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KEYWORDS Summary Clostridium difficile is rapidly becoming a major cause of hospi-
Clostridium difficile; tal-acquired infections worldwide, due in part to transmission of the faecal
Touch surfaces; pathogen between contaminated hands and contact surfaces. Accordingly,
Copper; Hygiene; this study evaluated survival of C. difficile vegetative cells and spores on
Infection - . .
the contact surface commonly found in healthcare settings, stainless steel,
compared to five copper alloys (65—100% copper content). C. difficile re-
quires prolonged incubation to grow and therefore the total number and num-
ber of viable cells was estimated using a fluorescence dual-staining
technique. For viability assessment the redox dye 5-cyano-2, 3-ditolyl tetrazo-
lium (CTC) was used to measure metabolic activity. Results demonstrated that
copper alloys with a copper content >70% provide a significant reduction in
survival of C. difficile vegetative cells and spores on copper alloys compared
with stainless steel. Complete death of spores was observed after 24—48 h on
copper alloys whereas no significant death rate was observed on stainless
steel even after 168 h. The use of CTC gave comparable results to culture
and offers a more rapid viability analysis (8 h) than culture. The results suggest
that using copper alloys in hospitals and other healthcare facilities could offer
the potential to reduce spread of C. difficile from contaminated surfaces.
© 2007 The Hospital Infection Society. Published by Elsevier Ltd. All rights
reserved.

Introduction

*.Corresponding aut.hor. Agdress: Enyiroqmental Healthcare The anaerobic spore-forming bacterium, C. diffi-
Unit, School of Biological Sciences, University of Southampton, cile. is a maior cause of nosocomial diarrhoeal
Bassett Crescent East, Southampton S016 7PX, UK. Tel.: +44 23 S J 14 e s
80592034; fax: +44 23 80594459, infections worldwide. ™ C. difficile produces exo-

E-mail address: lw14@soton.ac.uk toxins that are pathogenic to humans, resulting in

0195-6701/$ - see front matter © 2007 The Hospital Infection Society. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.jhin.2007.11.011


mailto:lw14@soton.ac.uk
http://www.elsevierhealth.com/journals/jhin

146

L. Weaver et al.

disease symptoms ranging from mild diarrhoea to
fulminant colitis and death. As well as severe
health implications, especially for those aged
>65 years, C. difficile infections cause a large
financial burden on hospitals.> Although there are
few data on the number of deaths caused by
C. difficile, there was an increase in the number
of death certificates mentioning C. difficile from
1999 to 2005 in England and Wales.® A study in
the USA reported that 4.8% of deaths were associ-
ated with C. difficile in 2003, increasing to 9.9% in
2004.%

The use of culture analysis for enumeration and
detection of viable bacteria has been shown to be
lacking as pathogenic bacteria are often found in
a viable but non-culturable state (VBNC) in the
environment.”’® The use of viability dyes has been
demonstrated as a useful alternative to culture
analysis in vegetative cells.” "2 In particular the
use of tetrazolium redox dyes for direct visualisa-
tion of metabolic activity in bacterial cells has
gained much interest. Tetrazolium redox dyes
scavenge electrons from oxidation/reduction reac-
tions and are reduced intracellularly to brightly
chromogenic or fluorescent formazan precipitates
by the electron transport system components or
dehydrogenases in metabolically active cells.'>'?
The precipitates formed can be detected within
cells by direct microscopy techniques.

5-Cyano-2,3-ditolyl tetrazolium (CTC) is reduced
from colourless to a red/orange fluorescent forma-
zan in metabolically active cells. Although CTC has
been used previously in environmental and ecolog-
ical studies, there has been little research into the
use of CTC for detecting metabolic activity in
anaerobic bacteria. Research by Bhupathiraju
et al. demonstrated that it was possible to use
CTC for metabolic activity investigations in a range
of anaerobic bacteria using various substrates.'>'3

The present study investigated the potential
usefulness of copper and copper-based alloys as
contact surfaces in reducing the survival of C. diffi-
cile cells and spores compared with stainless steel.
To establish counts, including VBNC cells, both cul-
ture analysis and viability dyes were applied.

Methods

Culture preparation

Clostridium difficile (ATCC 9689) was maintained
on glycerol-protected beads (Fisher Scientific,
UK) at —80°C. For each experiment a culture of
C. difficile was prepared by aseptically inoculating
15 mL of brain heart infusion broth (Oxoid, UK)

with one bead of C. difficile and incubating
anaerobically at 37 °C for 3—5 days.

Spore production

Grown cultures were subsequently incubated
overnight at 5°C to initiate spore production.
Ethanol (95% vol/vol) was added (1:1 ratio) to
the cultures and mixed by vortexing to kill vegeta-
tive cells. Cultures were left at room temperature
for 30 min and then centrifuged at 3000g for
20 min. To purify spores the method of Gombas
and Gomez was used.' Briefly, low-speed centri-
fugation of the spore suspension (1475g) was con-
ducted. After centrifugation the upper layer,
containing vegetative cells, was removed by
gently rocking the pellet in 5 mL filter-sterilised
deionised water, leaving pelleted spores. Further
centrifugations of the upper layer were per-
formed. Pellets were combined and resuspended
in 2 mL filter-sterilised deionised water. Cultures
of spores were stored at 5 °C until used.

Coupon preparation

Table | lists the compositions of the alloys tested in
this research. Sheets (3 mm thick) of each metal
alloy (supplied by the Copper Development Associ-
ation, New York, NY, USA) were cut into coupons
(10 mm by 10 mm). Coupons were degreased and
cleaned by vortexing in acetone containing 2 mm
diameter glass beads for 30 s and then immersed
in absolute ethanol until used. Prior to use, excess
ethanol was removed from coupons by flaming in
a Bunsen burner.

Analysis

Aliquots (20 pL) of total cells (vegetative cells and
spores) or purified spore culture were pipetted

Table I Composition of alloys tested
UNS no. % Composition
Cu Zn Sn Ni Fe Cr
C11000 100
C26000 70 30
C51000 95 5
C70600 89 10 1
C75200 65 17 18
$30400 8 74 18

UNS, Unified Numbering System.
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onto the surface of the coupons. Coupons were in-
cubated at room temperature (22 + 2 °C) for vari-
ous time periods. For each experiment triplicate
coupons were analysed by culture or direct
staining.

Culture analysis

Coupons were aseptically transferred to 5mL
phosphate-buffered saline (PBS) containing 20—30
glass beads (2 mm diameter) and vortexed for
30s. Immediately thereafter, 0.1 mL and 1 mL ali-
quots were spread over C. difficile agar plates
(CDA) supplemented with 5% (vol/vol) horse blood
(Oxoid, Basingstoke, UK) in triplicate. Plates were
allowed to dry before inverting and incubating an-
aerobically at 37 °C for 5 days. Colonies on plates
were counted by eye and the concentration per
coupon was calculated. The effect of copper
release into the PBS on the viability of recovered
organisms was investigated by the addition of eth-
ylenediaminetetra-acetic acid (EDTA, 20 mM)
which readily complexes free copper. No significant
difference was seen (data not shown) between
samples recovered into PBS or PBS with EDTA. Thor-
ough analysis of coupons by episcopic differential
interference contrast (EDIC) microscopy revealed
no attached organisms after washing.

Direct staining protocol

After exposure, coupons were air-dried by placing
in a flow of air (Class Il cabinet).

SYTO9

Three microlitres of 1.67 mM SYTO9 (L7007; Invi-
trogen, Paisley, UK) was pipetted into 1 mL filter-
sterilised deionised water; 20 uL of this working
solution was pipetted onto coupons and incubated
at room temperature for 1 h in the dark.

5-Cyano-2,3-ditolyl tetrazolium chloride (CTC)
Twenty microlitres of CTC (Sigma—Aldrich, Gilling-
ham, UK) at a final concentration of 5 mM was pi-
petted onto the surface of the coupon. Coupons
were placed in a humid chamber and incubated
in the dark at 37 °C for 8 h.

Microscopy

Coupons were scanned directly using EDIC and
epifluorescent microscopy (Nikon Eclipse Model
ME600; Best Scientific, Wroughton, UK)."> A mini-
mum of 10 fields of view were photographed using
a digital camera (Model Coolsnap CF; Roper
Industries, Bury St Edmunds, UK) connected to
a computer with digital image analysis software

(Image-Pro Plus, version 4.5.1.22; Media Cybernet-
ics, Marlow, UK). Total cells or spores (SYTO9-
stained) and metabolically active cells or spores
(CTC-stained) were enumerated.

Statistical analysis

Data are expressed as mean + SEM. Differences be-
tween duplicate samples were assessed using
Mann—Whitney rank U-test. Group comparisons
were analysed using Mann—Whitney U-test where
statistical significance was expressed as P < 0.05.
Statistical analyses were performed using Sigma
Stat version 3.5 and graphical representations
were performed using Sigma Plot version 10 (Systat
Software Inc., Hounslow, UK).

Results

Using culture methods and viability staining,
survival of C. difficile on copper and copper alloy
surfaces was compared with that on stainless
steel. As no significant difference (P> 0.05) was
found between duplicate coupons these results
were pooled. All surfaces (copper and copper
alloys and stainless steel) showed a significant re-
duction (P < 0.05) in numbers of both total cells
(vegetative cells and spores) and purified spores
of C. difficile obtained by culture methods
(Figures 1 and 2). Although all surfaces showed
a significant reduction in culturable C. difficile
after 48 h, most of the cell death occurred within
6 h of exposure. Time for complete death (no cul-
turable C. difficile) was fastest both in total cells
and purified spores on pure copper (C11000)
which occurred within 24 h. Alloy C51000 was
the next most effective, taking 48 h to obtain
no culturable C. difficile either as total cells or
purified spores, followed by alloy C70600 which
took 72 h. This appears to follow the concentra-
tion of copper (Cu) contained in the alloys:
C11000, 100% Cu; C51000, 95% Cu; and C70600,
90% Cu. Alloys C26000 and C70600 did not show
a significant difference compared with stainless
steel $30400.

The number of viable cells on all copper alloys
over a period of 48 h, estimated by CTC reduction,
were observed by microscopy (Figures 3 and 4).
Stainless steel resulted in no significant reduction
in CTC-positive cells over an exposure period of
72 h. Moreover, when this exposure time was in-
creased to 168 h (1 week), still no significant re-
duction was observed (data not shown). The rate
of reduction in viability for the total counts (vege-
tative cells and spores) of C. difficile was fastest
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Figure 1  Effect of C. difficile (total vegetative cells and spores) viability after exposure to C11000 (@), C26000
(O), €51000 (v), C70600 (A), C75200 (M) or S30400 ([10) at 22 °C, using plate count method. Data points represent
mean (N=6) & SEM.

on C51000, taking 24 h; followed by C11000, 48 h; per coupon on C11000, N = 6) and were not signif-
and C26000, 72 h. The differences between the icant (P> 0.05). For purified spores, the fastest re-
counts on C51000 and C11000 were very small (0  duction in CTC activity was observed on C11000,
cells per coupon on C51000 and a mean of 1.2 cells 6 h; followed by C51000, 24 h; and C26000, 72 h.
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Figure 2 Effect of C. difficile (purified spores) viability after exposure to C11000 (@), C26000 (O), C51000 (v),
C70600 (A), C75200 (M) or S30400 (1) at 22 °C, using SYTO9 and CTC staining. Data points represent mean
(N=6) £+ SEM.
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Figure 3 Effect of C. difficile (total vegetative cells and spores) viability after exposure to C11000 (@), C26000
(O), C51000 (v), C70600 (A ), C75200 (M) or S30400 ([1) at 22 °C, using SYTO9 and CTC staining. Data points rep-
resent mean (N = 6) &= SEM.

The reduction of CTC observed for total C. difficile = CTC positive cells on C70600 and two to six CTC
exposed to C70600 and C75200 was variable and positive cells on C75200).

although there was initially a significant decrease The number of cultured C. difficile was higher
(by a factor of 10* total cells and spores) CTC-pos-  than the number of CTC-positive cells on all cop-
itive cells were detected up to 72 h (one to three per alloys but lower on stainless steel. Using
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Figure 4 Effect of C. difficile (spores) viability after exposure to C11000 (@), C26000 (O), C51000 (v ), C70600
(A), C75200 (M) or S30400 (1) at 22 °C, using SYTO9 and CTC staining. Data points represent mean (N = 6) & SEM.
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Mann—Whitney rank U-test, the differences in
counts were only significant (P < 0.05) on C26000,
C75200 and S30400. The rate of reduction in CTC
activity was comparable with culture analysis
except on C51000 where CTC reduction ceased be-
fore culture results.

Discussion

Hospital infections by C. difficile are increasing
and can be serious in some patients, especially
the elderly. Current cleaning regimens appear
unable to remove spores which can then remain
viable for long periods of time. These spores
are resistant to a range of disinfectants, including
the alcohol hand rubs recommended to control
MRSA transmission. Therefore, it is essential to
consider alternative strategies to control trans-
mission between contaminated hands and contact
surfaces; for example, by considering the use of
surfaces with inherent antibacterial properties.
Stainless steel is widely used for surfaces in hos-
pitals (e.g. door plates, door handles and hand-
washing faucets) but despite being easy to clean
it offers no antimicrobial effect. Previous studies
have indicated that stainless steel is not a suit-
able material due to its poor performance as an
antimicrobial agent.'®"" As spores of C. difficile
are resistant to cleaning regimens the installation
of materials which offer antimicrobial effect
could be of significant advantage in the hospital
environment.

The data presented in this research demon-
strate that the viability of C. difficile total cells
and spores persists for long periods of time
(>72 h) on stainless steel surfaces. Although the
number of viable C. difficile cultured after expo-
sure to stainless steel was significantly reduced,
this was only true of the initial 3 h. A large de-
crease in the number of viable culture-positive
and CTC-positive C. difficile was observed in the
first 3—6 h on all surfaces tested. This is most likely
due to cell death caused by exposure to aerobic at-
mosphere, as C. difficile is an anaerobic organism.
In control experiments where C. difficile cultures
were not exposed to copper alloys or stainless
steel but left at room temperature on glass slides,
similar results were observed in the first 3 h (data
not shown).

The use of pure copper has not been exploited
as a contact surface for use in healthcare environ-
ments due to its relative softness, high tarnishing
rate and low corrosion resistance compared with
other alloys." An early study on the effectiveness
of using brass, a copper alloy, for door knobs in

hospitals recommended its use to aid prevention
of nosocomial infections.?’ In the present study,
alloys of high copper content, C51000 (95% Cu)
and C70600 (70% Cu) along with pure copper
(C11000), gave the highest cell death rates of
C. difficile. These increased cell death rates
have been demonstrated in previous research on
aerobic bacteria relating to food preparation sur-
faces.'®'® The extended time for copper alloys
to kill C. difficile is probably due to the fact that
the pathogen forms spores that are more resilient
than non-spore forming cells of Escherichia coli
and Listeria monocytogenes.

The use of CTC viability dye coupled with SYTO9
to establish total cell counts offers a rapid and
convenient method to estimate cell death of
C. difficile on surfaces. The numbers of CTC-positive
cells were lower than with culture methods on
copper alloys, but, with the exception of C51000,
gave statistically similar results with culture anal-
ysis. The lower numbers may be due to the action
of copper on bacterial cells. Copper has been
shown to cause damage to bacterial cells by
producing hydroperoxide radicals and possibly
through damage to the cell membrane.?"?? In
this study, no indication of damage to cell mem-
branes was observed using the BacLight (SYTO9
plus Propidium iodide) dye exclusion methodology
(data not shown). CTC is reduced as an alternative
electron acceptor within a cell’s electron transfer
chain and previous research has demonstrated the
capability of assessing metabolic activity in anaer-
obic cells using CTC."2 C. difficile ferments leucine
via an oxidation reduction pathway.?*'** One possi-
bility is that CTC may replace acyl-CoA dehydroge-
nase or NADH within the pathway, thereby being
reduced to the insoluble formazan. Copper ions
could interfere with this electron transport path-
way, thus preventing metabolism within the cell.
This would also mean that CTC would not be
reduced as an electron acceptor in the electron
transport pathway.

The use of copper alloys in hospital environments
may offer the potential to reduce the spread of
C. difficile infections in healthcare establishments,
particularly if coupled with optimal cleaning proce-
dures. A significant increase in cell death rate can
be seen on copper alloy surfaces (those with >70%
copper) when compared with stainless steel. Using
the redox dye, CTC offers a rapid method (8 h) for
assessing viability of C. difficile instead of the
more prolonged conventional culture analysis (5
days). In-situ staining also offers the advantage of
whole sample analysis where low numbers are pres-
ent, whereas culture analysis has a detection limit
of 50 cells. As the infective dose may be low, it is
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imperative to be able to detect small numbers of C.
difficile present on contaminated surfaces; the
methodology developed in the current study may
be useful in this regard.
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