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ARTICLE INFO SUMMARY

Article history: Background: Disease can be spread through contact with contaminated surfaces

Received 8 April 2022 (fomites). For example, fomites have been implicated in the spread of meticillin-resistant

Accepted 25 July 2022 Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa. Antimicrobial surface

Available online 5 August 2022 treatments are a potential method of reducing disease transmission from fomites, and
broad-spectrum activity is desirable.

Keywords: Aim: To test cuprous oxide (Cu,0O) and cupric oxide (CuO) coatings for antimicrobial

Antimicrobial activity against 12 micro-organisms including bacteria and fungi.

Antibacterial Methods: We fabricated two surface coatings. The Cu,0 coating was fabricated in a simple

Surface two-step process using polyurethane to bind the active copper oxide particles; CuO was

Coatings prepared by heat treatment of Cu,0 particles in air to produce cupric oxide (CuO) and to

Cuprous oxide cause early-stage sintering to form a continuous coating. The antimicrobial activity was

Durable examined with 10 pL of microbial suspension droplets followed by counting cells as colony-
forming units (cfu).

, Findings: The coatings rapidly killed nine different micro-organisms, including Gram-
Spdaies negative and Gram-positive bacteria, mycobacteria and fungi. For example, the Cu,O/

PU coating killed 99.9997% of P. aeruginosa and 99.9993% of S. aureus after 1 h. Efficacy

was not reduced after weekly cleanings. The antimicrobial activity of the Cu,0 coating

was unchanged after abrasion treatment, and the coatings were not cytotoxic to human

cells.

Conclusion: The combination of broad-spectrum antimicrobial activity, abrasion resist-

ance, and low toxicity of the Cu,0 coating suggests potential use in healthcare settings.
© 2022 The Healthcare Infection Society. Published by Elsevier Ltd. All rights reserved.
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United States (US) Center for Disease Control and Prevention
(CDC) has listed the most serious microbial threats [4] and
these include the yeast Candida auris (an Urgent Threat) and
the bacteria meticillin-resistant Staphylococcus aureus (MRSA)
and Pseudomonas aeruginosa (Serious Threats) [5,6].

Infection from micro-organisms occurs via several routes
[7]. Microbes from the air, water, solids and food enter the
body through inhalation, ingestion and skin contact. In this
work we focus on disease transmission via contaminated solids
(fomites) onto skin [8—11]. Studies have shown that micro-
organisms are present on readily accessible surfaces in public
areas [12—15] and hospitals [16,17] and that these micro-
organisms can survive for periods as long as months [18].
Transmission of bacterial pathogens from surfaces in hospitals
is well established [19]. Specifically, hospital-acquired infec-
tions have been reported due to transfer from surface-
adherent S. aureus, [20] vancomycin-resistant and
vancomycin-sensitive enterococci [21,22] and P. aeruginosa
[19]. The US CDC estimated that in 2017 there were 323,700
MRSA infections in the US, causing 10,600 fatalities [4].

Methods to reduce transmission from fomites are currently
based on treating surfaces with a disinfectant. However, that
approach is limited by the fact that the surface can be immedi-
ately re-contaminated by contact with the pathogen. Frequent
decontamination is labour intensive and, therefore, expensive,
and the more time spent on decontamination, the less time the
surface is available for use. One alternative to frequent dis-
infection is a surface coating that kills pathogens on contact. Such
a coating would need to kill quickly, last for an extended period of
time, and be able to kill pathogens after cleaning. Such coatings
have been produced and evaluated against bacteria [23—26] and
viruses, including SARS-CoV-2 [25,27—32]. Metals and their
oxides, including copper, copper oxide, silver, silver oxide and
zinc oxide [33—40], have been used as the active ingredients. A
few surfaces have been studied that are not coatings but are
modifications to the topology of the surface [41—44].

Here we describe the antimicrobial efficacy of coatings
containing either cuprous oxide (Cu,0) or cupric oxide (CuO) as
the active microbicide, compared with uncoated stainless steel
(a widely used surface in hospitals). These two copper oxides
have broad antimicrobial properties, and are thus promising
candidates for antimicrobial coatings [45—48]. Results are
presented as relative survival where the survival of microbes on
the coating is compared to the survival on stainless steel.
During the COVID-19 pandemic, we described two coatings
(Cu0/PU, consisting of a layer of cuprous oxide particles
bound to a solid surface by commercial polyurethane, and
sintered CuO, made by heat treatment of Cu,0) that rapidly
reduced the ability of SARS-CoV-2 on surfaces to infect human
cells [27,29].

Materials and methods
Materials

Materials for preparation of antimicrobial copper
surfaces

Cu,0 particles (Chem Copp HP Ill Type UltraFine -5) were
obtained from American Chemet Corporation. Polyurethane
(brand: Miniwax, Fast-Drying Polyurethane, clear satin) was
purchased from Lowes Home Improvement Store. Stainless

steel 301 (SS 301) shim (0.015 inches thick) was purchased from
McMaster Carr. SS 301 was thoroughly washed with soap and
water and rinsed with water. 200 PROOF ethanol and glass
slides (25 x 75 x 1 mm) were obtained from VWR. For sample
(coupon) preparation, deionized water was further purified by
Milli-Q Reference system.

Fabrication of Cu,0/PU coating [27]

A thin layer of polyurethane was applied to stainless steel
301 using a sponge; it was allowed to partially dry for a few
min, then a suspension of Cu,0 in ethanol (10% w/w) was added
dropwise, and it was left to partially dry for a few minutes at
room temperature. Subsequently, the sample was heat treated
at about 80°, blown with nitrogen gas, and washed thoroughly
with deionized water. The coated stainless steel was cut into =

12 x 12-mm pieces, and each piece was cleaned with argon
plasma. The films were stored under water, unless otherwise
stated. Scanning electron microscopy (SEM) showed that the
coating was 10—16 um in thickness. Optical images of the
coatings and SEM images are available in Supplementary
Figures S1 and S2, respectively, and the elemental composi-
tion is in Supplementary Table S1.

Fabrication of partially sintered CuO coating [29] a sus-
pension of Cu,0 in ethanol (10% w/w) was deposited on SS 301
(= 12 x 12 mm), left to partially dry, and then heat-treated in
a furnace at 700 °C for 2 h, followed by natural cooling to room
temperature overnight. SEM showed that the thickness was
about 32 + 1 pm.

Measurement of antimicrobial activity

Growth of microbial strains

The microbial strains used are listed in Table |. With the
exception of mycobacteria that were grown in 5 mL Mid-
dlebrook 7H9 Broth at 37 °C with aeration (60 rpm), all other
bacterial strains were grown in 5 mL Tryptic Soy Broth (TSB) at
37 °C with aeration (60 rpm). Bacillus anthracis culture con-
tinued until the culture contained >95% spores on microscopic
examination. Yeasts were grown in Potato Dextrose Broth (PDB)
at 37 °C with aeration (60 rpm). Aspergillus niger was grown on
PDA agar plates at 30 °C until the plate was covered with black-
pigmented spores. Spores of both B. anthracis and A. niger
were harvested by suspension in 5 mL sterile water, collected
by centrifugation (5000 x g for 20 min) and resuspended in
water. The purity and identity of cultures were verified by
subculture.

Preparation of microbial cells for surface killing
measurements

Cells were separated from the growth media and suspended
in phosphate-buffered saline (PBS) as follows. After cen-
trifugation (5000 x g for 20 min) the supernatant was dis-
carded, and the cells resuspended in 5 mL of sterile PBS by
vortexing for 60 s. Those suspensions were then subject to
another round of centrifugation and resuspension, after which
the cell densities were adjusted by dilution to equate to a
McFarland No. 1 Standard. The number of colony-forming units
(cfu)/mL of each suspension was then measured by spreading
0.1 mL (in duplicate) serial dilutions on agar; typical cell den-
sities were 3.2 x 10°—1.3 x 106 cfu/mL.
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Measurement of surface-killing

A 10-pL test droplet of the cell suspension in PBS was placed
on the test solid. Immediately afterwards, one surface of each
type (i.e., control, Cu,0/PU, Sintered CuO) was transferred to
a sterile 50-mL centrifuge tube containing 5 mL of sterile PBS,
vortexed for 30 s and sonicated for 5 min, and the cfu/mL of
the suspension measured as described above. This was the zero
time control that indicated our ability to recover bacteria. At
later times (e.g., 1 h, 2 h, etc.), one sample of each material
type was processed in the same way. Following 48 h incubation
of the plates (14 days for Mycobacterium spp.), colonies were
counted, the number of surviving cells expressed as cfu/mL of
suspension calculated, and the % relative survival calculated
as:

(mean cfu coated)
(mean cfu uncoated)

x 100%

One coupon was measured for each time point, and results show the
average of duplicate cfu measurements from the same bacterial sus-
pension that was recovered from the coupon.

Cytotoxicity study

The cytotoxicity was assessed in human monocyte cells
(white blood cells, Thp1, ATCC®TIB 202™) that form part of the
immune system and in connective tissue cells (murine fibro-
blasts, L929 ATCC®CCL-1™) using a lactate dehydrogenase
(LDH) assay as described in the Supplementary Material.

Results and discussion
Controls and validation

The following validation experiments are described in more
detail in the Supplementary Material. (1) We tested whether
viable bacteria remained on the stainless steel after our
extraction procedure, in which case we would overcount killing.
Results showed no significant difference between the number of
viable cells plated onto the steel and the number extracted from
stainless steel. (2) We tested whether there was carry over of
antimicrobial liquid into the cfu assay. Such antimicrobial
material could have provided an ongoing kill during the incuba-
tion for the cfu assay, thereby undermining our claim that killing
was occurring on the coupon in 1 h. We did not find ongoing killing
during the cfu incubation (Supplementary Material).

Both Cu,0/PU and sintered CuO coatings have broad-
spectrum antimicrobial activity

Measurements were made using 12 microbial species
(Table 1). The Cu,0/PU coating was strongly antimicrobial:
specifically, there were no surviving colonies (with the excep-
tion of Mycobacterium spp. and Bacillus anthracis spores) after
2 h of exposure to the surface. It is possible that the killing of
the A. niger spores was a consequence of their germination.
The sintered CuO coating was also effective, but less so than
the Cu,0/PU coating. The survival after 1 h of exposure of cells
to the two Mycobacterium spp. was substantial. For example,
survival on sintered CuO was 43% for M. avium and 29% for
M. abscessus. Mycobacterium spp. is difficult to kill [49,50],
probably due to the thick, lipid-rich outer membrane [51].

Table |

Relative survival of microbes on cuprous oxide/polyurethane
(Cu,0/PU) or sintered cupric oxide (CuO) coatings compared with
stainless steel

Strain Time® % Relative survival®

() cu,0/PU Sintered Cuo
Staphylococcus aureus 0 0.16 51.0°
ATCC® 6538 1 0.3 0.3

2 <0.1 <0.1
Staphylococcus aureus (MRSA) 0 0.1 3.0°
ATCC® 43330 1 <0.1 <0.1

2 <0.1 <0.1
Escherichia coli 0 7.0 34.0
ATCC® 13706 DX 1 <1.4 <1.4

2 <1.4 <1.4
Pseudomonas aeruginosa 0 <0.2 105.
ATCC® BAA-2111 1 <0.2 <0.2

2 <0.2 <0.2
Stenotrophomonas maltophilia 0 173 158
ATCC® 17666 1 <2.0 <2.0

2 <2.0 <2.0
Acinetobacter baumannii 0 14 172
ATCC® 2802 1 <1.4 22

2 <1.4 <1.4
Bacillus anthracis Spores 0 79.1 79.4
Sterne Strain 34F2 1 78.2 100.1

(LLNL A0517) 2 57.4 82.8

Mycobacterium avium 0 108 98
ATCC® 25291 1 14 43

2 14 29
Mycobacterium abscessus 0 23 44
ATCC® 23045 1 1.4 29

2 <0.5 17
Candida albicans 0 23 110
ATCC® 10231 1 20 0.4

2 <0.4 <0.4
Candida auris 0 14 105.
CDC & FDA AR 1 <0.3 <0.3
Bank # 0386 2 <0.3 <0.3
Aspergillus niger Spores 0 67 78
ATCC® 10535 1 19 33

2 <1.4 <1.4

@ Time since contact of the droplet with the sample; in practice,
time = zero is actually a few minutes’ processing time.

b The difference in results for the two S. aureus strains for CuO at
zero time was large. To test whether the difference was significant, we
performed a second round of experiments (see Supplementary Data)
and concluded that there was not a significant difference.

¢ Compared with stainless steel. Data for stainless steel in
Supplementary Table S10.

Anthrax spores are typically even more difficult to kill [50], and
sintered CuO was ineffective. The Cu,0/PU coating showed a
mild effect against Bacillus anthracis after 2 h.

Survival was so low in some cases that our initial experiment
did not resolve the full killing ability of the Cu,0 coating. To
obtain improved resolution, we tested the survival for higher
cell densities of P. aeruginosa (7.28 x 10° cfu/coupon) and
S. aureus (3.76 x 10° cfu/coupon).

Survival after 1 h of exposure was 0.0003% for P. aeruginosa and
0.0007% for S. aureus (see Supplementary Table S7 for more
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Table Il
Repeated killing of Staphylococcus aureus and Pseudomonas aer-
uginosa on rinsed and disinfected Cu,0/PU coating

Week Percent of bacteria surviving after

60 min exposure to Cu,0/PU coating
(Cfucoated, 1 h/Cfucoated, Oh)

S. aureus P. aeruginosa

0 0.07 0.5

1 0.07 <0.02

2 0.65 <0.02

3 <0.003 <0.03

4 <0.04 <0.17

5 <0.0067 <0.035

7 <0.009 <0.01

9 <0.008 <0.009

10 0.017 <0.002

20 (time = 1.5 h) 0.065 <0.0047

times). A full study of the killing as a function of cell density is
described in the Supplementary Material and indicates that killing
is at the detection limit at all but the very highest cell densities.
This indicates both a high kill and the ability to kill different
densities of cells. Killing at short times, 5 min and 10 min, is
reported in Supplementary Table S8. Killing is rapid, particularly
for P. aeruginosa.

Repeated disinfection/cleaning of the Cu,0/PU
coating with ethanol over 20 weeks did not reduce
killing

We determined whether the copper surfaces retained
antimicrobial activity after repeated, cleaning/disinfection
(see Supplementary Table S3 for more details) over a period of
20 weeks. The results (Table 1) demonstrate that killing was
maintained at high levels throughout regular contamination
and disinfection.

The PU/Cu,0 and sintered CuO coatings are not
cytotoxic against human monocytes and murine
fibroblasts

The cytotoxicity of the two coatings were assessed in human
monocyte cells (white blood cells, Thp1) that form part of the
immune system and in connective tissue cells (murine fibro-
blasts, L929) using a lactate dehydrogenase (LDH) assay as
described in the Supplementary Material. Results in Figure 1

Table Il
Survival of Pseudomonas aeruginosa on fresh and abraded Cu,0/PU
coatings

Time* (h) Fresh coating Abraded

% Survival % Survival
Repeat 1 0 99.3 84.5
1 <0.6 <0.6
Repeat 2 0 84.6 97.1
1 <0.4 <0.4
Repeat 3 0 78.5 78.5
1 <0.5 <0.5

show that the lysis in the presence each of the coatings was
negligible in comparison to full lysis.

Antimicrobial activity of Cu,0/PU coating survive
abrasion

We previously demonstrated the resistance of the Cu,0/PU
coating to scratching using a cross-hatch test [27]. Here we
extended the durability testing using an abrasion test, modified
from the standard US EPA test [52] (Supplementary Material).
Cu,0/PU coatings on glass that were stored in air were
mechanically rubbed with a sponge and compared with non-
rubbed samples. There was no difference in the micro-
biocidal activities of the rubbed and non-rubbed surfaces
(Table 111).

Are cells killed or are they simply trapped in the
matrix?

Our antimicrobial coatings are porous (Supplementary
Figure S2) and water permeable. The lack of viable bacteria
that we detected in our cfu assay at zero time for P. aeruginosa
and S. aureus (Table |) raises the question of whether bacteria
were simply trapped in the porosity rather than killed, despite
our vigorous efforts to shake them loose. We addressed this in
two ways. First, we fabricated porous samples from glass, a
material with no antimicrobial properties, and examined the
recovery of P. aeruginosa from these samples. Recovery was
determined using 2-pL suspension droplets placed on agar
(cfususpension) OF the glass coupon (cfucoupon) for 1 min using the
following equation:

mean(Cfucoupon)

mean(Cfususpension) x 100/3

% recovery =
The average recovery was 27% (Supplementary Table S4),
demonstrating that that P. aeruginosa can be recovered from
porous samples; 27% is much greater than the <4.5x10~* % that
were recovered from the Cu,0/PU coating, indicating that our
results seem not to be explained by trapping of bacteria in
Cu,0/PU. However, we acknowledge that glass is a different
material to the coating, and trapping could be different.

Second, if viable bacteria were simply trapped and not kil-
led, it should be possible to culture the trapped bacteria. To
detect residual viable bacteria within a (porous) Cu,0/PU
coupon after our extraction procedure, we placed the coated
side of the coupon on TSB agar and incubated in contact for
48 h. We found at most only 1 or 2 cfu, compared with thou-
sands of cfu that would need to have been trapped to account
for our results.

The Cu,0/PU coating is only approximately 15 um thick:
water and nutrients can easily be wicked or diffused over this
distance. P. aeruginosa is motile, and could also migrate this
distance [53]. Alternatively, viable, embedded cells could grow
in diffused nutrients from the agar medium and progeny could
reach the nutrient agar in time to grow a visible colony on the
agar. This experiment shows that, given ideal growth con-
ditions, trapped bacteria do not present an infection risk.
Indeed, it suggests that viable bacteria are not present at all.

We also examined a Cu,0/PU sample with no access to porosity
to assess its capability to kill P. aeruginosa. This experiment is
simple to perform because, with time, the PU matrix becomes
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Figure 1. Cytotoxicity study of the coatings.

hydrophobic, preventing access to the porosity. The samples used
for the abrasion testing were aged, and the measured zero-time
survival was 87%. Without the other evidence described above,
this might be considered evidence for trapping in the regular
samples. However, we suggest that when bacteria penetrate into
the porosity, the large contact area with the active ingredient,
and short diffusion distances, provide a very rapid kill compared
with an impermeable material.

Overall, we believe that bacteria are not trapped in the
porosity, but that the porosity in fact contributes to bacterial
killing in a shorter time period.

Widespread application of the Cu,0/PU coating

Given the antimicrobial effectiveness of the coating, we
investigated coating materials other than the stainless steel
and glass reported previously [27]. We found that the coating
could be easily applied on polypropylene plastic, ABS plastic,
granite and wood. While we focused on a 1-h time-point
throughout this work, commensurate with the US EPA stand-
ard [52], Cu,0/PU Kills bacteria much more rapidly, e.g., after
10 min the relative survivals of P. aeruginosa and MRSA on the

coating are <0.2% and 14%, respectively (Supplementary
Table S8).

In conclusion, Cu,0 and CuO coatings were both highly
effective against a range of bacteria and fungi. The Cu,0/PU
coating was superior, leaving no survivors after 1 h for 8 of 12
organisms. The kill% was over 99.999% in 1 h in high-resolution
experiments for P. aeruginosa and S. aureus. Survival was poor
over a large range of cell densities, as high as 10° cfu/mL for
P. aeruginosa and 108 cfu/mL for S. aureus. The efficacy of the
Cu,0/PU coating was unaffected by 10 repeat exposure/dis-
infection/rinse cycles over 20 weeks or by cycles of abrasion.
The coating was less effective against mycobacteria and
anthrax spores but these are typically difficult organisms to
kill. The ability to pass durability testing and lack of cytotox-
icity for human cells suggest that the Cu,0/PU coating may be
useful in hospital settings to reduce the transfer of micro-
organisms that are spread by contact.

Acknowledgements

This work used shared facilities at the Virginia Tech
National Center for Earth and  Environmental



S. Behzadinasab et al. / Journal of Hospital Infection 129 (2022) 58—64 63

Nanotechnology Infrastructure supported by NSF (ECCS
1542100 and ECCS 2025151). We also thank Dr. Xu Feng, who
captured the XPS spectra and the Surface Analysis Labo-
ratory in the Department of Chemistry at VT, which is sup-
ported by the NSF under Grant No. CHE-1531834. We also
thank Saurabh Sharma, who performed the abrasion testing,
and Jared Arkfeld who helped prepare the substrate for
Cu,0/PU coating.

Conflict of interest statement

W.A.D. declares part ownership in a startup company that
intends to produce surface coatings. Other authors declare
no conflicts of interest.

Funding sources

This work was supported by the National Science Foundation
(NSF) (Grant No. CBET-1902364), and by Virginia Tech’s
Proof of Concept program (grant number 238079), the Vir-
ginia Tech Institute for Critical Technology and Applied
Science Center for Engineered Health, and the Virginia Tech
Center for Emerging, Zoonotic, and Arthropod-Borne
Pathogens.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jhin.2022.07.022.

References

[1] Fonkwo PN. Pricing infectious disease: the economic and health
implications of infectious diseases. EMBO Rep 2008;9(S1):513—7.

[2] Buzby JC, Roberts T, Lin C-TJ, MacDonald JM. Bacterial foodborne
disease: medical costs and productivity losses. 1996.

[3] Fauci AS, Touchette NA, Folkers GK. Emerging infectious diseases:
a 10-year perspective from the National Institute of Allergy and
Infectious Diseases. Int J Risk Saf Med 2005;17:157—67. 3, 4.

[4] CDC. Antibiotic Resistance Threats in the United States. Available
at: https://www.cdc.gov/drugresistance/pdf/threats-report/
2019-ar-threats-report-508.pdf [last accessed August 2022].

[5] Centers for Disease Control and Prevention. Methicillin-resistant
Staphylococcus aureus (MRSA). Available at: https://www.cdc.
gov/drugresistance/pdf/threats-report/mrsa-508.pdf [last
accessed June 2021].

[6] Centers for Disease Control and Prevention. Multidrug-resistant
Pseudomonas aeruginosa. Available at: https://www.cdc.gov/
drugresistance/pdf/threats-report/pseudomonas-aeruginosa-
508.pdf [last accessed June 2021].

[7] Doron S, Gorbach S. Bacterial infections: overview. International
Encyclopedia of Public Health 2008:273.

[8] Stephens B, Azimi P, Thoemmes MS, Heidarinejad M, Allen JG,
Gilbert JA. Microbial exchange via fomites and implications for
human health. Curr Pollut Rep 2019;5(4):198—213.

[9] Vos MC, Verbrugh HA. MRSA: we can overcome, but who will lead
the battle? Infect Control Hosp Epidemiol 2005;26(2):117—20.
[10] de Abreu PM, Farias PG, Paiva GS, Almeida AM, Morais PV. Per-
sistence of microbial communities including Pseudomonas aeru-
ginosa in a hospital environment: a potential health hazard. BMC

Microbiol 2014;14(1):1—10.

[11] Behzadinasab S, Chin AWH, Hosseini M, Poon LLM, Ducker WA.
SARS-CoV-2 virus transfers to skin through contact with con-
taminated solids. Sci Rep 2021;11(1):22868.

[12] Kramer A, Schwebke |, Kampf G. How long do nosocomial
pathogens persist on inanimate surfaces? A systematic review.
BMC Infect Dis 2006;6(1):1—8.

[13] Ross AA, Neufeld JD. Microbial biogeography of a university
campus. Microbiome 2015;3(1):1—12.

[14] Wang H-P, Zhang H-J, Liu J, Dong Q, Duan S, Ge J-Q, et al.
Antimicrobial resistance of 3 types of gram-negative bacteria
isolated from hospital surfaces and the hands of health care
workers. Am J Infect Control 2017;45(11):e143—7.

[15] Kampf G, Todt D, Pfaender S, Steinmann E. Persistence of coro-
naviruses on inanimate surfaces and their inactivation with bio-
cidal agents. J Hosp Infect 2020;104(3):246—51.

[16] Ledwoch K, Dancer S, Otter J, Kerr K, Roposte D, Maillard J. How
dirty is your QWERTY? The risk of healthcare pathogen trans-
mission from computer keyboards. J Hosp Infect 2021;112:31—6.

[17] Wang Y, Chen W, Chen Y, Tseng S, Chien L, Wu H, et al. Bacterial
contamination on surfaces of public areas in hospitals. J Hosp
Infect 2010;74(2):195—6.

[18] Otter JA, French GL. Survival of nosocomial bacteria and spores
on surfaces and inactivation by hydrogen peroxide vapor. J Clin
Microbiol 2009;47(1):205—7.

[19] Russotto V, Cortegiani A, Raineri SM, Giarratano A. Bacterial
contamination of inanimate surfaces and equipment in the
intensive care unit. J Intensive Care 2015;3(1):1-8.

[20] Fritz SA, Hogan PG, Singh LN, Thompson RM, Wallace MA,
Whitney K, et al. Staphylococcus aureus contamination of envi-
ronmental surfaces in households with children infected with
methicillin-resistant S. aureus. JAMA Pediatr 2014;168(11):1030.

[21] Wendt C, Wiesenthal B, Dietz E, Riiden H. Survival of vancomycin-
resistant and vancomycin-susceptible enterococci on dry surfa-
ces. J Clin Microbiol 1998;36(12):3734—6.

[22] Noskin GA, Stosor V, Cooper |, Peterson LR. Recovery of
vancomycin-resistant enterococci on fingertips and environ-
mental  surfaces. Infect  Control Hosp Epidemiol
1995;16:577—81.

[23] Cloutier M, Mantovani D, Rosei F. Antibacterial coatings: chal-
lenges, perspectives, and opportunities. Trends Biotechnol
2015;33(11):637—52.

[24] Salwiczek M, Qu Y, Gardiner J, Strugnell RA, Lithgow T,
McLean KM, et al. Emerging rules for effective antimicrobial
coatings. Trends Biotechnol 2014;32(2):82—90.

[25] Behzadinasab S, Williams MD, Hosseini M, Poon LL, Chin AW,
Falkinham 1l JO, et al. Transparent and sprayable surface coat-
ings that kill drug-resistant bacteria within minutes and inacti-
vate  SARS-CoV-2 virus. ACS Appl Mater Interfaces
2021;13(46):54706—14.

[26] Adlhart C, Verran J, Azevedo NF, Olmez H, Keinanen-Toivola MM,
Gouveia |, et al. Surface modifications for antimicrobial effects in
the healthcare setting: a critical overview. J Hosp Infect
2018;99(3):239—49.

[27] Behzadinasab S, Chin A, Hosseini M, Poon L, Ducker WA. A surface
coating that rapidly inactivates SARS-CoV-2. ACS Appl Mater
Interfaces 2020;12(31):34723—7.

[28] Hutasoit N, Kennedy B, Hamilton S, Luttick A, Rashid RAR,
Palanisamy S. Sars-CoV-2 (COVID-19) inactivation capability of
copper-coated touch surface fabricated by cold-spray technol-
ogy. Manuf Lett 2020;25:93—7.

[29] Hosseini M, Chin AW, Behzadinasab S, Poon LL, Ducker WA. Cupric
oxide coating that rapidly reduces infection by SARS-CoV-2 via
solids. ACS Appl Mater Interfaces 2021;13(5):5919—28.

[30] Sousa BC, Cote DL. Antimicrobial copper cold spray coatings and
SARS-CoV-2 surface inactivation. MRS Adv 2020;5(56):2873—80.

[31] Hosseini M, Behzadinasab S, Chin AW, Poon LL, Ducker WA.
Reduction of infectivity of SARS-CoV-2 by zinc oxide coatings. ACS
Biomater Sci Eng 2021;7(11):5022—7.

[32] Hosseini M, Behzadinasab S, Benmamoun Z, Ducker WA. The
viability of SARS-COV-2 on solid surfaces. Curr Opin Colloid
Interface Sci 2021:101481.

[33] Sunada K, Minoshima M, Hashimoto K. Highly efficient antiviral
and antibacterial activities of solid-state cuprous compounds.
J Hazard Mater 2012;235:265—70.


https://doi.org/10.1016/j.jhin.2022.07.022
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref1
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref1
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref1
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref2
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref2
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref3
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref3
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref3
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref3
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/mrsa-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/mrsa-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/pseudomonas-aeruginosa-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/pseudomonas-aeruginosa-508.pdf
https://www.cdc.gov/drugresistance/pdf/threats-report/pseudomonas-aeruginosa-508.pdf
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref7
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref7
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref8
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref8
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref8
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref8
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref9
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref9
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref9
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref10
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref10
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref10
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref10
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref10
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref11
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref11
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref11
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref12
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref12
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref12
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref12
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref13
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref13
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref13
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref14
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref14
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref14
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref14
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref14
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref15
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref15
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref15
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref15
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref16
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref16
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref16
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref16
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref17
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref17
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref17
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref17
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref18
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref18
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref18
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref18
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref19
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref19
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref19
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref19
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref20
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref20
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref20
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref20
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref21
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref21
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref21
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref21
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref22
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref22
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref22
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref22
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref22
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref23
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref23
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref23
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref23
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref24
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref24
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref24
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref24
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref25
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref25
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref25
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref25
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref25
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref25
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref26
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref26
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref26
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref26
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref26
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref27
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref27
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref27
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref27
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref28
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref28
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref28
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref28
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref28
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref29
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref29
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref29
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref29
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref30
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref30
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref30
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref31
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref31
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref31
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref31
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref32
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref32
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref32
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref33
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref33
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref33
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref33

64 S. Behzadinasab et al. / Journal of Hospital Infection 129 (2022) 58—64

[34] Aydin Sevin¢ B, Hanley L. Antibacterial activity of dental com-
posites containing zinc oxide nanoparticles. J Biomed Mater Res B
Appl Biomater 2010;94(1):22—31.

[35] Pasquet J, Chevalier Y, Pelletier J, Couval E, Bouvier D,
Bolzinger M-A. The contribution of zinc ions to the antimicrobial
activity of zinc oxide. Colloids Surf Physicochem Eng Aspects
2014;457:263—74.

[36] Young M, Ozcan A, Myers ME, Johnson EG, Graham JH, Santra S.
Multimodal generally recognized as safe ZnO/nanocopper compo-
site: a novel antimicrobial material for the management of citrus
phytopathogens. J Agric Food Chem 2017;66(26):6604—8.

[37] El Saeed AM, Abd El-Fattah M, Azzam AM, Dardir MM, Bader MM.
Synthesis of cuprous oxide epoxy nanocomposite as an environ-
mentally antimicrobial coating. Int J Biol Macromol 2016;89:190—7.

[38] Akiyama T, Miyamoto H, Yonekura Y, Tsukamoto M, Ando Y,
Noda |, et al. Silver oxide-containing hydroxyapatite coating has
in vivo antibacterial activity in the rat tibia. J Orthop Res
2013;31(8):1195-200.

[39] Johnson JR, Roberts PL, Olsen RJ, Moyer KA, Stamm WE. Pre-
vention of catheter-associated urinary tract infection with a sil-
ver oxide-coated urinary catheter: clinical and microbiologic
correlates. J Infect Dis 1990;162(5):1145—-50.

[40] Gopal V, Nilsson-Payant BE, French H, Siegers JY, Yung W-s,
Hardwick M, et al. Zinc-embedded polyamide fabrics inactivate
SARS-CoV-2 and influenza A virus. ACS Appl Mater Interfaces
2021;13(26):30317-25.

[41] Reddy ST, Chung KK, McDaniel CJ, Darouiche RO, Landman J,
Brennan AB. Micropatterned surfaces for reducing the risk of
catheter-associated urinary tract infection: an in vitro study on
the effect of sharklet micropatterned surfaces to inhibit bacterial
colonization and migration of uropathogenic Escherichia coli.
J Endourol 2011;25(9):1547—-52.

[42] Ivanova EP, Hasan J, Webb HK, Truong VK, Watson GS, Watson JA,
et al. Natural bactericidal surfaces: mechanical rupture of
Pseudomonas aeruginosa cells by cicada wings. Small
2012;8(16):2489—94.

[43] Hasan J, Xu Y, Yarlagadda T, Schuetz M, Spann K, Yarlagadda PK.
Antiviral and antibacterial nanostructured surfaces with excel-
lent mechanical properties for hospital applications. ACS Bio-
mater Sci Eng 2020;6(6):3608—18.

[44] Gentili V, Pazzi D, Rizzo S, Schiuma G, Marchini E, Papadia S, et al.
Transparent polymeric formulations effective against SARS-CoV-2
infection. ACS Appl Mater Interfaces 2021;13(46):54648—55.

[45] Meghana S, Kabra P, Chakraborty S, Padmavathy N. Under-
standing the pathway of antibacterial activity of copper oxide
nanoparticles. RSC Adv 2015;5(16):12293—9.

[46] Ren G, Hu D, Cheng EW, Vargas-Reus MA, Reip P, Allaker RP.
Characterisation of copper oxide nanoparticles for antimicrobial
applications. Int J Antimicrob Agents 2009;33(6):587—90.

[47] Pang H, Gao F, Lu Q. Morphology effect on antibacterial activity
of cuprous oxide. Chem Commun 2009;(9):1076—8.

[48] Li B, Li Y, Zhao Y, Sun L. Shape-controlled synthesis of Cu20
nano/microcrystals and their antibacterial activity. J Phys Chem
Solids 2013;74(12):1842—7.

[49] Falkinham 3rd J, George K, Parker B, Gruft H. In vitro susceptibility of
human and environmental isolates of Mycobacterium avium, M.
intracellulare, and M. scrofulaceum to heavy-metal salts and oxy-
anions. Antimicrob Agents Chemother 1984;25(1):137—-9.

[50] Taylor RH, Falkinham Il JO, Norton CD, LeChevallier MW. Chlorine,
chloramine, chlorine dioxide, and ozone susceptibility of Myco-
bacterium avium. Appl Environ Microbiol 2000;66(4):1702—5.

[51] Brennan PJ, Nikaido H. The envelope of mycobacteria. Annu Rev
Biochem 1995;64(1):29—63.

[52] Environmental Protection Agency. Antimicrobial testing methods &
procedures: interim method for evaluating the efficacy of anti-
microbial surface coatings. 2020. Available at: https://www.epa.
gov/pesticide-analytical-methods/antimicrobial-testing-methods-
procedures-interim-method-evaluating [last accessed August 2022].

[53] Chang Y-R, Weeks ER, Barton D, Dobnikar J, Ducker WA. Effect of
topographical steps on the surface motility of the bacterium
pseudomonas aeruginosa. ACS Biomater Sci Eng
2019;5(12):6436—45.


http://refhub.elsevier.com/S0195-6701(22)00247-X/sref34
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref34
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref34
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref34
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref35
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref35
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref35
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref35
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref35
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref36
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref36
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref36
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref36
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref36
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref37
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref37
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref37
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref37
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref38
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref38
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref38
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref38
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref38
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref39
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref39
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref39
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref39
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref39
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref40
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref40
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref40
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref40
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref40
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref41
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref42
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref42
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref42
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref42
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref42
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref43
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref43
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref43
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref43
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref43
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref44
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref44
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref44
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref44
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref45
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref45
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref45
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref45
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref46
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref46
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref46
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref46
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref47
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref47
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref47
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref48
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref48
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref48
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref48
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref49
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref49
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref49
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref49
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref49
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref50
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref50
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref50
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref50
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref51
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref51
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref51
https://www.epa.gov/pesticide-analytical-methods/antimicrobial-testing-methods-procedures-interim-method-evaluating
https://www.epa.gov/pesticide-analytical-methods/antimicrobial-testing-methods-procedures-interim-method-evaluating
https://www.epa.gov/pesticide-analytical-methods/antimicrobial-testing-methods-procedures-interim-method-evaluating
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref53
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref53
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref53
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref53
http://refhub.elsevier.com/S0195-6701(22)00247-X/sref53

Supplementary Material

Antimicrobial Activity of Cuprous Oxide and Cupric Oxide-Coated Surfaces

Saeed Behzadinasab™, Mohsen Hosseini™*, Myra D. Williams?, Hannah M. Ivester?, Irving C.
Allen3*>, Joseph O. Falkinham 1112, and William A. Ducker**

*Corresponding Authors” Email: William Ducker wducker@vt.edu

Department of Chemical Engineering and Center for Soft Matter and Biological Physics, Virginia
Tech, Blacksburg, Virginia, 24061, USA

’Department of Biological Sciences, Virginia Tech, Blacksburg, Virginia, 24061, USA

3Graduate Program in Translational Biology, Medicine and Health, Virginia Tech, Roanoke,
Virginia, 24016, USA

“Department of Biomedical Sciences and Pathobiology, Virginia-Maryland College of Veterinary
Medicine, Blacksburg, Virginia, 24061, USA

>Department of Basic Science Education, Virginia Tech Carilion School of Medicine, Roanoke,

Virginia, 24016, USA

T These authors contributed equally



1. Supplementary Materials and Methods

1.1. Abrasion Tests

Fresh Cu,O/PU coating were abraded by a sponge (9.5 cm x 8 cm x 2.3 cm) mounted on an
abrasion tester (Gardco D10V). The abrasion tester translates a sponge on the surface of the test
sample (coupon) with a load of 0.45 kg, an amplitude of ~26 cm, and a period of ~5 s. The test
was based on an United States (US) Environmental Protection Agency (EPA) protocol[1], which is
employed to evaluate antimicrobial coatings for EPA registration for antimicrobial products to be
distributed in the USA. Hospital surfaces are often cleaned with ethanolic solution, so our
procedure diverged from the official EPA test by exposing the surface and sponge to 70%
ethanol. Prior to conducting the tests, the sponge was wetted with 20 mL of 70% ethanol. An
abrasion cycle was conducted as follows: the sponge was translated across the sample 8 times,
then 70% ethanol was sprayed on the abrasion tester platform and the sample with a
subsequent 30 minutes waiting period. 10 cycles (= 80 passes in total) were applied to the
sample. A single sponge was used for the first 5 cycles and the sponge was replaced with a

second sponge for the second 5 cycles.

1.2. Statistical Analysis

Hypothesis testing was done with Student t-tests, where p-values less than about 0.05 were
indicative of significant differences from the null hypothesis. In some instances, colony counts of
the copper coupons were below the limit of detection. In statistical tests these were calculated
at the detection limit (<1 CFU/plate), which overestimates the mean and underestimates the

standard deviation.



1.3. Cytotoxicity Experiments

Lactate Dehydrogenase (LDH) is an enzyme naturally present in the cytosol of many cells. When
cells die, the plasma membrane degrades, allowing LDH to be found outside of the cell
membrane. For cell culture, this means that LDH is released into the media. The colorimetric
assay used utilizes a two-step enzymatic reaction to produce a red formazan product that can
then be read spectrophotometrically at 490nm[2]. Importantly, the level of the produced
formazan byproduct is directly proportional to the level of LDH in the sample media, which can
be inferred as a measure of cytotoxicity. In this assay, the use of a 10x Lysis buffer provides a
positive control by disrupting the plasma membrane, allowing the release of cytosolic LDH into
the media. By lysing a high percentage of cells, it provides a maximum baseline of LDH in the
media which can be compared to treatment groups to determine the relative level of cytotoxicity
induced by each treatment. These studies were performed in two cell lines- Thp1 cells and 1L929
cells. Thp1 cells (ATCC®TIB 202™) are human monocyte (white blood) cells that form part of the
immune system, and generally do not adhere to solids. To perform a valid cytotoxicity
experiment, we needed to obtain contact between the cell and the test solid. To force contact, a
test solid (coupon) and a cell suspension were placed in a centrifuge tube and the tube was
centrifuged in order to force contact with the test solid. The copper compounds did result in a
visual color change in the media. In order to correct for this, we measured the absorbance of
leachate from the cuprous oxide and cupric oxide as well as the copper sulfate in media in the
absence of cells, and we subtracted the appropriate baseline absorbance from the absorbance in

the presence of cells.



2. Supplementary Results and Discussion

2.1. Characterization of Coatings

Figure S2 shows cross section scanning electron microscope (SEM) image of each coating. Both
coatings were uniform in thickness, even though they were made by hand. The thickness of the
Cu,0/PU coating was 10-16 um and the sintered CuO coating was ~32 um. The expected
stochiometric ratio for the coatings was observed as shown by X-ray photoelectron spectroscopy

(XPS) data in Table S1. XPS samples only the outer few nanometers of the coating.

Figure S1. A) Optical images of the coatings. A) Cu,O/PU that was made on a doorknob B)

Sintered CuO that was made on a door handle.



Figure S2. Cross section SEM images of the coatings. A) Cu,0/PU and B) Sintered CuO.

Element Cu,0/PU Sintered CuO
Copper 1.8 0.99
Oxygen 1 1

Table S1. XPS data of coatings. Both stoichiometric ratio are similar to theoretical ratios.

2.2. Tests of Microbial Survival on Surfaces

2.2.1. There Is a High Rate of Recovery of Microbial Cells from Stainless Steel Samples

We examined the hypothesis that we failed to recover all viable, colony-forming microbial cells
from the stainless-steel samples. This hypothesis was tested by comparing the number of CFUs
that were recovered from stainless steel to the number when a bacterial suspension was plated
directly on agar. The number of CFUs from stainless steel were measured in the normal way,
i.e., a bacterial suspension droplet was first placed on stainless steel and then the stainless-steel

coupon was immediately transferred to 5 mL PBS, vortexed 30 secs and sonicated for 5 min and



then 0.1 mL samples of the suspension spread on the agar medium surface. For all organisms
(Table S2), the CFUs are similar: we performed a Student’s t-test to check whether there was a
significant difference between the recovered and the original CFU count and the p-value was >
0.05. For the two cases where the p-value was low, C. albicans and M. abscessus, the number of
bacteria extracted from the stainless steel was greater than the input (rather than lesser), so the

hypothesis of “failure to extract” should still be rejected.

Colony-Forming Units/Plate (%) Paired t-test

Microbe strain

Suspension Stainless p-value

S. aureus 582 + 62 (100) 531 +47 (91) 0.6286
MRSA 33+ 13 (100) 68 + 4 (206) 0.2103

E. coli 45 + 14 (100) 43 + 8 (96) 0.9208

P. aeruginosa 1278 + 25 (100) 1494 + 71 (117) 0.2157
A. baumannii 157 + 23 (100) 110 + 11 (70) 0.3193
S. maltophilia 33 +7(100) 31+11(94) 0.8743
C. albicans 55 + 13 (100) 73 +8(133) 0.1190
C. auris 165 + 29 (100) 163 + 0.7 (99) 0.8834

M. abscessus 79 +0.7 (100) 110 + 11 (139) 0.1414
M. avium 1917 + 86 (100) 1656 + 223 (36) 0.4444

Table S2. Recovery of different microorganisms from stainless steel coupons.



Week Cleaning/disinfection Treatment
The coupon was rinsed 3 times in DI water, then immersed in 70%
1 ethanol for 30 mins. After which the coupon was left in air to dry.
2 Same as Week 1
3 Same as Week 2
The coupon was immersed in 3% Lysol for 30 mins,
* then rinsed 3 times in DI water.
5 Same as Week 4
7 Same as Week 4
The coupon was rinsed with H2O; vortexed in H2O; vortexed in ethanol,
° rinsed with H2O, vortexed in H20.
The coupon was immersed in 3% lysol for 30 mins, then it was
9 immersed in 70% ethanol for 1 min (3 times). After which it was rinsed 3
times in DI water (each for 1 min).
10 Same as Week 9
20 Same as Week 9

Table S3. Details of cleaning/disinfection cycles for each week. Note that in each case, the
disinfectant was removed by either rinsing with water or for ethanol by air drying before

subsequent testing of the antimicrobial



2.2.2. There Is a High Rate of Recovery of Microbial Cells from an Inactive Porous Medium

We examined the possibility that we achieved poor recovery from the porous materials. We
examined this hypothesis by measuring recovery from an inert porous material, porous glass
(size = ~12x12mm), to help to distinguish the role of porosity from an active surface. 2ulL of P.
aeruginosa was placed on the porous glass sample, and after 1-2 minutes, the sample was
vortexed (for 1 min), sonicated (for 1 min), and again vortexed. Then the suspension was plated
as mentioned in Materials & Methods section. The experiment was repeated 3 times, and the

data is shown in Table. S4. We found that 27% of the bacteria is recovered from an inert sample.

CFU/plate
Repeat 1 197
Porous glass Repeat 2 388
Repeat 3 198
Suspension ——- 1494

Table S4. Recovery data of porous glass and the suspension used.

2.2.3. Microbial-killing is Not Affected by Carryover of Antimicrobials from the Coupon to the
CFU Assay

Our reported killing times indicate the time period during which droplets of bacterial suspension
remained on the antimicrobial test solid. It was possible, however, that dissolved ions or
particles from the copper oxide surface that are shaken loose by sonication and vortexing could
be carried over into our CFU assay and there inhibit colony formation. Colony formation occurs

over 48 h, which is much longer than the 1-2 h of contact with the test solid, and this large



difference in time-scales means that subtle carry-over effects may influence our results. In a test
of an antimicrobial solid almost all of the antimicrobial is removed by physical removal of the
antimicrobial solid before the CFU assay is performed. This is very different to a test of an
antimicrobial liquid where the antimicrobial liquid is much more difficult to extract. However,

even for a solid, there remains that possibility of some antimicrobial carryover.

To determine the possibility of carryover, we utilized Dey-Engley (DE) buffer, which is specifically
formulated to contain compounds that are able to block or inhibit killing by a wide variety of
antimicrobial agents, including metals [3]. This type of buffer is sometimes referred to as a
neutralizer. We compared CFU counts when elution from the solid was done with PBS and DE
buffers. Two bacteria, P. aeruginosa and MRSA were examined; all statistics were calculated in

Microsoft Excel.

In contrast to PBS, DE buffer contains nutrients and other species that may aid the survival of the
bacterial, so we first compared bacterial survival in the buffer (i.e., no coupon used). Our results,
shown in Table S5A, show that that there is greater survival in DE buffer for both organisms, and
that the effect is larger for MRSA (linear regression using two factors, buffer (p = 0.0035) and
bacterium (p = 0.0066)). To control for this increased survivability, in further statistical results in
section 2.2.3, we normalized results by the average survivability for the particular bacterium and

buffer combination.



To test for the effect of “neutralizing” antimicrobials from the solid, the bacteria were initially
suspended in PBS and then a 10 pL droplet was placed on the solid for a specified time. For
elution, the coupon was transferred to either 5 mL of PBS or 5 mL of DE Broth, vortexed for 10
sec and then sonicated for 1 minute before spreading 0.1 mL samples on Tryptic Soy Agar plates.
Those manipulations took about 3 min. Samples were incubated at 37° C overnight and then
colonies were counted. The results, shown in Table S5B, demonstrate that both bacteria are

killed by Cu20, even when the DE buffer was used.

We performed a regression analysis (Table S6) with the following variables: bacterium (P.
aeruginosa vs MRSA), surface type (stainless steel vs Cu,O/PU), buffer type (PBS vs DE), and time
(0 vs 60 min). The p-value of 0.95 for buffer is consistent with no effect of the buffer and

therefore no effect of carryover.

The resolution of the effect of buffer on the 60 minute samples was, however, diminished by the
very poor survival in both buffers. In the above analysis, results at the detection limit were
analyzed as if they were at the detection limit, which inflates the p-value for buffer. When we
excluded the 60 min samples from the analysis and repeated the regression, the p-value for the
buffer dropped to 0.87 but remained high. This is consistent with the idea that extraction of
species during the sonication and vortexing of the copper coupons did not cause a carry-over

effect.
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Strain Buffer Log(CFU)

6.36

PBS 6.33

6.34

P. aeruginosa
6.53

DE 6.49

6.49

5.28

PBS 5.19

5.30
MRSA

6.46

DE 6.35

6.43

Table S5A. Effect of buffer on CFU counts with no coupon present.
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Time* Log(CFU)

Bacterium Surface ) Repeat
(min) PBS DE broth
1 6.47 6.51
0 2 6.30 6.56
Pseudomonas 3 6.29 6.51
Cu,0/PU

aeruginosa 1 < <

60 2 < <

3 < <
1 6.43 6.54
0 2 6.27 6.53
Pseudomonas  Stainless 3 6.35 6.48
aeruginosa steel 1 5.09 6.08
60 2 5.016 5.95
3 5.07 6.15
1 5.21 6.30
0 2 4.94 6.39
3 5.53 6.43

MRSA Cu,0/PU

1 < 3.32

60 2 < <

3 < <
1 5.50 6.36
0 2 5.18 6.42
Stainless 3 5.44 6.37

MRSA

steel 1 5.13 6.31
60 2 5.33 6.31
3 5.35 6.37

Table S5B. Effect of buffer on Cu,0 coupon experiments. Bacteria were inoculated on stainless
steel or Cu,0/PU coupons, and extracted into PBS or DE broth. < indicates below the detection
limit, which was 1.70 in this experiment. Regression analysis of this data (Table S6) found that

effect of buffer is not significant.

12



Variable Coefficients P-value note
Bacterium -0.378 0.232 not significant
Surface -1.98 1.087E-07 significant
Buffer -0.0212 0.946 not significant

Time -0.0397 1.50E-09 significant

Table S6. Regression analysis results for data in Table S5.
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2.3. Survival of P. aeruginosa and S. aureus at Higher Cell Densities

To obtain a clear resolution, we repeated the experiment in 3.3. with two bacteria (P. aeruginosa
and S. aureus) that had much higher cell densities. The results are shown in Table S7 and they
clearly show that the Cu,O/PU coating is very effective. Only 0.0003% of P. aeruginosa and

0.0007% of S. aureus survived After one hour of contact with the coating.

. . % Survival
Strain Time* (hr)

Cu>0/PU Sintered CuO

Pseudomonas 0 57.1+0.02 71.4 +£0.01

aeruginosa 1 < 0.0003 34.3+0.01

(Density = 7,280,000 2 < 0.0008 73.6£0.03
CFU/coupon) 3 < 0.0007 55.0+£0.04
Staphylococcus 0 94.1+£0.02 133.0+£0.04

agureus (Density = 1 < 0.0007 37.3+0.02

3,760,000 2 < 0.0007 6.5+0.02

CFU/coupon) 3 <0.001 30.7 + 0.03

Table S7. Survival of P. aeruginosa or S. aureus on cuprous oxide/polyurethane (Cu,O/PU) or
sintered cupric oxide (CuO) coatings with high initial loading of bacteria. The initial density of P.
aeruginosa was 7,280,000 CFU/coupon and for S. aureus 3,760,000 CFU/coupon. Even at this

high load, no colonies grew for Cu,O/PU.
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2.4. Bacterial Killing as a Function of Cell Density

It is advantageous for a coating to kill bacteria in suspensions with a range of bacterial densities.
To measure whether cell killing was reduced at higher cell densities, the survival of a 10-fold
dilution series of P. aeruginosa and MRSA cells was prepared. 60 min after a 10 plL droplet was
placed on the Cu,O/PU coating, the survival of cells was measured by colony-formation. Results
(Figure S3) show that survival was reduced by 3 logs for all the dilutions where we had
resolution. For very dilute suspensions, there were insufficient survivors to resolve 3 logs. The
coating killed all of the S. aureus in 60 minutes except for the highest cell density (107 CFU/10
uL). Likewise, all of the P. aeruginosa was killed in 60 min except at the highest concentration

(107 CFU/10 pL) and after 180 minutes there were no survivors.

15
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Figure S3. Effect of initial bacterial concentration on survival of S. aureus or P. Aeruginosa on the
Cu20/PU coating after 60 minutes. The horizontal axis shows the measured CFU from a series
dilution of bacteria, starting at 1.9 x 10° and diluted by 1/10 for each data point going from right
to left. The vertical axis shows the survival, measured by CFU count of the bacteria on the
coating. Fewer than 5 bacteria were found for all but the most concentrated bacterial
suspension, so the data shows an upper bound as indicated by an arrow. Many upper bounds fall
on a line because the dilution changes by a factor of 10 while the resolution of colonies remains
constant. Results are the same if the bacteria are on the coating for 180 min., except that for P.

Aeruginosa in the most concentrated suspension, no cells survived.
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2.5. Cu20/PU Coating Kills Bacteria Rapidly

The EPA standard period for 3 logs (99.9%) killing of bacteria is1 hr [1]. We tested our Cu,O/PU
coating at shorter timepoints, and found that it kills bacteria very rapidly (See the Table below).
As a reminder, relative survival compares the survival on the coated and uncoated samples:

mean(CFU
9% relative survival = —— (((IFU Coated)) x 100%
uncoated

Time* Average Relative

Bacterium (min) Repeat Relative survival (%) survival (%)

7.92
7.37 7.6
7.42

0.07
0.01 0.04
0.06

Pseudomonas

aeruginosa

<0.01
0.52 0.20
0.07

31.87
29.94 29
26.16

10

20.11
14.60 17
15.08

MRSA 5

17.27
8.57 14
16.23

10

WINPT WINIPIWIN[PITWINIRPIWINIRPIWINE

Table S8. Relative Survival of bacteria on Cu20/PU coating. Within 10 minutes, relative survival of
P. aeruginosa and MRSA are <0.2% and 14%, respectively.
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2.6. Comparison of killing of S. aureus and Methicillin-resistant S. aureus by Sintered CuO Coating
at 0 Time Point

In our survey of multiple organisms, there was a large, unexpected, difference in results for the
two S. aqureus strains on CuO at zero time. We followed initial experiments with further
experiments to examine the null hypothesis that these the results for the two strains at this
specific condition were the same. The results for the repeat test are shown in Table S9, and the
result for the Student's t-test was p = 0.77, so we were unable to reject the hypothesis that the

two stains have the same killing rates.

Time

Strain . Repeat Relative survival (%)
(min)
1 118.3
Non-resistant 0 2 62.7
3 142.5
average 108
1 118.6
Resistant 0 2 167.2
3 71.0
average 119

Table S9. Zero-time survival of S. aureus by Sintered CuO for two strains.
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2.7. Survival of bacteria on uncoated stainless-steel control
Bacteria can die on their own on uncoated surfaces at a slow rate. Table S10 reports the data for

survival of bacteria on the uncoated stainless steel control.

) Time* Average (Colony-
Bacterium . _ _
(min) Forming Units/Plate)
suspension 547
669
5 631
Pseudomonas
: 10 658
aeruginosa
suspension 878
0 594
60 686
suspension 287
0 244
5 269
10 271
MRSA
suspension 1075
0 1196
60 870

Table S10. Survival of bacteria on uncoated stainless-steel control
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