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Copper alloy surfaces are passive antimicrobial sanitizing agents that kill bacteria, fungi, and some viruses. Studies of the mecha-
nism of contact killing in Escherichia coli implicate the membrane as the target, yet the specific component and underlying bio-
chemistry remain unknown. This study explores the hypothesis that nonenzymatic peroxidation of membrane phospholipids is
responsible for copper alloy-mediated surface killing. Lipid peroxidation was monitored with the thiobarbituric acid-reactive
substances (TBARS) assay. Survival, TBARS levels, and DNA degradation were followed in cells exposed to copper alloy surfaces
containing 60 to 99.90% copper or in medium containing CuSO4. In all cases, TBARS levels increased with copper exposure lev-
els. Cells exposed to the highest copper content alloys, C11000 and C24000, exhibited novel characteristics. TBARS increased
immediately at a very rapid rate but peaked at about 30 min. This peak was associated with the period of most rapid killing, loss
in membrane integrity, and DNA degradation. DNA degradation is not the primary cause of copper-mediated surface killing.
Cells exposed to the 60% copper alloy for 60 min had fully intact genomic DNA but no viable cells. In a fabR mutant strain with
increased levels of unsaturated fatty acids, sensitivity to copper alloy surface-mediated killing increased, TBARS levels peaked
earlier, and genomic DNA degradation occurred sooner than in the isogenic parental strain. Taken together, these results sug-
gest that copper alloy surface-mediated killing of E. coli is triggered by nonenzymatic oxidative damage of membrane phospho-
lipids that ultimately results in the loss of membrane integrity and cell death.

Copper is a trace element required for several essential biolog-
ical processes that exhibit remarkable structural and func-

tional conservation from bacteria to humans. The fact that copper
exists in two oxidation states, cuprous Cu(I) (reduced) and cupric
Cu(II) (oxidized), contributes to its ability to serve as a catalytic
cofactor in diverse biological systems. Studies of copper acquisi-
tion, distribution, and homeostasis have shown that, while at ap-
propriate concentrations copper is an essential micronutrient, it
can, however, be toxic at higher concentrations (17, 21, 24, 25, 40,
49, 52). In excess, copper affects the biochemistry of macromole-
cules and reportedly leads to a rapid decline in membrane integ-
rity (3, 4, 16, 37). Thus, it is no surprise that species have evolved
tightly regulated mechanisms for copper homeostasis.

The publication by Wilks et al. (58) opened a new realm of
possibilities for copper and copper alloy surfaces, that of passive
antimicrobial sanitizing agents. Studies from several laboratories
clearly demonstrated efficient and rapid killing of bacteria, fungi,
and viruses upon exposure to surfaces composed of copper or
copper-containing alloys but not stainless steel (10, 18, 31–33, 35,
36, 55, 57–59). These findings were confirmed by standardized
testing in an approved Good Laboratory Practices facility, and the
U.S. Environmental Protection Agency registered over 350 copper
alloys as having antimicrobial activities against 6 different bacte-
ria. In view of the potential importance of copper alloy surfaces in
the battle against hospital-acquired infections, it is essential to
understand the mechanism of contact-mediated killing by copper.

Transition metals like iron and copper catalyze the formation
of reactive oxygen species (ROS), particularly hydroxyl radicals
(·OH), via the Fenton-like reaction shown below (26, 51).

Cu(I) � H2O2 ¡ Cu(II) � ·OH � OH�

The unpaired electron of the hydroxyl radical is highly reactive
and capable of causing oxidative damage to cellular macromole-

cules. Phospholipids, the major component of plasma mem-
branes, consist of a polar head group (composed of glycerol
3-phosphate and ethanolamine, serine, or choline) covalently
bonded to two long-chain fatty acids that typically range in length
from 14 to 20 carbons and may contain one or more unsaturated
double bonds as well as other modifications (61). The biochemis-
try of enzymatic and nonenzymatic lipid peroxidation is reviewed
in references 3, 16, 22, and 46). The hydroxyl radicals (·OH)
formed by the Cu(I)-dependent Fenton-like reaction described
above are able to drive the nonenzymatic peroxidation of the un-
saturated double bonds of unsaturated fatty acids, thereby initiat-
ing a series of reactions that result in extensive structural changes
of the phospholipid bilayer and loss of membrane integrity (7).

The diversity of microorganisms sensitive to copper-mediated
contact killing is surprising and perhaps provides clues to the un-
derlying mechanism (18). We hypothesize that the cellular target
of the copper contact killing is common to all of the sensitive
organisms and, by all appearances, is one that is not easily altered
in a manner that provides resistance. Here we explore the proposal
that copper alloy surface killing is mediated by the ROS-catalyzed
nonenzymatic peroxidation of membrane unsaturated fatty acids,
which are essential components of the bacterial envelope, which is
required for cell viability.
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MATERIALS AND METHODS
Strains and growth conditions. Unless otherwise noted, the work was car-
ried out using Escherichia coli strain 23724 (F� supE44 lacY1 thr-1 leuB6 mcrA
thi-1 rfbD1 fhuA21 �) obtained from the American Type Culture Collection.
Strain PDJ1 (recD::Tn10) and the otherwise-isogenic mutant strain MWF1
(fabR::kan recD::Tn10) were obtained from Charles O. Rock of the University
of Tennessee, Memphis, and are described in reference 60.

Strain ATCC 23724 was grown and maintained on Luria-Burtani (LB)
broth, and titers were determined on LB agar plates. All the other strains
were grown on M9 minimal liquid or solid medium supplemented with
0.4% glucose, 0.01% methionine, 0.0005% thiamine, and the appropriate
antibiotics as indicated (25 �g/ml kanamycin and/or 20 �g/ml tetracy-
cline). Cultures were grown with aeration at 37°C to early log phase (an
optical density at 600 nm [OD600] of 0.3).

Metal coupon cleaning protocol. Metal coupons consisting of 1-in.2

sheets of a specified alloy were provided by the Copper Development
Association, New York, NY. The composition of the alloys used in this
study were as follows: C11000 (99.90% copper [wt/wt], less than 0.04%
oxygen, balance consisting of various trace elements depending on the ore
body sources and the refining process), C24000 (80% copper, 20% zinc
[wt/wt]), C26000 (70% copper, 30% zinc [wt/wt]), C28000 (60% copper,
40% zinc [wt/wt]), S30400 (304 stainless steel, with 18% chromium, 8%
nickel, 74% iron [wt/wt]).

The coupons were individually dipped into warm 3.5% NaOH (71°C)
for 30 s to degrease the alloy surface. They were immediately rinsed in
deionized water and allowed to dry. The coupons were then individually
acid rinsed in 10% H2SO4 for 30 s, immediately rinsed in deionized water,
and allowed to dry. Following drying, the coupons were individually flame
sterilized by dipping in 95% ethanol, igniting the ethanol by passing
through a flame, and allowing it to burn off. The sterilized coupons were
stored in sterile petri dishes.

TBARS assay. The TBARS (thiobarbituric acid-reactive substances)
assay kit was obtained from ZeptoMetrix Corporation, and the TBARS
assay was performed as described by the manufacturer. E. coli strains were
grown to early log phase (OD600 of about 0.3) in LB or M9 medium,
harvested from 100 ml of culture medium, washed once with 0.85% NaCl,
and resuspended in 0.85% NaCl to give a final volume of 200 or 500 �l, as
indicated. For cells exposed to CuSO4 in liquid cultures, 100-�l samples of
concentrated cells were used for the TBARS assay. Exposure to the metal
coupon surface was carried out as follows. Samples (100 �l) of concen-
trated cells were spread on the coupon surface in a sterile petri dish and
allowed to air dry. Drying was complete in about 15 min. Cells were
collected from the coupon surface by repeated washing and scraping with
the micropipette tip into 100 �l of sterile 0.85% NaCl and harvested from
the coupon wash by centrifugation. The entire sample was used for the
TBARS assay. To summarize, the harvested cells were resuspended in 100
�l of SDS by gentle swirling, 2.5 ml of TBA buffer reagent was added, and
the covered tubes were incubated in a water bath at 95°C for 60 min. After
the tubes were allowed to cool to room temperature, they were put into an
ice bath for 10 min, and 2 ml of the reaction mixture was transferred to
microcentrifuge tubes for debris removal by centrifugation at 3,000 rpm
for 15 min. The absorbance at 532 nm of the supernatant was determined
using a Shimadzu Biospec-mini spectrophotometer. The absorbance ob-
tained for the experimental sample was compared to a standard curve
obtained using the malondialdehyde (MDA) provided with the TBARS
assay kit. The results are reported as nmoles MDA equivalents per 109

cells. Each experiment was repeated with three independent cultures.
Microscopic cell viability assay. The LIVE/DEAD BacLight bacterial

viability kit (Invitrogen) for microscopy and quantitative assays was used
to visually monitor cell viability. The kit contains a mixture of two stains,
SYTO9 and propidium iodide, which differentially enter bacterial cells
and monitor bacterial cell viability as a function of membrane integrity.
SYTO9, a green fluorescent nucleic acid stain, is capable of passing the
intact membrane of both viable and dead or dying bacterial cells. Pro-
pidium iodide, a red fluorescent nucleic acid stain, only enters bacterial

cells with intact but compromised membranes that are either dead or
dying. When both dyes are present, the propidium iodide causes a reduc-
tion in the SYTO9 fluorescence. Thus, cells with a compromised mem-
brane will stain red, whereas cells with an intact membrane will stain
green. Cells were stained as described in the manufacturer’s protocol and
observed using a Zeiss fluorescence Axioscope microscope (fluorescein
isothiocyanate [FITC] and rhodamine filters) and an AxoCam ICm1 cam-
era. Total magnification was 1,000� with oil immersion.

RESULTS
Exposure of Escherichia coli to increasing concentrations of
CuSO4 correlates with decreased survival and increased TBARS
production. It is well established that exposure to copper alloy
surfaces or to copper ions in solution is toxic to bacterial species
(reviewed in references 17, 18, 28, 34, 38, 44, 53, and 56. Nonethe-
less, questions have arisen as to whether the same mechanisms are
operating in these different exposure environments (10, 12, 34).
The presence of copper ions in the medium has been shown to
inhibit proliferation of wild-type strains of E. coli at concentra-
tions as low as 0.2 to 2.5 mM (17, 38) but may not be killing the
cells. To investigate this, we explored the relationship between
exposure to copper ions in liquid medium, phospholipid oxida-
tion (as measured by the TBARS assay), and bacterial cell death.
CuSO4 was added to a log-phase Escherichia coli (ATCC 23724)
culture to a final concentration of 4 to 8 mM, and survival was
followed for 60 min. The results are shown in Fig. 1A. Little to no
killing was seen at the 4 and 5 mM CuSO4 concentrations, al-
though no significant increase in the number of CFU was observed
either. It appears that at these low concentrations CuSO4 copper
ions are bacteriostatic but not bactericidal. Toxic effects of copper
ions on cellular metabolism are well known (18, 25, 41, 51), and
the inhibition of hydratases via the binding of Cu(I) to the Fe-S
clusters in these proteins has been demonstrated (27). It appears
that E. coli is able to tolerate these low Cu2� ion concentrations
(18, 25, 40, 51). This is not the case at higher concentrations. At 6
mM CuSO4, a low rate of killing was observed, about 3 logs of
killing over the 60-min time course. At 7 to 8 mM this rate ap-
peared to reach a maximum of about 7 to 8 logs of killing, leaving
few to no survivors after 1 h. Overall, the rate of killing correlated
with the CuSO4 concentration.

A variety of methods are available for quantification of long-
chain unsaturated fatty acid peroxidation (reviewed in references
3, 8, 13, 30, and 45). We used the TBARS method to monitor lipid
peroxidation, a well-established straightforward colorimetric as-
say that is widely accepted as a valid measure of lipid oxidation but
not one without some controversy, which is reviewed at length in
the Discussion, below, and references 23 and 39.

TBARS production in E. coli exposed to CuSO4 in the growth
medium is shown in Fig. 1B. At time zero and after 60 min of
growth in medium containing the indicated CuSO4 concentra-
tion, approximately 109 to 1010 cells were harvested, and TBARS
levels were assayed. Growth in the presence of CuSO4 caused an
increase in the level of TBARS that correlated directly with the
concentration of CuSO4 in the growth medium. It should be
noted that TBARS levels increased even at the lowest concentra-
tions of 4 to 5 mM, which did not appear to kill cells. At these low
concentrations, no increase or decrease in colony count was ob-
served, suggesting that 4 to 5 mM CuSO4 is bacteriostatic but not
bactericidal.

Exposure to copper alloy surfaces leads to cell death, TBARS
production, and DNA degradation. E. coli cells were exposed to
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metal surfaces by using 1-in.2 sheets, referred to as coupons, of the
following compositions (details in Materials and Methods): 304
stainless steel (S30400); 99.90% copper (C11000); and copper-
zinc alloys C24000, C26000, and C28000, containing 80%, 70%,
and 60% copper, respectively, with the remainder zinc. At the
indicated time of exposure, cell survival, TBARS formation, and
genomic DNA integrity were followed. To obtain accurate data, it
was necessary to apply the cell sample to the coupon surface and to
reproducibly recover a sufficient sample of exposed cells to carry
out the desired assay. The TBARS method requires a minimum
sample size of 109 to 1010 E. coli cells for each time point in order to
obtain colorimetric readings in the mid-range of the MDA stan-
dard curve. The methods used in published studies, while ade-
quate for determining cell survival, were not adequate for the
TBARS assay, because only very small numbers of cells were ap-
plied to the coupon surface. To address this technical problem, we
tried a number of different approaches, including increasing the
size of the coupon, but none was satisfactory or provided suffi-
ciently reproducible recovery of cells following copper exposure.
Reluctantly, we were forced to settle on the moist/dry “hybrid”
exposure scheme described below.

A 100-�l sample of a cell suspension containing approximately
109 to 1010 cells of E. coli strain ATCC 23724 was evenly spread
over the surface of the metal coupons and allowed to air dry.
During the 15-min drying period, the cells were exposed to the
copper surface under moist rather than dry conditions. Based on
previous studies (reviewed in reference 18), this initial moist ex-
posure would likely delay the onset of rapid contact killing. This
caveat should be kept in mind when analyzing our results. At the
indicated times, the bacterial cells were recovered from the metal
coupons by vigorous washing, as described in Materials and
Methods, and the recovered cell sample was used to determine cell
survival and to assay TBARS production. The results are shown in
Fig. 2.

As anticipated, bacterial killing on the copper-containing al-
loys was biphasic: slow for the first 15 min and, depending on the

alloy, significantly more rapid after 15 min of exposure, the point
at which the samples had dried (Fig. 2A). E. coli cells exposed to the
coupons containing the highest concentrations of copper, C11000
and C24000, appeared to be killed rapidly, and killing initiated
soon after the samples dried on the surface of the coupon. Alloy
C26000, containing 70% copper–30% zinc showed evidence of a
slight delay in the onset of rapid killing while alloy C28000, con-
taining the lowest concentration of copper, 60% copper– 40%
zinc, exhibited a delay of almost 30 min before the onset of rapid
killing. Despite the delays on the C26000 and C28000 coupons,
little or no survival was observed after 45 min of exposure to the
copper-containing alloys. In contrast, less than 1 log of killing was
observed during the 60-min exposure to the 304 stainless steel
coupons. Thus, there is a direct correlation between the copper
content of the alloy and the exposure time needed to initiate rapid
killing.

The time course of TBARS production in E. coli cells exposed to
these same copper alloy coupons is shown in Fig. 2B. TBARS levels
increased above background levels in E. coli cells exposed to each
of the copper alloy surfaces, but the kinetics differed significantly
and in a manner that correlated well with the killing curve shown
in Fig. 2A. In cells exposed to the 60% copper alloy (C28000),
TBARS production appeared to show an initial lag of about 30
min, at which point levels began to increase but at a low rate. In
cells exposed to the 70% copper alloy (C26000), there was a
shorter delay, perhaps 15 min, followed by a similar low rate of
increase in TBARS levels. Cells exposed to the 80% copper alloy
(C24000) appeared to exhibit a very short delay, but this was fol-
lowed by an extremely rapid rise in TBARS levels. Surprisingly, the
level of TBARS peaked at 30 min and then decreased precipitously
at 45 min, but they did not return to initial levels. No delay in the
onset of TBARS production was observed in E. coli cells exposed to
the 99.90% copper alloy (C11000). TBARS production began im-
mediately at a very high rate, peaked at 30 min, and then dropped
to a lower level but which was still significantly higher than at time
zero. The basis for this precipitous decrease is not clear, but one

FIG 1 E. coli survival and lipid peroxidation following exposure to different CuSO4 concentrations in liquid medium. E. coli strain ATCC 23724 was grown at
37°C in LB medium to mid-log phase (OD600, 0.3). At time zero, CuSO4 was added to the culture to the indicated concentration, and incubation continued for
the course of the experiment. (A) At the indicated time, cells were harvested by centrifugation from 100 ml of culture and resuspended in 200 �l of 0.85% NaCl.
Survival, reported as the number of CFU, was determined by diluting culture samples in 0.85% NaCl and plating on LB agar. The error bars indicate standard
deviations from three independent cultures for which titers were determined in duplicate. (B) CuSO4 was added to the cultures to the indicated final concen-
tration and harvested 60 min after the addition of CuSO4, as described for panel A. The control (0) is the sample taken at time zero, prior to the addition of CuSO4.
Membrane lipid peroxidation products were determined as TBARS and are reported as nmoles MDA equivalents/109 cells (see Materials and Methods). The error
bars indicate standard deviations from three independent cultures assayed in duplicate.

Hong et al.

1778 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


likely explanation is that the reactive compounds being monitored
by the TBARS assay are themselves subject to chemical breakdown
to compounds that do not react with TBA. A similar peak of
TBARS levels was observed in E. coli cells exposed to the oxidizing
effects of TiO2 and UV light (29). Finally, no increase in TBARS
above initial levels was observed in cells exposed to 304 stainless
steel.

Warnes et al. (53, 54) reported that exposure of strains of En-
terococcus faecalis to copper surfaces caused random DNA frag-
mentation, and they postulated that DNA degradation occurs
early in the cell death process and plays an active role. We inves-
tigated whether this was also the case for E. coli strain ATCC 23724
and whether differences in the copper content of the alloy surface
impacted the timing or extent of the degradation. Total genomic
DNA was isolated from E. coli cells exposed to and recovered from
coupons of 304 stainless steel (S30400), 99.90% copper (C11000),
and copper-zinc alloys C24000, C26000, and C28000 and size sep-
arated by PAGE gel analysis (Fig. 3). The large-sized fragments
produced by the DNA isolation procedure ran near the top of the
gel. Small differences in the amount of this total genomic DNA
from lane to lane of each panel are due to variations in cell recov-
ery from the coupon. To control for this variation, each exposure
series was performed in triplicate. Representative gels are shown.

Exposure to 99.90% copper alloy (C11000) coupons (top
panel) caused rapid and extensive degradation of genomic DNA
after the 30-min time point. DNA degradation was complete by 45
min and, reproducibly, no genomic DNA was found in the 45- and
60-min samples. It should also be noted that no shorter DNA
fragments could be observed in the gels, suggesting that degrada-
tion produced random-sized fragments with no preferred target
sites. Exposure to 80% (C24000) and 70% (C26000) alloy also led
to rapid DNA degradation, but the onset of the degradation was
delayed until after 45 min of exposure, and small but reproducible
amounts of genomic DNA fragments were still present at the 60-
min time point. No loss in genomic DNA was observed in alloy
C28000-exposed (60% copper) cells or in the 304 stainless steel-
exposed cells over the course of the 60 min of the experiment. Two

FIG 2 E. coli survival and lipid peroxidation on copper-zinc alloy surfaces containing different copper concentrations. E. coli strain ATCC 23724 was grown in
LB medium to mid-log phase (OD600, 0.3), harvested by centrifugation from 100 ml of culture, and resuspended in 0.85% NaCl to a final volume of 500 �l.
Samples (100 �l) of concentrated cells were spread over the surface of metal coupons of 304 stainless steel (S30400), 99.90% copper (C11000), and copper-zinc
alloys C24000, C26000, and C28000, containing 80%, 70%, 60% copper, respectively (with the remainder zinc). (A) Following the indicated time of exposure,
the cells were washed from the coupon surface with 100 �l of 0.85% NaCl, and samples were taken to determine survival titers, as described for Fig. 1A. (B) Results
of the TBARS assay on cells exposed and recovered from the different alloys at the indicated times, as described for panel A. The results represent at least two
independent trials. The legend applies to both panels A and B.

FIG 3 DNA degradation following copper surface exposure. E. coli strain
ATCC 23724 was grown, harvested, and resuspended in 0.85% NaCl and ex-
posed to coupon surfaces of the indicated alloy as described for Fig. 2. At the
indicated times, the cells were washed from the coupon surface with 100 �l of
0.85% NaCl, total DNA was isolated using the Promega Wizard SV genomic
DNA purification system, and the DNA was size separated in a 1% agarose gel.
The size markers (M) are HindIII-digested � phage DNA.
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important conclusions emerge from this result. First, the exposure
time required to activate DNA degradation is inversely correlated
with the copper content of the alloy, that is, the higher the copper
content, the sooner the onset of DNA degradation. Second, cell
death precedes DNA degradation in cells exposed to alloys con-
taining 60 to 80% copper. This was most clear for alloy C28000
(60% copper), for which few if any survivors were present at the
45- and 60-min exposure times (Fig. 2A), with no evidence of
DNA degradation (Fig. 3).

The results shown in Fig. 2B and 3 suggest that the 30-min time
point represents a critical turning point for cells exposed to
99.90% copper (C11000). At about 30 min, we found approxi-
mately 50% survival, TBARS levels reached a maximum level and
peaked, and DNA degradation was initiated. We used Live/Dead
staining to follow E. coli cell viability over this same time course. E.
coli strain ATCC 23724 was grown, harvested, and exposed to the
99.90% copper (C11000) coupon surface, as described for Fig. 2.
The cells were then washed from the coupon surface, and the
recovered cells were stained as described by the LIVE/DEAD kit
manufacturer for observation by phase and fluorescence micros-
copy. This test kit monitors cell death indirectly by measuring
membrane integrity. The presence of intracellular propidium io-
dide, which enters cells when the membrane ceases to function as
a semipermeable membrane, is used as an indicator of cell viabil-
ity. The results in Fig. 4 correlate with the survival curve shown in
Fig. 2B. The percentage of dead cells (or cells with incompetent
membranes) was approximately 50% at 30 min and increased to
more than 90% at 45 min. By 60 min, few if any live cells were
observed either by this assay or by the cell titer assay. No evidence
of cell death or loss of membrane integrity was observed in E. coli
cells exposed to 304 stainless steel (data not shown).

In summary, the results presented above demonstrate that, in
E. coli cells exposed to metallic copper alloy surfaces, there is a
direct correlation between the copper content of the alloy and (i)
the time of onset of killing, (ii) the rate of cell death, (iii) the
kinetics of TBARS production, and (iv) the induction of genomic
DNA degradation. Moreover, in cells exposed to 99.90% copper,
the time period in which rapid cell death was observed and TBARS
levels peaked coincided with the time period of rapid loss of mem-
brane integrity. In cells exposed to the 60% copper alloy, DNA
degradation was clearly shown to occur post-cell death.

An increased ratio of unsaturated to saturated fatty acids in
E. coli results in increased sensitivity to a 99.90% copper sur-
face. The targets of the ROS formed by the Fenton-like reaction of
Cu(I)-to-Cu(II) reduction have been proposed to be membrane
proteins and lipids, specifically, unsaturated fatty acids of plasma
membrane phospholipids. If peroxidation of plasma membrane
unsaturated fatty acids is a significant factor contributing to cop-
per alloy-mediated contact killing, membranes containing in-
creased levels of unsaturated fatty acids should exhibit increased
sensitivity to copper killing.

To test our hypothesis, we investigated copper alloy surface
killing in an E. coli mutant strain carrying an alteration in a gene
responsible for the regulation of unsaturated fatty acid biosynthe-
sis and that modulates the relative levels of unsaturated versus
saturated fatty acids (UFA:SFA) in the plasma membrane (re-
viewed in references 15, 60, and 61. The fabA and fabB genes
encode essential enzymes for the biosynthesis of unsaturated fatty
acids in E. coli, and a repressor encoded by fabR regulates the
expression of these genes. Loss of FabR repression increases the

rate of synthesis of unsaturated fatty acids and thus increases
the relative level of unsaturated fatty acids in the cell membranes.
The parental control strain PDJ1 (fabR) and the otherwise-
isogenic strain MWF1 (fabR::kan) carrying a transposon insertion

FIG 4 Microscopic assay of membrane integrity following exposure to a 99.90%
copper surface. E. coli strain ATCC 23724 was grown, harvested, and exposed to
99.90% copper (C11000) coupons, as described for Fig. 2. At the indicated times of
exposure, the cells were washed from the coupon surface with 100 �l of 0.85%
NaCl and prepared for the Live/Dead BacLight assay as described by the manufac-
turer (Invitrogen). Cells were observed using a Zeiss fluorescece Axioscope and an
AxoCam ICm1 camera. The panels, from left to right, were viewed with phase-
contrast illumination, a FITC filter (green), and a rhodamine filter (Rho; red).
Total magnification used was 1,000� with oil immersion.
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in fabR were isolated and characterized by Zhang et al. (60), who
reported that the UFA:SFA ratio in strain PDJ1 is 0.87 and in strain
MWF1 it is 1.77, a nearly 2-fold increase.

Figure 5 compares strains PDJ1 and MWF1 with regard to their
sensitivities to killing by copper alloy surfaces, TBARS produc-
tion, and total genomic DNA degradation. The strains were grown
on minimal M9 medium to mid-log phase, but in other regards
were exposed to 99.90% copper coupons (C11000) as described
for Fig. 2. Similar to E. coli strain ATCC 23724, the onset of the
rapid phase of cell death in the parental strain PDJ1 occurred at
about 15 min, the time when the sample had fully dried on the
coupon surface, and no survivors were found at 45 min. In con-
trast, while rapid killing also initiated at 15 min in MWF1 cells, no
survivors were present at 30 min in MWF1 cells, indicating that
the rate of killing was approximately 2-fold faster than that seen in
the fabR::kan mutant strain. While TBARS production in MWF1
was not faster than that observed in PDJ1, it peaked earlier, by
about 30 min, and the peak coincided with the total degradation of
genomic DNA. DNA degradation was first observed in the PDJ1
cells at 45 min, with some residual genomic DNA present even at
60 min. In the MWF1 cells, genomic DNA degradation was com-
plete by 30 min.

In summary, the results in Fig. 5 indicate that increased relative
levels of unsaturated fatty acids cause increased sensitivity to cop-
per alloy surface killing and, as shown for E. coli strain ATCC
23724, cell death coincides with the peak of TBARS levels and the
time of total genomic DNA degradation.

DISCUSSION

Organisms defend themselves from copper toxicity via a variety of
mechanisms that tightly control intracellular copper ion levels to
an acceptable range and localize copper ions to the appropriate
subcellular compartment (18, 25, 40, 51). These include copper-
binding proteins in the periplasm and cytoplasm, copper chaper-
ones, and membrane transporters for the export of free intracel-
lular copper ions. Recent studies have presented clear evidence
that surface-released free copper ions are the causative agent in
copper alloy-mediated contact killing and that intracellular cop-
per is detected soon after exposure to the copper alloy surface
(9–12, 34). Consistent with this, studies found that strains carry-
ing null mutations in the genes encoding components of the
plasma membrane P-type ATPase copper efflux transporter
CopA, the tripartite outer-inner membrane-spanning copper ef-
flux system encoded by CusCFBA, and the periplasmic multicop-
per oxidase CueO exhibit increased sensitivity to growth in me-
dium containing copper ions (17, 28, 38). Additionally, increased
copper tolerance has been identified in bacteria isolated from a
variety of environments, such as mining effluents, manure from
animal farms, and the surface of copper coins (12). Where the
causative genes have been identified, they were found to encode
components of copper efflux systems overexpressed from plas-
mids (1, 5, 19). These environmentally selected mutations are not
truly resistant to copper alloy surface killing; killing is simply de-
layed rather than prevented (10, 12). Therefore, while the toxicity
of intracellular copper appears to play a role in copper alloy-
mediated contact killing, it does not appear to be the key contrib-
uting factor.

Previous studies by Espirito Santo et al. (10) and others (re-
viewed in reference 18) concluded that an as-yet-unidentified
component of the bacterial cell membrane is the primary target in
cells exposed to dry copper surfaces. This investigation explores
the possibility that oxidation of membrane phospholipids is the
primary mediator of copper alloy surface killing. Wilks et al. (58)
showed that survival of the pathogen Escherichia coli O157 varied
inversely with the copper content of the alloy tested. We made use
of this finding to tease apart the physiological events resulting
from exposure to copper alloy surfaces. The kinetics of cell death,
DNA degradation, and lipid oxidation (as measured by TBARS
production) were compared in cells exposed to metallic copper
surfaces composed of alloys containing different amounts of cop-
per ranging from 60% to 99.90% and were shown to directly cor-
relate with the copper content of the alloy. Additionally, using a
genetic approach, it was shown that a mutation (fabR::kan) that
increases the relative level of unsaturated fatty acids in an
otherwise-isogenic E. coli strain causes increased sensitivity to
copper alloy surface exposure. Taken together, these results im-
plicate the copper-dependent oxidation of unsaturated fatty acids
in the E. coli membrane as the major cause of the rapid, efficient
cell death observed in cells exposed to dry metallic copper alloy
surfaces.

Nonenzymatic lipid peroxidation is a three-step process: initi-
ation, propagation, and termination (3, 8, 13, 16, 20, 22). The

FIG 5 Increased relative unsaturated fatty acid levels correlate with increased
E. coli killing, lipid peroxidation, and DNA degradation following exposure to
a 99.90% copper surface. E. coli strains PDJ1 (recD::Tn10) and MWF1 (fabR::
kan recD::Tn10) were grown to mid-log phase (OD600, 0.3) in M9 minimal
medium supplemented with 0.4% glucose, 0.01% methionine, 0.0005% thia-
mine, and 25 �g/ml kanamycin or 20 �g/ml tetracycline, respectively. Cells
were exposed to 99.90% copper (C11000) coupons, as described for Fig. 2.
UFA:SFA is the ratio of unsaturated to saturated fatty acids as reported by
Zhang et al. (60). Survival, TBARS production, and DNA degradation were
assayed as described for Fig. 2 and 4.
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hydroxyl radical (·OH) produced by Cu(I) via the Fenton-like
reaction initiates membrane lipid peroxidation by removing a hy-
drogen from aOCH2 group close to the carbon-carbon double
bond of an unsaturated fatty acid (reaction 1). This is followed by
reaction with molecular oxygen and molecular rearrangement to
produce a lipid peroxyl radical (reaction 2), which, in turn, is
capable of removing another hydrogen from a site near a different
unsaturated double bond (reaction 3). Reaction 3, the propaga-
tion step, occurs predominantly in polyunsaturated fatty acids
(PUFAs) due to the proximity of unsaturated double bonds,
thereby producing a chain reaction that amplifies the amount of
lipid peroxidation. No evidence in the literature precludes the
possibility of a propagation event via reactions between different
fatty acid molecules but is reported to be unlikely.

Reaction 1: LH � OH· ¡ L· � HOH

Reaction 2: L· � O2 ¡ LOO· (lipid peroxyl radical)

Reaction 3: LH � LOO· ¡ L· � LOOH

Propagation can be terminated by a “chain-breaking” reaction
such as (i) the breakdown of unstable LOO· to various products,
including aldehydes, (ii) the reaction of LOO· with an antioxidant
to form LOOH, or (iii) the reaction of LOO· with another radical.

Approximately 50% of the E. coli membrane phospholipids are
composed of the monounsaturated fatty acids, cis-vaccenic acid
(18:1�11) and palmitoleate (C16:1�9), with no significant levels
of PUFA (50, 60). While the propagation step of lipid peroxida-
tion may not occur in E. coli membranes, evidence suggests that E.
coli membrane lipids can undergo oxidation. E. coli exposed to
oxidizing agents, including hydrogen peroxide and titanium ox-
ide, exhibits increased TBARS levels that are proposed to result
from the production of reactive aldehydes and other compounds
formed by the breakdown of oxidized lipids (29, 42, 43). This
conclusion is based on the finding that expression of enzymes that
protect cells from oxidation is also protective against oxidizing
agents in E. coli. Overexpression of the E. coli yqhD gene encoding
an aldehyde reductase protects against treatment with com-
pounds that generate ROS. Conversely, deletion of yqhD causes
increased sensitivity to these compounds and increases TBARS
production. Taken together, these studies (described in references
29, 42, and 43) support the use of the TBARS assay as a valid
measure of membrane lipid oxidation in E. coli. Thus, the in-
creased TBARS production observed here in E. coli strains exposed
to copper alloy surfaces or to copper ions in solution is an indica-
tor of copper-induced membrane lipid oxidation.

Further evidence that unsaturated fatty acids are the target of
copper contact killing in the E. coli membrane comes from studies
of an E. coli strain (MWF1), with a null mutation in fabR, the gene
encoding the FabR repressor, which expresses increased relative
levels of unsaturated versus saturated fatty acids. By all measures,
strain MWF1, which has a 2-fold-higher level of unsaturated fatty
acids than the otherwise-isogenic parental strain PDJ1, exhibited a
significant increase in sensitivity to copper alloy contact killing.
The time of onset of the rapid phase of contact killing was fore-
shortened, and the rate of killing was approximately 2-fold faster.
Additionally, the time point at which nearly 100% killing was
reached was significantly earlier than in PDJ1 and coincided with
the peak in TBARS levels and DNA degradation, which was about
15 min earlier than in PDJ1. We propose that the increase in the
relative level of unsaturated fatty acids provides a higher concen-

tration of potential reaction sites for copper-induced nonenzy-
matic lipid oxidation and greater opportunity for membrane
structural changes and loss of membrane integrity, which we be-
lieve serve as initiators of copper alloy contact killing. Oxidized
fatty acids fragment to shorter species, form lipid-lipid and lipid-
protein cross-links, and cause bends or even circularization of the
chain of carbons. Such structural changes distort the phospholipid
bilayer and disrupt the biophysical characteristics of the mem-
brane, resulting in a concomitant loss of membrane integrity (7).
Thus, the role of the plasma membrane as a selectively permeable
barrier that separates the cytoplasm from the environment and
regulates entry into and exit from the cell is seriously impaired and
quickly results in cell death. We cannot rule out the possibility that
increased membrane fluidity due to the elevated levels of unsatu-
rated fatty acids has an impact on the activity of membrane-
associated enzymes, such as the CusCFBA copper efflux system.

Warnes et al. (54) suggested that degradation of genomic DNA
is the primary cause of cell death in bacteria exposed to high cop-
per content surfaces. The results illustrated here in Fig. 2A and 3
do not support this conclusion. Rather, they demonstrate that
DNA degradation is a secondary effect of copper surface exposure.
No survivors were found following 45 min of exposure to the
C28000 copper-zinc alloy containing 60% copper, the alloy with
the lowest copper content tested. Nevertheless, genomic DNA
degradation was not observed at 45 min or even after 60 min of
exposure. This finding clearly separates cell death and DNA deg-
radation and demonstrates that, under certain exposure condi-
tions, E. coli cells die without degrading their DNA. Oxidizing
radicals and copper ions have been reported to attack DNA di-
rectly, causing degradation, and is a likely cause of the observed
random fragmentation of genomic DNA (2, 14, 48). Nevertheless,
in view of reports of E. coli signaling pathways that monitor the
integrity of the cell envelope, it is tempting to propose that these
may also respond to the types of membrane damage described
here (reviewed in reference 47).

The results reported here suggest that oxidation of unsaturated
fatty acids of the E. coli membrane is the initiating event of copper
surface killing. Unsaturated fatty acids are essential and irreplace-
able components of biological membranes (7, 15, 60, 61). Changes
in fatty acid composition alter the physical properties of the lipid
bilayer, affecting membrane fluidity and thus indirectly regulating
the activity of integral membrane proteins, which in the case of
prokaryotes includes the cytochromes and the enzymes for phos-
pholipid biosynthesis (15, 61). Minimal estimates of 15 to 20%
unsaturated fatty acids have been reported for E. coli, and genetic
alterations that eliminate unsaturated fatty acid synthesis or de-
crease expression to levels below this threshold are lethal (6). Con-
sistent with published findings (58), resistance to copper surface-
mediated contact killing by genetic mutations is exceedingly rare
and may not be possible to achieve by one or a few simple genetic
modifications. Given this, the introduction of copper alloy sur-
faces into the hospital room environment is an attractive weapon
in the war on nosocomial infections.
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