2BDucker%22&amp;field2=AllField&amp;text2&amp;publication&amp;accessType=allContent&amp;Earliest&amp;ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19465?goto=articleMetrics&amp;ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19465?goto=recommendations&amp;%3Fref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19465?goto=supporting-info&amp;ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5920 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

mechanism of damage to bacteria16 due to the low solubility of
CuO and the low amount of cupric ion release.17 The high area
of a sintered, porous film enables good contact between the
virus and the CuO solid.
The practical use of CuO coating relies on its cytotoxicity

properties. Semisch et al. investigated the cytotoxicity of CuO
microparticles (<5 μm) against A549 and HeLa S3 cells after
24 h of incubation.18 Their results did not show any sign of
cytotoxic effect on either cells. Additionally, the median lethal
dose (LD50) of cupric oxide is 2500 mg/kg (oral) and 2000
mg/kg (dermal) for rats, and no skin irritation or sensitization
has been reported.19
In this work, we test the effect of a cupric oxide coating on

suspensions of SARS-CoV-2 in aqueous droplets. We use
viable SARS-CoV-2 and not a proxy virus, which means that
experiments must be done under BSL-3 conditions that restrict
the range of possible experiments. Use of active SARS-CoV-2
enables the demonstration of real applications to the ongoing
COVID-19 pandemic. The infectivity was tested on Vero E6
cells, which are kidney cells from the African green monkey.
As described above, a key parameter is a short time period

for inactivation in order to minimize the probability that
deposited droplets can infect a future user of the contaminated
object. The time taken includes the time for transport of the
virus to the active ingredient in the film or for the active
ingredient to diffuse to the virus. When the droplet lands on an
impermeable solid, the diffusion length is initially approx-
imately the size of the droplet. With time, the droplet
evaporates, which lessens the required distance for transport
and causes convection, which will also affect the transport.
To speed up the contact between the virus and the solid

surface, we have designed a thin, porous, and hydrophilic CuO
coating that draws aqueous droplets into its interior. Within
the interior of the coating, the transport distances are much
shorter (μm) than for a droplet sitting on the surface (mm).
Drying times should also be shorter. Both these effects should
speed the collision between the virus and the active surface.
The interior space of the coating also has much greater contact
area of the active ingredient than a planar surface. Our results
show that the CuO coating reduced the infectivity by 99.8% in
30 min.

2. MATERIALS AND METHODS
2.1. Materials. Cuprous oxide microparticles HP III Type

UltraFine-5 (95.6% Cu2O, 3.2% CuO, and 0.1% Cu with trace
amounts of lead, cadmium, and arsenic; mean particle size, 5.1 μm;
and mode, 5.5 μm) were purchased from American Chemet
Corporation. 100% ethanol (ACS grade), 70% ethanol (Reagent
Grade), and glass slides (25 × 75 × 1 mm) were obtained from VWR.
Stainless steel 302 shim, Precision Brand (unpolished ASTM A666;
thickness, 0.3 mm) was purchased from Amazon website. The steel
was cleaned with acetone and ethanol, and subsequently, washed with
soap and water for 1 h. Concentrated bleach (7.5% sodium
hypochlorite) was purchased from Kroger Supermarket and water
was from a Milli-Q Reference water purification system.

2.2. Fabrication of CuO Coatings. CuO thin coatings were
prepared by thermal oxidation of Cu2O, followed by sintering. A 10%
Cu2O in ethanol suspension was sonicated for 6 min to yield a
uniform dispersion. Glass slides were cut into 12 × 12 mm pieces,
rinsed with 100% ethanol, and then 0.1 mL of Cu2O suspension was
applied on the surface. At this point, samples were left to dry at room
temperature for approximately 20 min and then heat-treated in a
furnace at 120 °C for 10 min, 350 °C for 10 additional minutes, and
700 °C and for 2 h to oxidize and undergo early-stage sintering to
create necks between the particles. The furnace thermostat was

returned to room temperature and the coated samples were cooled
slowly overnight. Thick CuO coatings were prepared with the same
procedure, but 0.2 mL of 16% Cu2O in ethanol suspension was
deposited on 15× 15 mm glass initially. The conversion from cuprous
to cupric oxide was obvious from the change in color of the coating
from red-brown to graphite-colored. The railings and handles shown
in the Supporting Information were sintered at 400 °C because we
found that this was sufficient to form a robust coating.

2.3. Characterization of Coatings. 2.3.1. XRD, XPS, and SEM.
The X-ray diffraction (XRD) patterns obtained from a Bruker D8
ADVANCE diffractometer (monochromatic Cu Kα X-rays, wave-
length = 1.5418 Å) were used to identify the structure of the oxidation
product. X-ray photoelectron spectroscopy (XPS; PHI VersaProbe III
with a monochromatic Al Kα source of 1486.6 eV) and electron-
dispersive X-ray spectroscopy (EDX; Bruker Quantax) were used to
study the chemical composition of the surface of the coating.
Scanning electron microscopy (SEM; FEI Quanta 600FE-ESEM) was
utilized to examine the coating morphology and coating thickness.

2.3.2. Contact Angle Measurements. The coating was designed to
be hydrophilic to enhance the contact area between the droplet and
the surface of CuO. The contact angle of 5 μL of water was measured
using a First Ten Angstroms FTA125. The FTA instrument was also
used to generate the images of imbibition.

2.3.3. ASTM D3359 Adhesion Test. The adhesion performance of
CuO coatings on substrates was assessed according to Section 13 of
ASTM D3359 standard code20 using a cross-hatch grid. An 11 × 11
grid of cuts spaced 1 mm apart was made on samples. The surface was
cleaned with an ultra-soft brush and then a piece of tape was applied
on the grid and rubbed with a rubber eraser to ensure uniform
contact. After 90 s of application, the tape was removed swiftly, while
it was bent by about 180°. Subsequently, the area was inspected using
an illuminated magnifier and rated on a scale of 0B to 5B, with 5B
assigned for perfect adhesion, to evaluate the adhesion performance
according to the standard ASTM D3359 classification of adhesion
chart.

2.3.4. Disinfection/Adhesion Test. A variant of ASTM D3359
method B was used to evaluate the robustness of CuO coating when
disinfected. After inscribing the cross-cut pattern, the coating was
soaked in 70% ethanol or 3% bleach for 20 min and then dried before
applying the tape.

2.3.5. Drying Time. The test solid was placed on a weighing
balance with 0.1 mg resolution (A&D Company). A 5 μL drop was
placed on the solid at 22 °C and 35% relative humidity (RH), and the
mass was measured at 1 min intervals until the mass dropped below
the resolution of the balance. The results are average of three tests for
saliva; each of the three tests used saliva from a different individual.

2.4. SARS-COV-2 Inactivation Test. Vero E6 cells were used to
prepare virus stock and to test the viability of the virus by microscopic
observation of the cytopathic effect caused by the virus. The cells were
cultured at 37 °C and 5% CO2 in 2% fetal bovine serum and 1% v/v
penicillin−streptomycin in Dulbecco’s modified Eagle’s medium. The
Hong Kong index SARS-COV-2 virus was used in the tests and 0.5%
(w/v) bovine serum albumin and 0.1% (w/v) glucose in Earle’s
balanced salt solution with a pH of 7.4 was used as a viral transport
medium.
Inactivation of the virus by the CuO coating was examined as

follows. The CuO or control coating was initially disinfected with 70%
ethanol in water, followed by drying in an air atmosphere at 37 °C
overnight. A 5 μL droplet containing 6.2 × 107 (7.8 log unit)
TCID50/mL of the virus was spotted on the test solid at 22−23 °C
and 60−70% humidity, and after a predefined time, the coating was
immersed in 300 μL of viral transport medium to elute the virus. The
active virus within the eluted droplet was assessed using a 50% tissue
culture infective dose (TCID50) assay21,22 using Vero E6 cells. The
TCID50 assay consists of making a series of 3.16× (i.e., half-log)
dilutions of the eluted virus. Cells on 96-well plates were exposed to
one of the dilutions, with quadruplicate23 of each dilution. The cells
were then incubated at 37 °C and 5% CO2. After 5 days, the cells
were assessed for any cytopathic effect. The dilution at which 50% (2
of 4) of Vero E6 cell cultures showed a cytopathic sign is called
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to CuO and the peak at 932.6 eV could be from either Cu

http://www.acsami.org/?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5923 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

% reduction = (1 − 10−log reduction) × 100 (2)
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modified Auger parameter28 of 1851.7 eV (Eb + Ek) was in
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2D) was used to distinguish between these two possibilities.
The single peak with a kinetic energy of 917.9 eV (Ek) gave a

excellent agreement with the known value of CuO (1851.7
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2.5. Statistical Analysis. TCID50/mL data were transformed into
log (TCID50/mL) before statistical analysis because deviations of log
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(TCID50/mL) from the mean log (TCID50/mL) were distributed
normally in our work. The statistical package R was used as indicated;
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otherwise, Excel was used for analysis. The p-values less than 0.05
were considered significant. The results are listed as mean ± standard
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deviation or 95% confidence interval (CI), as applicable. The %
reductions in microbiological products are frequently listed as
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“reduction of more than XX %”. In keeping with this terminology,
for % reduction, we also state a 95% CI for the reduction that is
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single-tailed, that is, CI represents 95% of probability between a lower
bound and 100%.
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3. RESULTS
3.1. Coating of CuO. Cu2O has a red-brown color,
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whereas CuO has a graphite color, so the conversion was
visually obvious, as shown by the photograph in Figure S1,
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Supporting Information. The chemical identity of the coating
was confirmed by the XRD patterns of the oxidized sample
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(Figure 1), which were consistent with the diffraction patterns

Figure 1. XRD pattern of CuO coating showing that CuO is highly
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pure and monoclinic. The numbers on each peak indicate the Miller
indices of the scattering planes. A comparison with XRD pattern of
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the coating before thermal treatment (Cu2O) shows complete
oxidation.
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of CuO from the literature,24−27 and demonstrated that the
coating was composed of monoclinic CuO. The absence of
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peaks from the starting material (Cu2O) showed that oxidation
was complete, and the absence of other peaks demonstrated a
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low proportion of impurities.
The outer nanometer or so of the surface of the coating was
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examined by XPS. Figure 2A shows that Cu and O are the
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eV),29−31 showing that CuO was the main species on the
surface and not Cu2O, and therefore, the 932.6 eV peak was
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ascribed to elemental copper. The presence of elemental
copper is consistent with prior work demonstrating the
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reduction of CuO in XPS spectra.32,33 Calculation of the
Cu/O elemental ratio on the surface was complicated by two
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factors: (1) adventitious oxygen on the surface, such that only
67% of the oxygen was in the form of copper oxides and (2)
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elemental copper on the surface: only 65% of the copper was
Cu2+. After correcting for these effects, the ratio of Cu as
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copper oxides to oxygen bonded to Cu was 0.99, consistent
with CuO on the surface of the coating. The chemical
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composition of coating was also measured by EDX from two
different points on each of three independent samples, and is
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shown in Table S1, Supporting Information. EDX shows a
layer of about 1 μm in thickness.34 The average Cu/O ratio
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was 1 ± 0.3, consistent with the XPS and XRD results.
Our aim was to fabricate a macroporous coating to enhance
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the liquid infiltration (imbibition) of infectious droplets. SEM
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images of the microstructure are shown in Figure 3 and they
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reveal that (1) the coating was porous and (2) necks have been
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generated between CuO particles due to early-stage sinter-
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ing,35 which is necessary to create a robust coating. The cross-
sectional image showed a uniform surface with an average 32±
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1 μm thickness (95% CI from two measurements) and
confirmed the porous nature of the coating. We estimated the

http://www.acsami.org/?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5957 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

pore volume by measuring the volume of water that could be
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imbibed into a measured total volume of film (measured
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thickness from SEM and macroscopically, 1.21 cm2 area). The
approximate pore volume was 59 ± 6% (95% from three

http://www.acsami.org/?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5960 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

measurements). Figure S2, Supporting Information, compares
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the sintered CuO with the unsintered Cu2O film.
3.2. CuO Film Rapidly Reduces Infection by SARS-

http://www.acsami.org/?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5962 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

CoV-2 from a Solid. The ability of SARS-CoV-2 to infect
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Vero E6 cells after being deposited on CuO is shown in Figure

http://www.acsami.org/?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5964 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

4A. While the ability of this virus to infect cells after deposition
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on glass was reduced by only 60% after 1 h, the activity of the
virus recovered from the CuO coating was reduced by more
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than 99.9% on average. When we compare the activity of the
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virus from the coating with the virus from the glass at the same
one-hour time period, the average log reduction (eq 1) was
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3.11 and % inactivation (eq 2) was 99.9%. The 95% CI for the
reduction shows that the infectivity was reduced by more than
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99.26% in 1 h (one-tailed and heteroscedastic, calculated using
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R software). This performance is similar to the results obtained
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for our Cu2O coating10 and superior to the published results
for inactivation on copper surfaces, which was <90% reduction

http://www.acsami.org/?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19465?ref=pdf


ACS Applied Materials & Interfaces www.acsami.org Research Article

5972 https://dx.doi.org/10.1021/acsami.0c19465
ACS Appl. Mater. Interfaces 2021, 13, 5919−5928

comparing the 0 to 1 h time point and 8 h to reach the
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Figure 2. XPS results of the fabricated CuO coating. (A) Survey spectrum showing the preponderance of copper and oxygen on the surface. (B) Cu
2P3/2 spectrum. The deconvoluted peaks are shown for both Cu (blue) and CuO (green), as labeled. (C) Oxygen spectrum. The deconvoluted
peaks are shown for both CuO (blue) and other oxygen species (green) as labeled. (D) CuLMM Auger kinetic energy. The vertical axis is the
electron count rate in units of 10000 counts per second.

Figure 3. SEM images of cupric oxide films. (A) Plane view of the coating showing the porosity. (B) Higher magnification showing the necks
(indicated by arrows) produced by early-stage sintering of particles. (C) Cross-sectional view of the coating.

detection limit, which was <99% reduction compared to the 0
h time point.7 After only 30 min, there was already a large
viable virus reduction on the CuO coating compared to that on
the uncoated glass: on average, 99.8%. The 95% CI for the
reduction at 30 min shows that more than 93.1% of the virus
was inactivated (one tailed and heteroscedastic, calculated
using R software).
When the virus was deposited onto a porous surface, the

ability to infect cells can be affected in two ways: (a) from
inactivation using an active material and (b) from the virus
becoming trapped or adsorbed onto an area of high porosity
and not recovered by the subsequent elution. We investigated
the effect of the porous area by making a thicker CuO coating
using the same method but with 2.2×mass of particles per unit
area compared to the previous samples such that the entire
droplet was, within seconds, imbibed into the film. On this
thicker film (Figure 4B), a dramatic decrease in the ability of

the virus to infect Vero E6 cells was found. Immediately (≈1
min) after deposition of the droplet, the reduction was 99.6%
(95% CI, >94.2%) compared to that on glass, and after 30 min,
the virus was below the detection limit. Clearly, this thick
porous coating is a very effective way of reducing the abilityof
a solid to infect cells. All other tests in this paper are for the
original (thinner) coating.
The results demonstrate very rapid reduction of infection by

SARS-CoV from a coating that can be used on objects suchas
metal door handles that can be heat-treated. In practice, we
found that sintering on such objects could be achieved at 400
°C, and examples are shown in Figure S3, Supporting
Information. Later, we also show that the coating is very
robust, as expected for a sintered coating of mineral particles.

3.3. Material Leaching from the Coating Does Not
Inactivate SARS-CoV-2. The study of the mechanism of
inactivating SARS-CoV-2 by cupric oxide is beneficial for the
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Figure 4. (A) Viable virus titer on thin CuO coating and comparison
with plain glass at different time periods. × represents the average of
the log of the viral titer at each time, black circles represent individual
data points measured on CuO, and the dashed line shows the
detection limit of 90 TCID50/mL. There are many data points for
glass, including some reproduced from ref 10, so the glass data are
shown by a shaded green rectangle representing the 95% CI. The
inactivation of SARS-CoV-2 is much faster on the CuO films than on
plain glass: 99.8% greater at 30 min (p = 2.5 × 10−2 compared to that
on glass at the same time) and 99.9% greater in 1 h (p = 4.4 × 10−3)
for the thin CuO film. (B) Data for the thick film are superior to those
for the thin film: 99.7% reduction compared to that on glass within 1
min (p = 0.0189), 99.9% reduction at 30 min (p = 2.3 × 10−4) and
99.9% reduction in 1 h (p = 6.4 × 10−12).

design of future antiviral coatings and surfaces. A number of
reviews have summarized how copper may attack pathogens,
and the mechanisms include the release of cupric ions,36−38
production of reactive oxygen species (ROS),38−40 surface
catalysis, or contact killing with the solid.36−39,41 Herein, we
describe a test to evaluate the antiviral property of species that
are leached from our coating or created by our coating. The
hypothesis was that the virus was inactivated by species that
are dissolved or suspended in the liquid after contact with the
solid, and it was tested by exposing the virus to the leachate
from the film, without exposing the virus to the coating itself.
The CuO coating was initially soaked in 300 μL of viral culture
medium (without any virus) for 24 h at room temperature.
Next, 135 μL of the medium was mixed with 15 μL of the virus
and the mixture was incubated at room temp for 1 h (the time
period required for more than 99.9% inactivation by the film)

or 24 h (an exaggerated time scale to allow for more subtle
effects) before assessing the viability of SARS-CoV-2 to infect
Vero E6 cells via the standard TCID50measurement. Note that
the virus was never in contact with the coating. This protocol
was similar to that reported by Sunada et al.39
The results shown in Figure 5 demonstrate that the

infectivity of the virus was about the same when it was

Figure 5. Effect of equilibration with leachate from coating for 1 or 24
h on the viability of SARS-CoV-2. Three different liquids are
compared: the medium (negative control), leachate from the CuO
coating, and leachate from Cu2O coating (positive control). Thevirus
was never in contact with the solid. Leachate from CuO did not
significantly inactivate the virus, even over 24 h of exposure.

exposed to the CuO leachate or culture medium (p = 0.73,
ANOVA with two factors time and solid). In contrast, when
Cu2O coating was tested instead of a CuO coating, the
TCID50/mL was reduced by over 10×, indicating that our
experiment had the capability to resolve a reduction (positive
control, p = 0.01). The hypothesis that dissolved material was
the cause of inactivation was rejected, and we conclude that
the contact between SARS-CoV-2 and CuO is necessary to
inhibit infection. Our findings are consistent with the
previously reported results for the antibacterial properties of
CuO.16,17 The reduction in infectivity of CuO coating is
similar to that of Cu2O, even though CuO acts without the
assistance of inactivation via a leachate.
Contact inactivation of SARS-CoV-2 by CuO may be aided

by an attractive charge−charge interaction. The culture
medium has an ionic strength of about 0.15, which
corresponds to aDebye-length of about 0.8 nm, which is
still sufficiently long for electrostatic interactions to occur in a
short range. The spike proteins which protrude furthest from
the envelope have 10 cationic amino acids, 7 anionic amino
acids, and 1 histidine,42 giving a net charge of about positive
3.5 at pH 7.4. The envelope (E) protein also has a net positive
charge.43 Cupric oxide has a negative zeta potential (−17 mV)
in the culture medium.44 SARS-CoV-2 should therefore be
attracted to cupric oxide via an electrostatic interaction. It is
also possible that this charge−charge interaction may be part
of the mechanism of inactivation.

3.4. Film is Robust and the Wetting Properties Do
Not Age. 3.4.1. Contact Angle Measurements. The CuO
coating has been designed and engineered to be hydrophilic to
rapidly draw in the infected droplet and inactivate the virus.
We have recently reported a cuprous oxide-based anti-SARS-
COV-2 coating that loses its hydrophilicity over time because
of the presence of polyurethane.10 We would expect the
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cuprous oxide coating to have improved performance if it were
to remain hydrophilic and therefore allow imbibition into the
coating. Here, we designed a coating without polyurethane so
that it would not age or have polyurethane covering on partof
the active surface. Figure S4, Supporting Information,
illustrates that the hydrophilic nature of the coating was
maintained over a 5 month period. A water droplet rapidly
wets and imbibes at any time during the 5 month test period,
and the advancing, sessile, and receding contact angles were
<10°.

3.4.2. ASTM D3359 Adhesion Tests. We foresee possible
applications where the CuO coating could be used on store
door handles, public transportation railings, and perhaps
railings in medical environments that are sometimes made of
steel (see Figure S3, Supporting Information). Because such
hand holds are commonly disinfected during the pandemic, we
tested whether the coating retained its physical integrity after
exposure to common disinfectants using the ASTM D3359
method B where the adhesion was assessed in combination
with disinfection by either 70% ethanol or 3% bleach in water.
Approximately, 1 in. square pieces of stainless steel 302 were
cross-hatched according to ASTM D3359-B, then exposed to
the disinfectant, and then the adhesion was tested. The test
was conducted on three independent samples for each
disinfection condition. Figure S5, Supporting Information,
shows images of an inscribed grid before and after applying the
tape. The cross-hatching creates initiation sites for coating
failure but damage to these sites was very low: the average
percentage of affected cells was 0.67% (no disinfection), 1.3%
(3% bleach), and 0.5% (70% ethanol). The coating was rated
4B according to the standard ASTM D3350 classification of
adhesion.20

4. DISCUSSION
4.1. Factors Affecting the Inactivation Time. In principle,

the time to inactivate the virus depends on two rates: the rate
of transport to the active surface and the rate inactivation by
the active ingredient. If transport is the rate- limiting step,
then there is little point in accelerating the inactivation on
contact. In general, the transport time is complex to calculate
for a drying droplet on a surface. First, the transport depends
on the mechanism. If the virus is inactivated by contact with a
fixed solid, transport of the virus is the relevant quantity,
whereas if inactivation is caused by dissolved ions, then the
transport of the dissolved ions should be considered, as well
as the time taken for dissolution to occur. When considering
transport, we assume that the diffusion
coefficient is given by the Stokes−Einstein equation

D = kT

The diffusion distance in a droplet depends on the droplet
size and contact angle of the droplet on the solid (Figure 6). A

Figure 6. Schematic of various modes of enabling contact between
the virus and the active surface. A drying droplet is superior to a static
droplet because of advection and a smaller volume. Imbibition quickly
brings the viral suspension into close contact with the active material
and therefore reduces transport times. The imbibed droplet alsodries
more quickly as shown in Figure 8.

large range of sizes is reported for respiratory droplets in air:
<1 to 100 μm, for talking and coughing,47−51 and much larger
for sneezing, 300−900 μm,52 or even mm in size,53 which
means that if spherical, the typical dimension is about 1 mm.
The smaller droplets are more likely to evaporate quickly
before settling, so the larger droplets which are deposited (>10
μm) are most important here. Therefore, our 5 μL (r ≈ 1 mm)
test droplets are at the larger but still relevant end of the
spectrum. The initial contact angle on an impermeable surface
also has an effect: the lower the angle, the smaller the average
diffusion distance. Using a typical diffusion distance of 0.5 mm,
the viscosity of saliva ≈ 0.07 N s m−2,54,55 and approximating
to planar diffusion from the center of the droplet, the diffusion
time will be on the order of many hours. For a non-evaporating
sessile droplet on an impermeable solid, we cannot rely on
diffusion alone to carry the virus to the surface of a film
between two subsequent users of a communal object such asa
door handle.
Drying of the droplet will clearly be a major factor in

bringing the virus into contact with the solid. Deposition of
particles onto impermeable solids from an evaporating droplet
has been studied extensively, especially the phenomenon
known as the “coffee ring effect”.56−58 The deposition depends
on the presence of surface active agents and other species in
the droplet.59 For respiratory droplets, there will be biological
polymers, salts, and other ingredients. In brief, evaporation of

6πηr (3) the liquid not only leads to a diminishing droplet volume but
also sets up flows within the droplet, which together with

where k is the Boltzmann constant, T is the temperature, η is
the viscosity, and r is the radius. The diffusion constant is
inversely proportional to the radius of species being trans-
ported. Therefore, the diffusion of virus will be much slower
than that of ions because the virus has a much greater radius
(∼50 nm, including spike proteins45,46) than that of metal ions
(∼0.5 nm), and transport is more limiting for contact
inactivation than for ion dissolution. As our data are consistent
with the mechanism of contact inactivation, we will focus on
the effect of drying on the transport of the virus to the solid.

surface tension gradients affect the deposition. The diminish-
ing size of the droplet and convection will speed up the
transport to the surface. In the final stages of drying, the
concentration of any leachate may climb dramatically, if
dissolution is out of equilibrium. The overall drying will
depend strongly on the temperature and the humidity.
By creating a porous hydrophilic film that imbibes the

droplet, as we have done here, the situation is changed
considerably (Figure 6). The most important point is that,
instead of diffusion over the millimeter scale of the droplet,
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Figure 7. Imbibition of a 5 μL water droplet by porous CuO coatings as a function of time and RH. Even at 95% humidity, a 5 μL droplet is
imbibed within about 80 s. Imbibition at 0% humidity (complete at about ∼60 s), at 100% humidity (no imbibition at 80 s) and for a non-porous
solid (no imbibition) shown for comparison.

once imbibition occurs, diffusion of the virus only needs to
occur over the designed size of the pore, which here is on the
order of micrometers. This 1000-fold reduction in scale should
make diffusion tenable for driving the contact of the virus with
the active surface. In addition, imbibing into a porous film
reduces the vicissitudes of the local temperature and humidity
that are critical if drying is used to draw the virus into contact
with an active impermeable solid. Clearly, for hot, low
humidity conditions, droplets will dry very quickly and draw
the virus into contact with the solid, but at high humidity
drying will be slow.
Imbibition into our coating would not be as effective if the

pore space were already filled with water that condenses from
the air. The Kelvin equation suggests that capillary
condensation will only occur for large pores (≈μm) as the
humidity approaches 100%. The calculation would require
detailed knowledge of the pore geometry, which in this case is
inhomogeneous; here, we simply measured the imbibition of
water into our CuO coating as a function of humidity. Our
results show that, in the range of 0−95% humidity, a 5 μL
droplet is imbibed into the film within 80 s (see Figure 7),
which is a suitable transport time for viral inactivation and
suggests that the coating will be deployable over most of the
normal range of humidity conditions. In fact, imbibition is not
much slower at 95% humidity than at 0% humidity.
Although very small pores are advantageous for creating

small diffusion distances, the viscous drag is important for
imbibing the liquid into the solid. This should be considered
for respiratory droplets. The Washburn equation approximates
the distance travelled, L, into a pore of the coating for a given
time

L =
(4)

where γ is the solid−liquid interfacial tension, rp is the radius of
the pore, θ is the contact angle, and t is the time. More
sophisticated treatments that include the tortuosity of the
film60−63 are described in the Supporting Information; the
trends are similar, but the calculated imbibition is generally
slower.
Our results showed that imbibition of 5 μL water into our

coating was complete within about 80 s, which is a suitable
time for inactivation of SARS-CoV-2. The rp/ηscaling of L in
eq 4 suggests that imbibition of more viscous liquids, such as
saliva (≈0.07 N s m−254,55 = 70 × water viscosity) that

contains SARS-CoV-2, may require larger pore sizes to achieve
similar imbibition times.

4.2. Additional Effects of Porous Film. A porous film
provides a much greater surface area than that of a smooth
film. Whether the mechanism is contact inactivation or
dissolution, the greater surface area is beneficial for inactivation
via one of these surface processes. In addition, the porous
surface provides an opportunity for faster drying of a
droplet.64,65 Faster drying reduces the time taken to pull the
suspended virus into proximity with the active surface. In
Figure 8 we compare the drying time on the porous CuO

Figure 8. Drying of a 5 μL droplet on CuO porous coating on glass
compared to the drying time on non-porous glass at 22 °C and 35%
RH. Symbols indicate average values, and the shaded regions depict
the standard deviation at each time point for three replicates. The
average drying rates are 16.9 ± 0.2 percent/min for water/CuO,13.7
± 0.7 for saliva/CuO, 4.6 ± 0.1 for water/glass, and 4.34 ± 0.08 for
saliva/glass. The drying rate of a droplet on the porous CuO film is
thus about 3 times faster for both pure water (Student’s t-test, one tail
unpaired p = 1.3 × 10−4) and for saliva (Student’s t-test, one tail
unpaired p = 1.1 × 10−3).

coating with that on the uncoated (no-porous) solid for both
water and droplets of human saliva. For both saliva andwater,
the drying rate was about 3 times as fast on the CuO film. On
the CuO film, the droplet is effectively dry after about 6 min.
Drying aids the process of pulling the virus into contact with
the solid, and drying readies the surface for subsequent
respiratory droplets. Improved drying time is therefore a

γrpcos θ
·t

2η
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significant advantage of a porous film for reducing transmission
to subsequent users of communal objects.
An additional advantage of a porous film is that the active

surface within the pore structure is provided with a degree of
protection from abrasions and other insults that occur to the
surface layers during normal usage. For comparison, molecular
layers on an impermeable surface coating may be subject to
rapid wear with associated loss of effectiveness.

4.3. Practical Applications of Sintered CuO Coating.
The coating, as prepared by sintering, requires the underlying
material to withstand a temperature of 400 °C, which places
some limits on its application. We found that commercial steel
door handles and railing could be coated at this temperature
(Figure S3) as well as on glass and silicon. We made the
coating from Cu2O, which in 2020 cost about $16/kilogram, or
about 1/50th of the cost of silver, which is a common
antimicrobial ingredient.

5. CONCLUSIONS
We have fabricated a CuO coating that reduces infection from
SARS-CoV-2 suspended in 5 μL droplets that are deposited on
the coating. The infectivity from SARS-CoV-2 in the CuO film
is reduced by, on average, 99.9% in 60 min and the 95% CI is
>99.26% decrease in infectivity compared to that on glass. The
reduction is even greater for a thicker film that immediately
imbibes the entire droplet. The coating was fabricated from a
dispersion of Cu2O that was heat-treated in air at 700 °C to
produce CuO and to create a robust coating with contacts
between the particles formed by early-stage sintering. Leachate
from the coating did not reduce the infectivity of SARS-CoV-2,
consistent with a mechanism of viral inactivation by contact
with the solid. The measured reduction in infectivity is swift for
a non-soluble material. The coating is hydrophilic and porous
and achieves rapid imbibition and rapid drying of small
droplets. It remains hydrophilic for at least 5 months and is
resistant to debonding from steel, as demonstrated by a cross-
hatch test. The addition of a porous coating increased the
drying rate by a factor of 3, a drying enhancement that may
find other applications.
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