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Abstract

Objective: Clostridioides difficile (C. difficile) is one of the most common causes of healthcare-associated infections (HAIs). Elimination of
C. difficile spores is difficult as they are resistant to common hospital-grade disinfectants. Copper-impregnated surfaces provide continuous
reduction of multiple pathogens, potentially lowering the risk of infections. This manuscript aims to evaluate the efficacy of copper-
impregnated surfaces on C. difficile spores.

Methods: Control (no copper) coupons and copper coupons containing 20% copper-oxide were inoculated with C. difficile spore loads ranging
from 10° to 107 spores, with or without 5% fetal bovine serum soil load. After 4 hours of contact time, the C. difficile spores were recovered,
plated on C. difficile growth media, and colony forming units were counted. The efficacy of copper (log; kill) was estimated using a Bayesian
latent variables model.

Results: After 4 hours, unsoiled copper bedrail and copper table coupons at mean spore inoculation resulted in a 97.3% and 96.8% reduction
in spore count (1.57 and 1.50 log; kill, respectively). That of soiled bedrail and table coupons showed a 91.8% and 91.7% reduction (1.10 and
1.10 log; kill, respectively).

Conclusions: Copper coupons can substantially reduce C. difficile spores after 4 hours, but results vary depending on the initial spore
concentration and presence or absence of organic material. Higher initial spore loads or excess organic material may prevent spores from
contact with copper surfaces, thus decreasing kill efficacy. Continuous sporicidal effect of copper-impregnated surfaces may decrease spore
burden and help prevent transmission of spores.

(Received 16 September 2024; accepted 20 November 2024; electronically published 20 December 2024)

Introduction HAIs,?® elimination of C. difficile spores is difficult as they are
resistant to hospital-grade disinfectants such as quaternary
ammonium-based chemicals.” Sporicidal chemical disinfectants
have been shown to effectively eliminate C. difficile spores on
surfaces after appropriate contact time.”® Although disinfectants
such as sodium hypochlorite, hydrogen peroxide with peracetic
acid, and hypochlorous acid are known sporicidal agents, residual
contamination may persist due to insufficient dwell times, cross-
contamination, and human error.”!® Previous studies using no-
touch disinfection (NTD) technologies have shown a >6 log
reduction in C. difficile spores using hydrogen peroxide vapor,
which has also been associated with lower incidences of C. difficile
infections in a hospital environment.!" Ultraviolet sanitation has
been found to decrease spore count by 4.4 log;, colony forming
units (CFU) after 5 seconds of exposure.!*!'* Current decontami-
nation approaches apart from chemical disinfection that include
Corresponding author: Chetan Jinadatha; Email: Chetan Jinadatha@va.gov NTD technologies such as ultraviolet sanitation/disinfection'* or
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Healthcare-associated infections (HAIs) cause great burden on the
healthcare system through increased length of stay, cost, and
mortality.! Contaminated healthcare surfaces play a major role in
the spread of drug-resistant pathogens from surfaces to patients via
healthcare worker hands. Further, these pathogens can survive on
these high-touch surfaces for several months.>* Clostridioides
difficile (C. difficile) is a spore-forming bacterium that is one of the
leading causes of HAIs in the United States, with an incidence rate
of 54 cases per 100,000 people as of 2022.*° C. difficile spores exist
in the environment for several months, making it an important
pathogen in surface-related transmission of HAIs.> While prior
studies have demonstrated that improved surface disinfection can
decrease the environmental microbial burden and probability of
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therefore, represent episodic cleaning events usually either
performed routinely and/or after patient discharge, allowing for
rapid recontamination in between discharges.!®!”

Copper alloy-based and copper-impregnated solid surfaces
have emerged as promising methods of continuous surface
decontamination in recent literature.'®-?2 In addition, the anti-
microbial activity of copper-impregnated hospital linen to reduce
C. difficile infections has been evaluated.?® The action of copper as a
biocidal agent is mainly mediated through different redox states of
copper such as Cu(II) and Cu(III) that can cause cellular damage
leading to a loss of membrane potential and cytoplasmic content,
and production of reactive oxygen species.”* While it has been
shown that copper alloys can provide continuous reduction of
C. difficile spores? and infections due to C. difficile,’® the efficacy of
copper-impregnated antimicrobial surfaces on C. difficile spores
has not been previously evaluated. This study examines the
sporicidal effect of copper-impregnated surfaces on C. difficile
spores in a laboratory setting.

Methods

The study was conducted at the Central Texas Veterans Health
Care System following IRB approval.

Preparation of C. difficile spores

Nontoxigenic C. difficile strain VPI 11186 was purchased (ATCC®
strain 700057", with complete whole genome sequencing data
available) and streaked onto anaerobic blood agar plates and grown
at 35°C in anaerobic conditions for 10 to 14 days for sporulation.
C. difficile spore purification was completed using Environmental
Protection Agency protocol (EPA protocol # EPA MLB SOP
MB-28) and resulting purified spores were stored at —80°C.

Experiments with copper-containing coupons

Each experiment consisted of taking a C. difficile spore stock
sample and making a 1:10, 1:100, and 1:1000 dilution. Samples
were taken from each of these three dilutions and pipetted and
spread onto the surface of three, circular, 2 cm? coupons, for each
of the four materials (stainless steel, non-copper control material,
20% copper-impregnated bedrail material, and 20% copper-
impregnated table material). Control and copper-impregnated
coupons were received from the company (EOS® Surfaces,
Norfolk, VA) that manufactures the actual copper-impregnated
surfaces as shown in Figure 1.

Thus, 36 coupons were used per experiment (3 coupons
*4 materials *3 dilutions =36 coupons per experiment). Four
experiments were conducted in total, two experiments with and
two without a 5% fetal bovine serum soiling solution in the buftfer,
to approximate organic material in clinical settings. After 4 hours
of contact time, the C. difficile spores were retrieved from the
coupons via vortexing in phosphate-buffered saline with Tween-80
(PBS-T) for 1 minute. The C. difficile spores were plated on
CHROMID® C. difficile media plates at varying dilutions ranging
from 10° to 10° and grown at 35°C in anaerobic conditions for 48
hours. The observed CFUs on the media plates were then counted.
More than 330 CFU was recorded as too numerous to count.
The exact concentration of initial spore stock solution was
measured with serial dilution and counting CFUs as described
above. The methodology for measuring the antimicrobial activity
of the copper-impregnated coupons was based on an EPA protocol
for the evaluation of bactericidal activity of hard, non-porous
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Copper Tray Table

Figure 1. Copper-impregnated surfaces molded to cover bedside arm rails and tray
tables.

copper-containing surface products,?” with modifications made as
described above.

Additional experiments were done with Ethylenediaminete-
traacetic acid (EDTA), which can neutralize copper ions, to
confirm the mechanism of biocidal effect of copper on C. difficile
spores was through direct contact rather than the leeching of
copper ions in the PBS-T. Copper ions were measured using a
Copper Detection Assay Kit (Abcam catalog# ab252901).

Statistical analysis methods

The protocol was written into a full joint probabilistic model for
the process as a Bayesian latent variables model. The error
propagated through serial dilutions and realized as variation in
observed spore counts on media plates was modeled using a
Poisson distribution. Samples from the stock solution and samples
for coupon inoculation from the 1:10, 1:100, and 1:1000 dilutions
were modeled as deviations arising from a Gaussian distribution
with latent mean and standard deviation. Information that plates
deemed ‘too numerous to count’ by the laboratory technicians had
counts greater than 330 colonies (i.e. censoring) was included in
the model likelihood (https://mc-stan.org/docs/stan-users-guide/
truncation-censoring.html#integrating-out-censored-values).

The plate counts from the serial dilution straight plating were
included in the model to help inform the latent spore stock
amount. Thus, the full data from all media plates was used in the
model, increasing the precision of all estimated parameters.
A linear function with parameters for the surface material, soiled
solution, and initial spore inoculation, modeled the spore loss on
the four coupon materials. The estimated difference in spore loss
between the control and copper coupons gave the estimated
treatment effect of the copper coupon. The models were fit in Stan
using rstan version 2.21.2 in R version 3.6.3.28 Results are presented
as means and 95% central quantiles of the Markov Chain Monte
Carlo samples from the posterior probability distribution for the
parameters.

Results

The estimated number of spores in the four samples from
stock solution used in these experiments was 8.57 (8.54-8.59), 8.36
(8.33-8.40), 8.41 (8.38-8.45), and 8.43 (8.40-8.46) log;o. The
estimated error in the process of sampling from diluted stock and
spreading the spore solution onto the coupon was 0.24 (0.21-0.27)
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Figure 2. Non-censored plate counts for each dilution.

log,o standard deviations. The non-censored plate counts for each
dilution are shown in Figure 2.

The spore loss (Figure 3a) on each material after 4 hours
at the mean spore inoculation in an unsoiled solution was 1.84
(1.72-1.97), 1.77 (1.65-1.89), 0.21 (0.10-0.32), and 0.27 (0.16-0.37)
log;o loss for the copper bedrail, copper table, stainless steel, and
control material, respectively. The treatment effect of the copper can
be calculated by subtracting the spore loss of the control material
from the spore loss for the copper materials due to desiccation.
Thus, the estimated treatment effect of the copper in the copper
bedrail material at the mean spore inoculation for an unsoiled
solution was 1.57 (1.42-1.73) log, kill, and for the copper table
under the same conditions was 1.50 (1.34-1.67) log;, kill
(Figure 3b). For the soiled solution, the estimated treatment effect
was 1.10 (0.93-1.25) log; kill on the bedrail and 1.10 (0.92-1.25) on
the table. This represents a 97.3% (96.2%-8.1%) and 96.8%
(95.4%-97.8%) reduction in the number of spores placed on the
coupon after 4 hours due to the copper in the bedrail and table
material for unsoiled solution, respectively. For soiled solution, there
was a 91.8% (88.3%-94.3%) and 91.7% (88.1%-94.3%) reduction in
the number of spores for the bedrail and table material, respectively.

The spore loss varied depending upon the inoculation amount
on the coupon and whether the solution included soiling (see
Figure 3a). For the stainless steel and control material, the log;
spore loss increased slightly with increasing inoculation load on the
coupon, although this effect was not within the 95% uncertainty
interval. For each standard deviation increase in the inoculation
load, there was a 0.07 (0.15 to —0.02) and 0.06 (—0.14 to —0.03)
log;o increase in the spore loss for the stainless steel and control
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material, respectively. This process was reversed for the copper
materials, where the log;, spore loss decreased with increasing
inoculation load on the coupons, with a 0.07 (—0.02 to 0.17) and
0.06 (—0.04 to 0.16) log;o decrease in the spore loss effect for the
copper bedrail and table, respectively. Thus, in terms of the esti-
mated treatment effect of copper in the copper material, the overall
log;o kill effect decreased with increasing spore inoculation load
on the coupon by 0.13 (—0.00 to 0.27) and 0.11 (—0.01 to 0.25) for
each standard deviation increase in the spore inoculation load on
the coupon for the copper bedrail and table, respectively (see
Figure 3b). The soiled solution also decreased the estimated log;
kill effect of the copper in the copper material, with log, kill for the
soiled solution decreased by 0.48 (0.26-0.71) and 0.41 (0.19-0.63)
log; for the copper bedrail and table, respectively (see Figure 3b).
The estimated log; o number of spores on each coupon after 4 hours
is shown in Figure 4.

The supplemental EDTA experiments showed that C. difficile
spores are killed by copper at about the same efficacy regardless of
the presence of EDTA.

Discussion

Our results demonstrate that copper-impregnated coupons
substantially reduced C. difficile spores after 4 hours, but the
magnitude of reduction varied depending on the initial spore
concentration and presence or absence of organic material. Higher
initial spore loads, or excess organic material prevented the spores
from coming in direct contact with the copper-impregnated
surface thus decreasing the kill efficacy. After 4 hours, this study
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Figure 3. (a) Spore loss on each material after 4 hours with and without soiling. (b) Spore loss on each copper material after 4 hours with and without soiling.
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Figure 4. Estimated log;o number of spores on each coupon after 4 hours.

showed about a 97% and 92% reduction in spore count for unsoiled
and soiled copper bedrail and copper table coupons at mean spore
inoculation, respectively. Similarly, copper alloy-based solid
surfaces have known antimicrobial activity with notable bacterial
colonization reduction in both the laboratory and clinical
settings.!® In comparison to copper-impregnated surfaces, one
study showed copper alloys with concentrations of copper varying
between 65% to 100% content resulted in roughly a 2-log reduction
in C. difficile spores after three hours, when compared to stainless
steel alloy.® Another similar study showed copper alloys
containing at least 97% copper resulted in a significant (~2.67
t0 2.96) log reduction in three hours against germinating C. difficile
spores, while stainless steel alloy did not show any such
antimicrobial activity.?? Previously the copper alloy surfaces
(percentage of copper >70%) were shown to be effective in
reduction of survival of both vegetative and spores of C. difficile.®
Copper-impregnated surfaces (percentage of copper 20%) used in
our study was able to achieve high reduction percentage in
C. difficile spore counts at 4 hours. As shown by the supplemental
EDTA experiments, C. difficile spores were killed by copper at
about the same efficacy regardless of the presence of EDTA,
suggesting that the method by which copper kill spores is primarily
through direct contact with copper impregnated in the coupon
rather than leached copper ions.?%3!

Copper-impregnated surfaces used in this study are prepared
with uniform copper oxide content (Figure 1) are not a coating or a
spray. This is an advantage as even with surface wear the same
amount of active copper is still presented to the environment,
resulting in easy maintenance. The mixtures of copper oxide and
substances such as polymers can be heated and poured into a mold

https://doi.org/10.1017/ice.2024.219 Published online by Cambridge University Press

Thanuri Navarathna et al.

& L § 3

L ] .

. L L. Material

H L 4 3 ¢ Copper Bedrail
Copper Tray Table

¢ Control

Stainless Steel

(] < @

® 5 s

2 3

and conformed into any desired shape; a property copper alloys do
not have as the machinability of copper confines its use to relatively
simple geometric forms.** If copper-impregnated surfaces break,
they would need to be remolded and installed; however, if molded
and installed correctly the surfaces are not prone to breakage.
Copper-impregnated surfaces can be cleaned with all commonly
used hospital disinfectants without change to the antimicrobial or
physical properties. Recent study suggests that the use of some
chemical disinfectants used for routine disinfection (bleach,
activated hydrogen peroxide) over prolonged time periods can
affect the surface characteristics and level of antimicrobial activity
of copper-impregnated surfaces.*® In contrast, copper alloys may
produce patina and discoloration after repeated contact, although
this does not affect its antimicrobial properties.**

A single-site quasi-experimental study assessing the effect of
using copper-impregnated surfaces on HAIs incidence in a
Virginia hospital showed a 78% decline in HAIs due to MDROs
or C. difficile and 83% fewer cases of C. difficile infection after the
introduction of copper-impregnated surfaces and copper-infused
linens.> The study design may have contributed to higher
percentages of HAI decline and may not be solely attributed to
the introduction of copper alone. Overall evidence suggests that the
sporicidal effect of copper-impregnated surfaces may have the
potential to reduce transmission of spores in a continuous manner
and prevent HAIs in a clinical setting, supplementing episodic
and terminal cleaning methods of hydrogen peroxide vapor,
ultraviolet sanitation, and other sporicidal disinfectants.

Previous studies on C. difficile spore contamination recovered
from the environmental surfaces in a hospital environment are
known to vary between <1 to 2 log;(.*"*® Few studies reported


https://doi.org/10.1017/ice.2024.219

Infection Control & Hospital Epidemiology

higher spore counts from >200 colonies,”® and up to 1,300
colonies.*” Our laboratory-based studies were performed based
on EPA disinfectant standards, but the spore load found in
clinical scenarios as mentioned above is expected to be much
lower than the concentration with which we tested the copper-
impregnated coupons. We therefore anticipate the efficacy of the
C. difficile log kill will be higher in the copper-impregnated
surfaces.

This study was designed to examine the efficacy of copper-
impregnated surfaces on C. difficile spores with and without the
presence of organic material. However, there are some limitations.
We did not assess the proportions of copper in the solid surface
that affects kill rate positively or negatively nor did we assess its
effects on contact time. Hence these results cannot be compared
to effect sizes of materials with different composition inclusive of
higher or lower proportions of copper and organic material. Other
limitations include the limited number of copper-impregnated
surfaces that were evaluated, and the impact of repeated use of
disinfectants was also not evaluated.

These findings demonstrate that the copper-impregnated
surfaces we tested reduce C. difficile spore count by 92% to 97%
thus providing additional disinfection opportunity in between
episodes of daily disinfection and terminal room disinfection in
acute care settings by delivering continuous sporicidal activity to
lower C. difficile bioburden.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/ice.2024.219

Acknowledgments. We acknowledge and thank Yonhui Allton, Dr. Thomas
W. Huber, Julie A. Martel, Jing Xu, Landon Ashby, Gautam Ghamande,
and Jeisa Jones for their contributions to the preliminary data collection for
this study and Dr. Phi Tran, and Dr. Andrea Grimbergen for their input on
manuscript writing. We also thank Dr. Donskey for valuable input on
experimental design.

Financial support. This study was supported by funding from the Agency for
Healthcare Research and Quality (AHRQ grant no. 1IR01HS025598-01A1, PI:
Chetan Jinadatha) with additional support from Central Texas Veterans Health
Care System, Temple, Texas, and EOS Surfaces (copper coupons and materials
for testing).

Competing interests. All authors report no conflicts of interest relevant to this
article, other than stated above.

References

1. Cobrado L, Silva-Dias A, Azevedo MM, Rodrigues AG. High-touch
surfaces: microbial neighbours at hand. Eur J Clin Microbiol Infect Dis
2017;36:2053-2062. doi: 10.1007/s10096-017-3042-4

2. Claro T, Daniels S, Humphreys H. Detecting Clostridium difficile spores
from inanimate surfaces of the hospital environment: which method is best?
J Clin Microbiol 2014;52:3426-3428. doi: 10.1128/JCM.01011-14

3. Akhtar A, Kadir H, Chandran P. Surgical site infection risk following
pre-operative MRSA detection in elective orthopaedic surgery. J Orthop
2014;11:117-120. doi: 10.1016/j.jor.2014.07.001

4. CDC. Current HAI Progress Report. CDC Healthcare-Associated Infections
(HAIs). https://www.cdc.gov/healthcare-associated-infections/php/data/
progress-report.html. Published May 9, 2024. Accessed July 16, 2024.

5. Centers for Disease Control and Prevention. Emerging Infections
Program, Healthcare-Associated Infections - Community Interface
Surveillance Report, Clostridioides Difficile Infection (CDI), 2022; 2024.
https://www.cdc.gov/healthcare-associated-infections/media/pdfs/2022-
CDI-Report-508.pdf.

6. Anderson D], Moehring RW, Weber DJ, et al. Effectiveness of targeted
enhanced terminal room disinfection on hospital-wide acquisition and

https://doi.org/10.1017/ice.2024.219 Published online by Cambridge University Press

N

o]

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

185

infection with multidrug-resistant organisms and Clostridium difficile: a
secondary analysis of a multicentre cluster randomised controlled trial with
crossover design (BETR Disinfection). Lancet Infect Dis 2018;18:845-853.
doi: 10.1016/S1473-3099(18)30278-0

Nkemngong CA, Chaggar GK, Li X, Teska PJ, Oliver HF. Disinfectant wipes
transfer Clostridioides difficile spores from contaminated surfaces to
uncontaminated surfaces during the disinfection process. Antimicrob Resist
Infect Control 2020;9:176. doi: 10.1186/s13756-020-00844-0

. Fawley WN, Underwood S, Freeman J, et al. Efficacy of hospital cleaning

agents and germicides against epidemic Clostridium difficile strains. Infect
Control Hosp Epidemiol 2007;28:920-925. doi: 10.1086/519201

. Weber DJ, Rutala WA. Understanding and preventing transmission of

healthcare-associated pathogens due to the contaminated hospital
environment. Infect Control Hosp Epidemiol 2013;34:449-452. doi: 10.
1086/670223

Doll M, Stevens M, Bearman G. Environmental cleaning and disinfection of
patient areas. Int ] Infect Dis 2018;67:52-57. doi: 10.1016/j.ijid.2017.10.014
Cooper T, O’Leary M, Yezli S, Otter JA. Impact of environmental
decontamination using hydrogen peroxide vapour on the incidence of
Clostridium difficile infection in one hospital trust. J Hosp Infect
2011;78:238-240. doi: 10.1016/j.jhin.2010.12.013

Otter JA, French GL. Survival of nosocomial bacteria and spores on surfaces
and inactivation by hydrogen peroxide vapor. ] Clin Microbiol 2009;47:
205-207. doi: 10.1128/JCM.02004-08

Nerandzic MM, Cadnum JL, Eckart KE, Donskey CJ. Evaluation of a hand-
held far-ultraviolet radiation device for decontamination of Clostridium
difficile and other healthcare-associated pathogens. BMC Infect Dis
2012;12:120. doi: 10.1186/1471-2334-12-120

Attia F, Whitener C, Mincemoyer S, Houck J, Julian K. The effect of pulsed
xenon ultraviolet light disinfection on healthcare-associated Clostridioides
difficile rates in a tertiary care hospital. Am ] Infect Control 2020;48:
1116-1118. doi: 10.1016/j.ajic.2019.12.019

Jinadatha C, Quezada R, Huber TW, Williams JB, Zeber JE, Copeland LA.
Evaluation of a pulsed-xenon ultraviolet room disinfection device for
impact on contamination levels of methicillin-resistant Staphylococcus
aureus. BMC Infect Dis 2014;14:187. doi: 10.1186/1471-2334-14-187
Weber DJ, Rutala WA, Sickbert-Bennett EE, Kanamori H, Anderson D,
CDC Prevention Epicenters Program. Continuous room decontamination
technologies. Am ] Infect Control 2019;47S:A72-A78. doi: 10.1016/j.ajic.
2019.03.016

Jinadatha C, Villamaria FC, Coppin JD, et al. Interaction of healthcare
worker hands and portable medical equipment: a sequence analysis to show
potential transmission opportunities. BMC Infect Dis 2017;17:800. doi: 10.
1186/512879-017-2895-6

Michels HT, Keevil CW, Salgado CD, Schmidt MG. From laboratory
research to a clinical trial: copper alloy surfaces kill bacteria and reduce
hospital-acquired infections. HERD 2015;9:64-79. doi: 10.1177/1937586
715592650

Schmidt MG, Attaway HH, Sharpe PA, et al. Sustained reduction of
microbial burden on common hospital surfaces through introduction of
copper. J Clin Microbiol 2012;50:2217-2223. doi: 10.1128/JCM.01032-12
Chatterjee P, Williams MD, Coppin JD, et al. Effectiveness of copper-
impregnated solid surfaces on lowering microbial bio-burden levels in an
acute care hospital. Open Forum Infect Dis 2020;7:0faa238. doi: 10.1093/
ofid/ofaa238

Charles MK, Williams TC, Nakhaie D, et al. In vitro assessment
of antibacterial and antiviral activity of three copper products after 200
rounds of simulated use. Biometals 2024;37:849-856. doi: 10.1007/s10534-
023-00572-z

Bryce EA, Velapatino B, Donnelly-Pierce T, et al. Antimicrobial efficacy and
durability of copper formulations over one year of hospital use. Infect
Control Hosp Epidemiol 2022;43:79-87. doi: 10.1017/ice.2021.52

Fan T, Shao L, Wang X, Ren P. Efficacy of copper-impregnated hospital
linen in reducing healthcare-associated infections: A systematic review and
meta-analysis. PLoS ONE 2020;15:e0236184. doi: 10.1371/journal.pone.
0236184

Mathews S, Hans M, Miicklich F, Solioz M. Contact killing of bacteria
on copper is suppressed if bacterial-metal contact is prevented and is


https://doi.org/10.1017/ice.2024.219
https://doi.org/10.1007/s10096-017-3042-4
https://doi.org/10.1128/JCM.01011-14
https://doi.org/10.1016/j.jor.2014.07.001
https://www.cdc.gov/healthcare-associated-infections/php/data/progress-report.html
https://www.cdc.gov/healthcare-associated-infections/php/data/progress-report.html
https://www.cdc.gov/healthcare-associated-infections/media/pdfs/2022-CDI-Report-508.pdf
https://www.cdc.gov/healthcare-associated-infections/media/pdfs/2022-CDI-Report-508.pdf
https://doi.org/10.1016/S1473-3099(18)30278-0
https://doi.org/10.1186/s13756-020-00844-0
https://doi.org/10.1086/519201
https://doi.org/10.1086/670223
https://doi.org/10.1086/670223
https://doi.org/10.1016/j.ijid.2017.10.014
https://doi.org/10.1016/j.jhin.2010.12.013
https://doi.org/10.1128/JCM.02004-08
https://doi.org/10.1186/1471-2334-12-120
https://doi.org/10.1016/j.ajic.2019.12.019
https://doi.org/10.1186/1471-2334-14-187
https://doi.org/10.1016/j.ajic.2019.03.016
https://doi.org/10.1016/j.ajic.2019.03.016
https://doi.org/10.1186/s12879-017-2895-6
https://doi.org/10.1186/s12879-017-2895-6
https://doi.org/10.1177/1937586715592650
https://doi.org/10.1177/1937586715592650
https://doi.org/10.1128/JCM.01032-12
https://doi.org/10.1093/ofid/ofaa238
https://doi.org/10.1093/ofid/ofaa238
https://doi.org/10.1007/s10534-023-00572-z
https://doi.org/10.1007/s10534-023-00572-z
https://doi.org/10.1017/ice.2021.52
https://doi.org/10.1371/journal.pone.0236184
https://doi.org/10.1371/journal.pone.0236184
https://doi.org/10.1017/ice.2024.219

186

25.

26.

27.

28.

29.

30.

31.

32.

induced on iron by copper ions. Appl Environ Microbiol 2013;79:
2605-2611. doi: 10.1128/AEM.03608-12

Weaver L, Michels HT, Keevil CW. Survival of Clostridium difficile on
copper and steel: futuristic options for hospital hygiene. ] Hosp Infect
2008;68:145-151. doi: 10.1016/j.jhin.2007.11.011

Marik PE, Shankaran S, King L. The effect of copper-oxide-treated soft
and hard surfaces on the incidence of healthcare-associated infections:
a two-phase study. ] Hosp Infect 2020;105:265-271. doi: 10.1016/j.jhin.2020.
02.006

US EPA O. Updated draft protocol for the evaluation of bactericidal activity
of hard, non-porous copper containing surface products. https://www.epa.
gov/pesticide-registration/updated-draft-protocol-evaluation-bactericidal-
activity-hard-non-porous. Published September 30, 2015. Accessed October
30, 2024.

Stan Development Team. RStan: the R interface to Stan. Version 2.21.2.
2020. http://mc-stan.org/. Published July, 2020. Accessed July 15, 2024.
Wheeldon L], Worthington T, Lambert PA, Hilton AC, Lowden CJ,
Elliott TSJ. Antimicrobial efficacy of copper surfaces against spores and
vegetative cells of Clostridium difficile: the germination theory. ] Antimicrob
Chemother 2008;62:522-525. doi: 10.1093/jac/dkn219

Salah I, Parkin IP, Allan E. Copper as an antimicrobial agent: recent
advances. RSC Adv 2021;11:18179-18186. doi: 10.1039/D1RA02149D
Grass G, Rensing C, Solioz M. Metallic copper as an antimicrobial
surface. Appl Environ Microbiol 2011;77:1541-1547. doi: 10.1128/AEM.
02766-10

Monk AB, Kanmukhla V, Trinder K, Borkow G. Potent bactericidal efficacy
of copper oxide impregnated non-porous solid surfaces. BMC Microbiol
2014;14:57. doi: 10.1186/1471-2180-14-57

https://doi.org/10.1017/ice.2024.219 Published online by Cambridge University Press

33.

34.

35.

36.

37.

38.

39.

40.

Thanuri Navarathna et al.

Bryce EA, Velapatino B, Akbari Khorami H, et al. In vitro evaluation of
antimicrobial efficacy and durability of three copper surfaces used in
healthcare. Biointerphases 2020;15:011005. doi: 10.1116/1.5134676
Horton DJ, Ha H, Foster LL, Bindig H]J, Scully JR. Tarnishing and Cu ion
release in selected copper-base alloys: implications towards antimicrobial
functionality. Electrochim Acta 2015;169:351-366. doi: 10.1016/j.electacta.2015.
04.001

Sifri CD, Burke GH, Enfield KB. Reduced health care-associated
infections in an acute care community hospital using a combination of
self-disinfecting copper-impregnated composite hard surfaces and
linens. Am J Infect Control 2016;44:1565-1571. doi: 10.1016/j.ajic.2016.07.007
Kim KH, Fekety R, Batts DH, et al. Isolation of Clostridium difficile from the
environment and contacts of patients with antibiotic-associated colitis.
J Infect Dis 1981;143:42-50. doi: 10.1093/infdis/143.1.42

Kaatz GW, Gitlin SD, Schaberg DR, et al. Acquisition of Clostridium
difficile from the hospital environment. Am ] Epidemiol 1988;127:
1289-1294. doi: 10.1093/oxfordjournals.aje.al14921

Eckstein BC, Adams DA, Eckstein EC, et al. Reduction of Clostridium
Difficile and vancomycin-resistant Enterococcus contamination of envi-
ronmental surfaces after an intervention to improve cleaning methods.
BMC Infect Dis 2007;7:61. doi: 10.1186/1471-2334-7-61

Mulligan ME, George WL, Rolfe RD, Finegold SM. Epidemiological
aspects of Clostridium difficile-induced diarrhea and colitis. Am J Clin Nutr
1980;33:2533-2538. doi: 10.1093/ajcn/33.11.2533

Boyce JM, Havill NL, Otter JA, et al. Impact of hydrogen peroxide vapor
room decontamination on Clostridium difficile environmental contami-
nation and transmission in a healthcare setting. Infect Control Hosp
Epidemiol 2008;29:723-729. doi: 10.1086/589906


https://doi.org/10.1128/AEM.03608-12
https://doi.org/10.1016/j.jhin.2007.11.011
https://doi.org/10.1016/j.jhin.2020.02.006
https://doi.org/10.1016/j.jhin.2020.02.006
https://www.epa.gov/pesticide-registration/updated-draft-protocol-evaluation-bactericidal-activity-hard-non-porous
https://www.epa.gov/pesticide-registration/updated-draft-protocol-evaluation-bactericidal-activity-hard-non-porous
https://www.epa.gov/pesticide-registration/updated-draft-protocol-evaluation-bactericidal-activity-hard-non-porous
http://mc-stan.org/
https://doi.org/10.1093/jac/dkn219
https://doi.org/10.1039/D1RA02149D
https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1128/AEM.02766-10
https://doi.org/10.1186/1471-2180-14-57
https://doi.org/10.1116/1.5134676
https://doi.org/10.1016/j.electacta.2015.04.001
https://doi.org/10.1016/j.electacta.2015.04.001
https://doi.org/10.1016/j.ajic.2016.07.007
https://doi.org/10.1093/infdis/143.1.42
https://doi.org/10.1093/oxfordjournals.aje.a114921
https://doi.org/10.1186/1471-2334-7-61
https://doi.org/10.1093/ajcn/33.11.2533
https://doi.org/10.1086/589906
https://doi.org/10.1017/ice.2024.219

	Efficacy of copper-impregnated antimicrobial surfaces against Clostridioides difficile spores
	Introduction
	Methods
	Preparation of C. difficile spores
	Experiments with copper-containing coupons
	Statistical analysis methods

	Results
	Discussion
	References


