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Biofilms are slimy aggregates of microbes that are likely responsible for many chronic infections as well as
for contamination of clinical and industrial environments. Pseudomonas aeruginosa is a prevalent hospital
pathogen that is well known for its ability to form biofilms that are recalcitrant to many different antimicrobial
treatments. We have devised a high-throughput method for testing combinations of antimicrobials for syner-
gistic activity against biofilms, including those formed by P. aeruginosa. This approach was used to look for
changes in biofilm susceptibility to various biocides when these agents were combined with metal ions. This
process identified that Cu®>* works synergistically with quaternary ammonium compounds (QACs; specifically
benzalkonium chloride, cetalkonium chloride, cetylpyridinium chloride, myristalkonium chloride, and Poly-
cide) to kill P. aeruginosa biofilms. In some cases, adding Cu®>* to QACs resulted in a 128-fold decrease in the
biofilm minimum bactericidal concentration compared to that for single-agent treatments. In combination,
these agents retained broad-spectrum antimicrobial activity that also eradicated biofilms of Escherichia coli,
Staphylococcus aureus, Salmonella enterica serovar Cholerasuis, and Pseudomonas fluorescens. To investigate the
mechanism of action, isothermal titration calorimetry was used to show that Cu>* and QACs do not interact
in aqueous solutions, suggesting that each agent exerts microbiological toxicity through independent biochem-
ical routes. Additionally, Cu®>* and QACs, both alone and in combination, reduced the activity of nitrate
reductases, which are enzymes that are important for normal biofilm growth. Collectively, the results of this
study indicate that Cu?>* and QACs are effective combinations of antimicrobials that may be used to kill

bacterial biofilms.

Biofilms are cell-cell or solid surface-attached assemblages
of microbes that are entrenched in a hydrated, self-produced
matrix of extracellular polymers. There is increasing recogni-
tion among life and environmental scientists that biofilms are
a prominent form of microbial life that may cause many dif-
ferent problems, ranging from biofouling and corrosion to
plant and animal diseases (13). As a result, there are now
numerous studies in the literature describing biofilm suscepti-
bility to single-agent antimicrobial treatments, yet despite this
explosion of information, there are relatively few studies that
have systematically examined biofilm susceptibility to combi-
nations of antimicrobials. This gap in our knowledge is an
important matter to investigate.

Recent findings suggest that the decreased susceptibility of
biofilms is linked to a process of phenotypic diversification that
is ongoing within the adherent population (4, 8, 16, 22). This
means that there are likely multiple cell types in single-species
biofilms that ensure population survival in the face of any
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single adversity. Treating biofilms with combinations of chem-
ically distinct antimicrobials might be an effective strategy to
kill some of these different cell types. In light of this emerging
perspective, our research group undertook the present study to
explore the possibility of using combinations of rationally se-
lected agents, as described below, to treat biofilms of the op-
portunistic pathogen Pseudomonas aeruginosa. This microor-
ganism is well studied and suited for biofilm research, as P.
aeruginosa biofilms are much more resilient to conventional
forms of chemical removal and disinfection than their corre-
sponding populations of planktonic cells (13, 16, 30).

Which antimicrobial agents may be used to treat biofilms of
P. aeruginosa? Lately, several inorganic metal species have
attracted attention as antibacterials because they exert time-
dependent toxicities that kill biofilms in vitro (14-16, 18, 21) as
well as P. aeruginosa in vivo (21). It is important that microbi-
cidal concentrations of certain toxic metal species may be poi-
sonous to higher organisms, and therefore, this hazard limits
the choices and concentrations of inorganic ions that may be
used as part of antimicrobial treatments. However, certain
metal ions with relatively lower biological toxicities to humans
and to the environment might still be useful in many prod-
ucts—including disinfectants, surface coatings, hard surface
treatments, and topical ointments—particularly in combina-
tion with detergents or other cleansers. The specific aim of this
study, therefore, was to identify metal ions that might syner-
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TABLE 1. Bacterial strains used in this study

Mean biofilm

Strain Relevant characteristics c(il:lF(%j:/nsit};“ n ?::flé rrceilc(:);
peg
Escherichia coli MBEC03 Isolated from a slaughterhouse 57x04 60 This study
Pseudomonas aeruginosa ATCC 15442 Standard strain for biocide susceptibility testing 6.8 = 0.6 297 ATCC
(AOAC guidelines)
Pseudomonas aeruginosa ATCC 27853 Standard strain for antibiotic susceptibility testing 6.7 0.2 8 6
(CLSI guidelines)
Pseudomonas fluorescens ATCC 13552 Environmental organism implicated in food spoilage 57x05 12 38
Salmonella enterica serovar Standard strain for biocide susceptibility testing 47x04 64 ATCC
Cholerasuis ATCC 10708 (AOAC guidelines)
Staphylococcus aureus ATCC 6538 Standard strain for biocide susceptibility testing 5.6*04 60 ATCC

(AOAC guidelines)

“ Starting cell density measurements were based on the means and standard deviations of the pooled, log-transformed data for the indicated numbers of replicates

(n).

gistically enhance the efficacy of biocides against P. aeruginosa
biofilms.

We developed a high-throughput technique for biofilm sus-
ceptibility testing and examined antimicrobial arrays repre-
senting approximately 4,400 different combinations of metals
and biocides (this included variations in concentrations of in-
dividual agents as well as different exposure times). By evalu-
ating these combinatorial panels for bactericidal and antibio-
film activity, we identified and subsequently rigorously
validated that Cu®* enhanced the in vitro killing of P. aerugi-
nosa biofilms by quaternary ammonium compounds (QACs).

MATERIALS AND METHODS

Strains and growth media. All of the microbial strains used in this study are
summarized in Table 1, and all were stored at —70°C in Microbank vials (ProLab
Diagnostics, Toronto, Canada) according to the manufacturer’s directions. These
organisms were cultured on tryptic soy agar (TSA; EMD Chemicals Inc.) and
incubated at 30°C for 24 to 48 h. Biofilms of all of the organisms used in this study
were cultivated in tryptic soy broth (TSB; EMD Chemicals Inc.), and all serial
dilutions were performed using 0.9% NaCl. Susceptibility testing was performed
in 10% TSB diluted with either 0.9% saline (NaCl) or double-distilled water
(ddH,0), as indicated throughout this report. As the exception, Salmonella
enterica serovar Cholerasuis ATCC 10708 was cultivated in cation-adjusted
Mueller-Hinton broth (EMD Chemicals, Inc.) and tested in 25% cation-adjusted
Mueller-Hinton broth that had been diluted with 0.9% NaCl. Microaerobic
cultures were grown in brain heart infusion (BHI) broth (EMD Chemicals Inc.).

Stock solutions of metals and biocides. Sodium selenite (Na,SeO;; Sigma
Chemical Company, St. Louis, MO), silver nitrate (AgNOs; Sigma), cupric sul-
fate (CuSO, + 5SH,O; Fischer Scientific, Ottawa, Ontario, Canada), zinc sulfate
(ZnSO, - TH,0; Fischer Scientific), and aluminum sulfate [Al,(SO,); - 18H,0;
Fischer Scientific] were diluted in sterile ddH,O to make stock solutions at twice
the maximum concentration used for susceptibility testing. Additional serial
twofold dilutions of each of these agents were prepared as required in sterile
polypropylene tubes, using ddH,O.

Polycide (Pharmax Limited, Toronto, Ontario, Canada), Virox (Virox Tech-
nologies Incorporated, Oakville, Ontario, Canada), and Stabrom 909 (Albemarle
Corporation, Richmond, VA) were diluted in ddH,O to four times the working
concentration recommended by the manufacturer. Isopropyl alcohol (Sigma)
was made up to a 70% (vol/vol) solution in ddH,O. Benzalkonium chloride
(alkyldimethylbenzyl ammonium chloride; Sigma), cetalkonium chloride
(cetyldimethylbenzyl ammonium chloride; FeF Chemicals, Denmark), cetylpyr-
idinjum chloride (cetyldimethylpyridyl ammonium chloride; FeF Chemicals),
and myristalkonium chloride (tetradecyldimethylbenzyl ammonium chloride;
FeF Chemicals) were made up to a stock concentration of 10,000 ppm in ddH,O.
Solutions of QACs were incubated at 37°C to facilitate dissolution.

Biofilm cultivation. Biofilms were grown in a Calgary biofilm device (CBD;
commercially available as the MBEC physiology and genetics assay [Innovotech
Inc., Edmonton, Alberta, Canada]), as originally described by Ceri et al. (6). An
overview of this biofilm cultivation technique (as well the high-throughput

screening process described below) is illustrated in Fig. 1. CBDs consist of a
polystyrene lid, with 96 downward-protruding pegs, that fits into standard 96-well
microtiter plates. Starting from cryogenic stocks, the desired bacterial strain was
streaked out twice on TSA, and an inoculum was prepared by suspending colo-
nies from the second agar subculture in 0.9% NaCl to match a 1.0 McFarland
standard. This standard inoculum was diluted 30-fold in growth medium to get a
starting viable cell count of roughly 1.0 X 107 CFU/ml. One hundred fifty
microliters of this inoculum was transferred into each well of a 96-well microtiter
plate, and the sterile peg lid of the CBD was inserted into the plate. The
inoculated device was then placed on a gyrorotary shaker at 125 rpm for 24 h of
incubation at 37°C and 95% relative humidity.

Following this initial period of incubation, biofilms were rinsed once with 0.9%
saline (by placing the lid in a microtiter plate containing 200 pl of 0.9% NacCl in
each well) to remove loosely adherent planktonic cells. Biofilm formation was
evaluated by breaking off four pegs from each device after it had been rinsed.
Biofilms were disrupted from pegs into 200 pl of 0.9% NaCl by use of an
ultrasonic cleaner on the high setting for a period of 5 min (Aquasonic model 250
HT; VWR Scientific, Mississauga, Canada), as previously described (6). The
disrupted biofilms were serially diluted and plated onto agar for viable cell
counting. The pooled mean starting viable cell counts for biofilms are summa-
rized in Table 1.

In an additional set of quality control assays, it was ascertained that the strains
used in this study formed equivalent biofilms on the pegs of the CBD. To do this,
we disrupted biofilms from the lid of the CBD into a microtiter plate containing
200 wl of 0.9% NaCl in each well, serially diluted the recovered cells, and plated
these onto TSA for viable cell counting. These agar plates were incubated for
24 h at 37°C, and then the colonies were enumerated. Viable cell counts were
grouped by row of the CBD, and these values were compared using one-way
analysis of variance as previously described (6). In all cases, biofilms cultivated
under the conditions reported here formed statistically equivalent biofilms be-
tween the rows of the CBD (P > 0.05) (data not shown).

High-throughput susceptibility testing of microbial biofilms. “Checkerboard”
arrangements of biocides and toxic metal species were made in 96-well microtiter
plates as previously described (25). When prepared, each checkerboard micro-
titer plate had 7 sterility controls, 2 growth controls, 10 different concentrations
of biocides alone, 7 different concentrations of toxic metal species alone, and
each metal and biocide at 70 different combinations of concentrations. The use
of these checkerboard plates in the process of biofilm susceptibility testing is
briefly described here (Fig. 1f to j).

Biofilms that had been grown on lids of the CBD were inserted into the
checkerboard challenge plates after the biofilms had been rinsed (as described
above). Following antimicrobial exposure, biofilms were rinsed again (by placing
the lid in a microtiter plate containing 200 wl of 0.9% NaCl in each well) and
then placed in a microtiter “recovery” plate that contained 200 .l of neutralizing
medium in each well (TSB supplemented with 1% Tween 20, 2.0 g/liter reduced
glutathione, 1.0 g/liter L-histidine, and 1.0 g/liter L-cysteine). These steps were
carried out to minimize the effects of biocide and metal carryover. Bacterial cells
were recovered from biofilms by disrupting the biofilms into the recovery me-
dium, using an ultrasonic cleaner (as described above). These plates were then
incubated for 24 h at 37°C. Minimum bactericidal concentrations for the biofilm
(MBC,,) were determined by reading the optical density at 650 nm (ODgs,) of
the recovery plates, using a Thermomax microtiter plate reader with Softmax Pro
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FIG. 1. High-throughput screening may be used to identify synergistic antimicrobial interactions that kill microbial biofilms. Starting from
cryogenic stocks, the desired bacterial strain was streaked out twice on TSA (a), and colonies from the second subcultures were suspended in
growth medium to match a 1.0 McFarland optical standard (b). This standardized suspension, diluted 30-fold in TSB, served as the inoculum for
the CBDs. The inoculated devices were assembled and incubated on a gyrorotary shaker (c), which facilitated the formation of 96 statistically
equivalent biofilms on the peg surfaces (data not shown). Biofilms were rinsed with 0.9% NaCl (d), and surface-adherent growth was verified by
viable cell counting (e). Antimicrobials were set up in “checkerboard” arrangements in microtiter plates (f), and the rinsed biofilms were inserted
into these challenge plates for the desired exposure time (g). Following antimicrobial exposure, biofilms were rinsed and inserted into recovery
plates. Biofilm cells were disrupted into the recovery medium by sonication (h), and the recovery plates were incubated for 24 h before the ODg;5,
values of recovered cultures were read in a microtiter plate reader (i). This allowed the FBC index to be calculated, and this was used to identify
“candidate” synergistic interactions (j). Candidates were validated by repeating the testing process (as outlined in steps a to h), but instead of
qualitative measurements, biofilm cell survival was quantified by viable cell counting on agar plates (k).

data analysis software (Molecular Devices, Sunnyvale, CA). For the purpose of
high-throughput screening, we arbitrarily defined an effective MBC,, end point as
an ODgs, of =0.300. In contrast, growth controls incubated under identical
conditions typically produced ODys, values of ~0.9 to 1.5.

To validate the “candidate” combinations identified from high-throughput
screening (see the section below for the criteria used to evaluate these data),
mean viable cell counts were determined for biofilms following exposure to
metals and/or biocides (Fig. 1K). This was done by serially diluting (10-fold)
20-pl aliquots from the wells of the recovery plates (prepared as described
above) in 0.9% saline and plating these diluted cultures onto TSA. To maximize
the recovery of viable but potentially slow-growing bacteria surviving antimicro-
bial exposure, up to 48 h of incubation at 37°C was allowed before growth on
these agar plates was scored.

Criteria for evaluating the antibiofilm activity of combination antimicr
“Candidate” synergistic interactions were identified using rules that were mod-
ified from those suggested by the American Society for Microbiology for the
testing of planktonic cells (25). Synergy was defined mathematically by calculat-
ing the sum (X) of the fraction bactericidal concentration (FBC) values (termed

hial

the FBC index) for each combination of antimicrobial agents, as follows: FBC of
agent A = MBC, of agent A in combination/MBC, of agent A alone; FBC of
agent B = MBC, of agent B in combination/MBG, of agent B alone; and XFBC =
FBC of agent A + FBC of agent B.

For the purpose of evaluating antimicrobial interactions, we used the lowest
FBC index method as described by Bonapace et al. (5). In this case, the FBC
index was based on the lowest XFBC that was calculated for all of the wells along
the kill-nonkill interface, using the median MBC, values for single-agent treat-
ments as the reference points (Table 2). Taking into account the error associated
with biofilm susceptibility testing using the CBD, which generally produces end
points over a 16-fold range (compared to an 8-fold range for planktonic cell
susceptibility testing), survival data from the high-throughput susceptibility as-
says were grouped as follows: (i) if YFBC was =0.125, then the antimicrobials
exhibited synergy; (ii) if 0.125 < XFBC < 16, then indifference had occurred; and
(iii) if YFBC was =16, then the antimicrobials exhibited antagonism.

For the purpose of evaluating time-kill data based on mean viable cell counts,
which was used to validate candidates identified by high-throughput screening,
we looked for =1-log,, decreases in the mean CFU/peg between the metal-
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TABLE 2. Susceptibility of P. aeruginosa ATCC 15442 biofilms to single-agent treatments, as determined by high-throughput
screening (using CBDs)”

Metal ion or biocide

MBC,

(concn unit) 5 min (in ddH,0)

30 min (in ddH,0) 24 h (in 10% TSB-ddH,0)

Ag* (mM) >19
Cu>* (mM) >32
AP (mM) =76
Se05% (mM) >16
Zn** (mM) >31

Polycide (ppm)
Stabrom (ppm)
Isopropyl alcohol (%)
Virox (ppm)

>3,200 (50 to >3,200)
250 (31 to >500)
0.50 (0.25 to 0.50)
313 (156 to 5,000)

>19 >19
>32 32 (16 to 32)
>76 (38 to >76) 76 (76 to >76)
>16 >16

>31 >31

1,800 (100 to >3,200)
250 (16 to >500)
0.50 (0.25 to 0.50)
313 (156 to 2,500)

400 (50 to 800)
94 (63 to >1,600)
0.50 (0.25 to >0.50)
625 (313 to 2,500)

“ Note that these assays were performed using a high-throughput screening method that judges killing qualitatively. Incomplete killing of microbial populations may
still occur with short exposure times, but this is not detected by the high-throughput method employed here.

biocide combination and the most active comparable single-agent treatment
following 10 or 30 min of exposure and for =2-log;, decreases at 24 h of
exposure. It was also required that the candidate combination produce a =2-
log,, decrease in the mean CFU/peg relative to the starting biofilm cell count
(Table 1) and that one agent be present at a concentration that did not affect the
number of surviving cells relative to that for the appropriately treated growth
control.

Susceptibility testing of microaerobic planktonic cultures. An aerobic P.
aeruginosa ATCC 15442 starter culture was grown overnight in TSB, and this was
diluted 1 in 500 in BHI broth to get a starting cell count of 1 X 107 CFU/ml for
microaerobic cultures. This was sealed tightly in 1.0-liter bottles which had been
filled completely with the inoculated BHI broth and was grown at 37°C, with or
without the addition of 1 mM KNOj, as indicated throughout this report. These
microaerobic cultures were incubated for 6 h prior to the addition of 1 mM
CuSO,, 25 ppm Polycide, or 1 mM CuSO, plus 25 ppm Polycide. A viable cell
count was determined at 6 h (at the point when the antimicrobials were added)
as well as at 54 h, when the cells were harvested for enzyme assays. Serial dilution
and agar plating to obtain viable cell counts were carried out in a fashion
identical to that described for biofilms.

Protein fractionation and nitrate reduction assays. Planktonic cells grown
under microaerobic conditions were collected by centrifugation (3,000 X g for 20
min), washed once with phosphate-buffered saline (pH 7.2), and collected by
centrifugation again. Cell pellets were suspended in phosphate-buffered saline
with 2 mg/ml lysozyme (Sigma) and incubated on ice for 30 min. The enzyme-
treated cells were then disrupted with a Microsan ultrasonic cell disruptor (Mi-
sonix Inc., Farmingdale, NY), using five 5-s bursts at a 5-W power setting. Cell
debris was removed by centrifugation (3,000 X g for 30 min), and the supernatant
was additionally fractionated into membrane and cytosolic components by a
second centrifugation at 125,000 X g for 90 min. Nitrate reductase (NR) activity
was determined spectrophotometrically at 575 nm for cytoplasmic fractions,
using methyl viologen as an electron donor, as previously described (19, 23). NR
activity calculations were corrected for baseline shifts in spectrophotometric
measurements caused by the presence of O, in water, which reacts with reduced
methyl viologen over time.

Confocal laser scanning microscopy (CLSM). Pegs were broken from the lid
of the CBD by use of needle nose pliers. Cell viability staining of P. aeruginosa
ATCC 27853 biofilms by use of a Live/Dead BacLight kit (Molecular Probes,
Burlington, Ontario, Canada) was carried out according to the method of Har-
rison et al. (17). Biofilms exposed to metals and/or biocides were rinsed twice
with 0.9% saline and then stained with Syto-9 and propidium iodide at 30°C for
30 min.

Fluorescently labeled biofilms were placed in 2 drops of 0.9% saline on the
surface of a glass coverslip. These pegs were examined using a Leica DM IRE2
spectral confocal and multiphoton microscope with a Leica TCS SP2 acoustic
optical beam splitter (Leica Microsystems, Richmond Hill, Ontario, Canada) as
previously described (17). To eliminate artifacts associated with single-wave-
length excitation, Live/Dead BacLight-stained samples were sequentially
scanned, frame-by-frame, first at 488 nm and then at 543 nm. Fluorescence
emission was then sequentially collected in the green and red regions of the
spectrum. A 63X water immersion objective was used in all imaging experiments.
Image capture and two-dimensional reconstruction of z stacks were performed
using Leica confocal software (Leica Microsystems).

Isothermal titration calorimetry (ITC). All measurements were made on a
Microcal VP-ITC instrument (Microcal LLC, Northampton, MA). Briefly, a time
course of injections of CuSO, to benzalkonium chloride (and vice versa) was
made in a reaction cell maintained at a constant temperature. These experiments
were performed in both ddH,O and 4 mM phosphate buffer (pH 7.1). The
VP-ITC instrument measures the heat generated or absorbed by any reaction or
interaction that occurs, which is later corrected for heats of dilution. A binding
isotherm was fitted to the data, expressed in terms of heat change per mole of
CuSO, (or benzalkonium chloride) plotted against the molar ratio of CuSO, to
benzalkonium chloride. In principle, it is possible to calculate, from the binding
isotherm, values for the reaction stoichiometry, association constants (K,), the
change in enthalpies (AH®), and the change in entropies (AS) for any reaction
that has occurred. If no reaction has occurred, then the corrected binding
isotherms will be straight lines with a slope that approximates zero (9).

Statistical tests and data analysis. Analysis of variance was performed using
MINITAB, release 14 (Minitab Inc., State College, PA), to analyze log,-trans-
formed raw data. Alternate hypotheses were tested at the 95% level of confi-
dence. Mean and standard deviation calculations were performed using Mi-
crosoft Excel 2003 (Microsoft Corporation, Redmond, WA), and these data were
imported into SigmaPlot 10.0 (Systat Software Inc., San Jose, CA) for three-
dimensional graphical representation.

RESULTS

High-throughput susceptibility testing to identify combina-
tions of antimicrobials with synergistic antibiofilm activity. To
begin, we conducted a high-throughput screen (Fig. 1) with the
aim of identifying combinations of antimicrobial agents that
might possess antibiofilm activity against P. aeruginosa ATCC
15442 (a strain used for the regulatory testing of hard surface
disinfectants). Checkerboard arrangements of antimicrobials
in 96-well microtiter plates were used to examine four classes
of biocides (QACs, halides, peroxides, and alcohols, at 10
different concentrations of each) alone or in combination with
five different metal cations and oxyanions (Cu®**, Ag™, A",
SeO,", and Zn>", at 7 different concentrations of each). Ad-
ditionally, we examined three different exposure durations (5
min, 30 min, and 24 h). The susceptibility of P. aeruginosa
biofilms to single-agent treatments was determined by pooling
susceptibility data from the control wells in checkerboard as-
says (Table 2), which were used as reference points in XFBC
calculations. When completed, this high-throughput screening
process evaluated a total of 4,425 unique combinations of
agents, concentrations, and exposure times. For simplicity,
these initial results were categorized by metal-biocide combi-
nation, and then the lowest 2FBC values were calculated using
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TABLE 3. Lowest FBC indices for combinations of biocides and

metals tested against P. aeruginosa ATCC 15442 biofilms during
high-throughput screening to determine synergy (using CBDs)”

ANTIMICROB. AGENTS CHEMOTHER.

disinfectant), (iii) Cu*>* and Polycide (a mixture of QACs), (iv)
APP" and Virox, (v) SeO5”~ and Stabrom, and (vi) SeO;*>~ and

FBC index with biocide®

Virox (Table 3).

. From this initial set of six candidates, combinations of AI**
Metal ?;Selire Polvcid Stabrom  70% (wivol) . or SeO;?~ with biocides were not examined any further (this
owede 909 isopropanol ox decision was made based on the high in vitro concentrations at
Agt 5 min ND 0.02 1.0 4.0 which the synergy was observed as well as due to the formation
30 min 0.36 0.04 ND 0.53 of metal precipitates in the culture medium). Next, false-pos-
24 h L0 ND 0.15 0.14 itive results were eliminated from the remaining candidates by
Cu?* S min 1.25 ND 2.0 2.0 : : R
30 min 0.03 ND 072 051 counting the number of viable cells in biofilms that had been
24 h 0.06 0.67 1.0 0.08 exposed (for 30 min in ddH,O) to different concentrations of
AP* 5 min 0.5 ND 0.52 ND these agents alone and in combination. A combination was
30 min 0.24 ND 0.52 0.52 considered synergistic if there was a =1-log,, decrease in the
SeO.2- 2;1 lr:nin ZI\BD %\g) %8 (2188 mean CFU/peg between the combination and the most active
? 30 min 013 0.05 053 053 comparable single-agent treatment (see Materials and Meth-
24 h 0.53 1.3 0.51 0.03 ods for additional criteria). This process eliminated Ag" and
Zn*" 5 min ND L1 L1 10 Stabrom (Fig. 2) as a synergistic antimicrobial combination but
30 min ND 0.52 2 0.52
24 h 0.625 1.25 0.16 0.14

“ Note that these assays were performed using a high-throughput screening
method that judges killing qualitatively. Incomplete killing of microbial popula-
tions may still occur synergistically with short exposure times, but this is not
detected by the high-throughput method employed here.

b Susceptibility testing was performed in ddH,O for exposure times of 5 and 30
min, whereas 10% TSB-0.9% NaCl was used for 24-h exposures.

¢ ND, results could not be determined from the concentration ranges exam-
ined experimentally, i.e., the agents did not effectively kill the biofilms. Data

shown in bold denote a synergistic interaction, as defined by the criteria outlined
in Materials and Methods.

the criteria defined in Materials and Methods (Table 3). This
approach identified the following six “candidate” synergistic
combinations of antimicrobials: (i) Cu** and Virox (“acceler-
ated” hydrogen peroxide), (i) Ag" and Stabrom (a halide
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validated both Cu®* and Virox (Fig. 2) and Cu** and Polycide
(Fig. 3; discussed in the sections that follow) as synergistic
antimicrobial combinations with antibiofilm activity.

The combination of Cu?* and Virox was also eliminated
from further study due to information from the scientific lit-
erature indicating that Cu?* and hydrogen peroxide (H,O.,,
the active compound in Virox) participate in an autocatalytic
chemical reaction that produces highly toxic reactive oxygen
species (ROS). This is a form of the Fenton reaction (16, 33),
which has previously been applied to biofilm disinfection by
use of a variety of approaches (37). In this case, P. aeruginosa
ATCC 15442 biofilms were killed synergistically by Cu®** and
Virox with as little as 30 min of exposure (Fig. 2a). Although

this is an interesting finding, the Fenton reaction rapidly de-
grades peroxides, and therefore, the activated disinfectant
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FIG. 2. “Candidate” combinations of antimicrobials were validated by viable cell counting. (a) Cu®" and Virox displayed synergy in several
combinations, and there were concentrations at which the combination of the two compounds eradicated biofilms, whereas either agent used alone
did not eliminate residual biofilm cell survival. (b) In contrast, combinations of Ag" and Stabrom did not kill biofilm cells better than either agent
did alone; therefore, this candidate combination was invalidated by this process. In these plots, each bar represents the average for three
independent replicates.
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FIG. 3. P. aeruginosa ATCC 15442 biofilms were killed time dependently by combinations of Cu** and Polycide. Viable cell counts were
determined after exposure of biofilms to combinations of Cu*" and Polycide in ddH,O for 10 min (a) or 30 min (b) or after exposure in dilute
organics for 10 min (c), 30 min (d), or 24 h (e). In these plots, each bar represents the average for three independent replicates. In every test
scenario, it was possible to discern antimicrobial synergy.

likely has a limited life span. ROS are also highly toxic and
would damage all biological systems, which means that the
disinfectant might lack specificity to microbes, which would
limit its applications. Therefore, this candidate was not char-
acterized any further, and we focused on combinations of Cu**
with Polycide.

Although there is at least one study that has previously
looked at combinations of Cu®* with QACs as antimicrobials
(36), there is no examination of these compounds together as
antibiofilm agents. The latter finding caught our attention im-
mediately because previous work, including some of our own,
has shown that in contrast to planktonic bacterial cells, biofilms
are generally highly resistant and/or tolerant to both QACs
(10, 29, 32) and copper cations (7, 18, 33, 34). It is worth noting
that QACs might be advantageous compounds to use in anti-

microbial formulations because they may function as cleansers
or deodorizers (24) and, when used effectively, generally
exhibit broad-spectrum antimicrobial activity that may be
residually active on surfaces. Our next step, therefore, was
to systematically characterize the concentration- and time-
dependent killing of P. aeruginosa ATCC 15442 biofilms by
these agents.
Time- and concentration-dependent killing of P. aeruginosa
biofilms by Cu?* and Polycide. The guidelines set by the As-
sociation of Official Analytical Chemists (AOAC) suggest that

to demonstrate antibacterial efficacy of novel compounds for
use as disinfectants, susceptibility testing should be conducted
using ddH,O to dissolve the antimicrobials. The AOAC also
suggests that cell survival should be evaluated after 10 min and
30 min of exposure. We performed these assays, and these data
are presented in Fig. 3a and b, respectively. In addition to these
assays, we also examined biofilm cell survival in the presence of
rich medium (whose contents may decrease the efficacy of
some metal cations and QACs via unwanted chemical reac-
tions). In this case, we dissolved the antimicrobials in 10%
TSB-0.9% NacCl and evaluated the number of surviving cells in
biofilms after 10 min, 30 min, and 24 h of exposure (Fig. 3¢ to
e, respectively). At many of the combination concentrations
tested—both in ddH,O and in organic medium—Cu** and
Polycide killed 10 to 100 times more biofilm cells than did
either antimicrobial alone. Furthermore, at 24 h of exposure,
combinations of Cu with Polycide were able to reduce the
number of surviving biofilm cells to below the threshold of
detection in vitro, indicating that these compounds might ster-
ilize the biofilm at concentrations that were at least 128-fold
lower than the sterilizing concentrations of either agent alone
(Fig. 3e). These assays rigorously validated Cu and Polycide as
a synergistic combination of antibacterials with high antibio-
film activity against P. aeruginosa ATCC 15442. A logical (and
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FIG. 4. Killing of Escherichia coli (a), Pseudomonas fluorescens (b), Salmonella enterica serovar Cholerasuis (c), and Staphylococcus aureus (d)
biofilms by combinations of Cu®* and Polycide. These data are for 24 h of exposure in dilute organics, and each bar represents the average for
three independent replicates. These results indicate that Cu?* and Polycide have broad-spectrum antimicrobial activity that, in general, kills
biofilms of other gram-negative and gram-positive bacteria at concentrations that are much lower than those required to treat P. aeruginosa
biofilms.

necessary) next step was to examine these compounds for ac-
tivity against other microbial species.

Cu?* and Polycide have broad-spectrum antimicrobial ac-
tivity. In addition to P. aeruginosa ATCC 15442, the AOAC
suggests a standard set of two additional strains, Staphylococ-
cus aureus ATCC 6538 and Salmonella enterica serovar Chol-
erasuis ATCC 10708, to assess the antibacterial efficacy of
novel disinfectants (Fig. 4). In addition to these two strains, we
examined Escherichia coli MBECO03, a food-borne strain that

we isolated from a slaughterhouse, and Pseudomonas fluore-
scens ATCC 15325, a microbial species implicated in food
spoilage (Fig. 4). The results of these additional biofilm sus-
ceptibility assays indicate that combinations of Cu** and Poly-
cide have a broad spectrum of antibacterial activity; further-
more, these agents may eradicate biofilms formed by other

microbes at concentrations that are much lower than those
required to treat P. aeruginosa ATCC 15442 biofilms.

CLSM of bacterial cell survival in biofilms exposed to Cu**
and Polycide both alone and in combination. Up to this point,
we assessed the antimicrobial action of Cu*" and Polycide by
using viable cell counting; however, there is an alternative
method of assessing biofilm cell survival, i.e., CLSM in con-

junction with Live/Dead BacLight staining. It may be impor-
tant to examine biofilm cell survival by using a complementary
method, as there are now scattered reports in the literature
that Cu®>* may induce a viable but nonculturable state in some
bacteria (1, 11, 26). Live/Dead BacLight staining may be used
to discriminate the viable but nonculturable phenomenon from
cell death. The Live/Dead BacLight stain uses the nucleic acid
intercalator Syto-9 (which passes through intact membranes
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FIG. 5. Live/Dead BacLight staining of P. aeruginosa ATCC 27853 biofilms exposed to Cu®>* and Polycide indicates that these agents are
bactericidal. In these pictures, green cells are live bacteria and red cells are dead bacteria. (a) Growth controls. (b) Treatment of biofilms with 8
mM Cu?". (¢) Treatment of biofilms with 200 ppm Polycide. (d) Treatment of biofilms with a combination of 8 mM Cu®" and 200 ppm Polycide.
Each panel is a top-down view of a CLSM image z stack and represents an area of 238 by 238 pum.

and fluoresces green in viable, or living, cells) and the coun-
terstain propidium iodide (which is expelled from viable cells
but fluoresces red when bound to DNA and RNA in dead
cells). In other words, by using this technique it is possible to
obtain images of biofilms where viable, or living, cells appear
green and dead cells appear red (17). We used this qualitative
approach to examine P. aeruginosa ATCC 27853 biofilms that
were treated with Cu?" and Polycide, both alone and in com-
bination. Our research group has previously identified that this
particular strain of P. aeruginosa forms complex three-dimen-
sional structures on the peg surfaces of CBDs (J. J. Harrison
and H. Ceri, unpublished data). In each case, the microcolo-
nies examined in the CBD were approximately 5 to 15 pm in
height, and the captured images were processed to give a
top-down view of the biofilm image stack (Fig. 5). Although
the flow dynamics are much more complex in the CBD, a
similar approach was previously used to examine spatial pat-
terns of killing in flow cell biofilms (21).

In contrast to growth controls, which were comprised chiefly
of living bacterial cells (Fig. 5a), treatment with 8 mM Cu**
killed a significant portion of the bacterial population (Fig. 5b).

Similarly, 200 ppm Polycide killed a large portion of the P.
aeruginosa biofilms, with many surviving cells localized to in-
terior regions of the surface-adherent community (Fig. 5¢). In
contrast, the combination of § mM Cu*" with 200 ppm Poly-
cide killed the vast majority of the biofilm bacteria, with few
survivors at the surface or in the interior regions of larger
microcolonies (Fig. 5d). Cumulatively, these results corrobo-
rate the conclusion, based on viable cell counts, that Cu®>* and
Polycide are bactericidal and that these agents have antibiofilm
activity against P. aeruginosa. The next logical step was to
examine the active ingredients of Polycide (benzalkonium
chloride and cetyldimethylethylammonium bromide), as well
as other QACs, in combination with Cu?>* as novel antibacte-
rial formulations.

Synergistic killing of P. aeruginosa biofilms by Cu** in com-
bination with structurally different QACs. We tested the fol-
lowing four additional QACs (in 10% TSB-ddH,O with 24 h of
exposure) for possible synergistic interactions with Cu®*: benz-
alkonium chloride, cetylpyridinium chloride, cetalkonium
chloride, and myristalkonium chloride (Fig. 6). In all cases, it
was possible to identify concentrations at which the combina-
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FIG. 6. Combinations of Cu** with other QACs show synergistic killing of P. aeruginosa ATCC 15442 biofilms. Viable cell counts were
determined after exposure of biofilms to combinations of Cu®>" and benzalkonium chloride (a), cetylpyridinium chloride (b), cetalkonium chloride

of these cations is shown, where n denotes a side chain of variable length, with 8 to 25 carbon atoms.

(c), or myristalkonium chloride (d). In these plots, each bar represents the average for two independent replicates. The chemical structure for each

tion of QAC with Cu** was more effective at killing P. aerugi-
nosa ATCC 15442 biofilms than the most effective single agent
used alone. This was particularly true of Cu®** in combination
with either benzalkonium chloride (Fig. 6a) or cetalkonium
chloride (Fig. 6¢). These results clearly indicate that Cu®* in
combination with other (structurally different) QACs can func-
tion synergistically to kill P. aeruginosa ATCC 15442 biofilms.
Our next step was to determine if Cu and QACs might interact
in solution, which might provide clues about how these agents
are toxic to bacteria.
Cu** and benzalkonium chloride do not interact directly in
aqueous solutions. Using ITC, a sensitive biophysical tech-
nique used to measure the heat released or absorbed during
the binding of a ligand to another molecule, we investigated
the possibility that copper might form a complex with benz-
alkonium chloride. This QAC was examined here because it
exhibited synergistic killing of biofilms in conjunction with

Cu?* (used alone or as a component of Polycide). We ob-
served no evidence for binding of Cu?* to benzalkonium chlo-
ride when the titration was carried out in ddH,O (Fig. 7a). We
also looked for binding of Cu®** to benzalkonium chloride in 4
mM phosphate buffer (pH 7.1), as it is possible, under aqueous
conditions, for PO,*>” to coordinate Cu®?* to ammonium
groups (R-NH; ") similar to synthetic metalloreceptors (35).
Again, there was no evidence that, together, these compounds
formed a tertiary complex (Fig. 7b). We concluded from these
data that under the tested aqueous conditions, Cu?* and benz-
alkonium chloride neither formed complexes nor underwent
chemical reactions, as the latter possibility would have also
resulted in the release or absorption of heat. This suggests that
Cu?" and QACs are likely toxic to bacterial biofilms through
independent but complementary biochemical mechanisms

(i.e., these compounds are truly synergistic in terms of biolog-
ical toxicity).

ANTIMICROB. AGENTS CHEMOTHER
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regression line of best fit represent the net amount of heat released during the titration, corrected for the heat of dilution. In all cases, the slope
of the line of best fit did not significantly deviate from zero. Each panel shows a representative data set from two independent replicates.

Effects of Cu”>* and QACs on microaerobic growth and P.
aeruginosa nitrate reduction. Membrane-bound enzymes may
be targets for Cu®*" and QAC toxicity, and it has been sug-
gested that these agents might also inhibit the activity of
periplasmic or membrane-bound NRs in P. aeruginosa (36). In
this study, this was investigated as a mechanism of toxicity, as
microaerobic growth that involves both oxygen (2) and nitrate
reduction is part of normal P. aeruginosa biofilm development
(2, 27, 28, 39).

At the lowest concentrations exhibiting synergistic killing of
biofilms, CuSO, (1 mM) and Polycide (25 ppm) were bacterio-
static and bactericidal to microaerobic cultures of P. aeruginosa
ATCC 15442, respectively (Fig. 8a and b). Interestingly, cell
lysates from P. aeruginosa grown in the presence of either of
these compounds also had a significantly reduced capacity for
nitrate reduction (Fig. 8c). Under these microaerobic condi-
tions, a combination of CuSO, (1 mM) plus Polycide (25 ppm)
was bactericidal and showed approximately the same level of
killing as Polycide used alone (Fig. 8a and b), as well as com-
parably reduced levels of NR activity. It is also worth noting
that the addition of 1 mM KNO; to the microaerobic growth
medium (BHI broth, which contains an undefined amount of
nitrates) partially alleviated toxicity and NR inhibition by
CuSO,. Nonetheless, these results show that both Cu?** and
QACs, used alone and in combination, are able to reduce
nitrate reduction activity by P. aeruginosa.

DISCUSSION

Biofilms of P. aeruginosa are very resilient to antimicrobials,
and therefore, this organism serves as an excellent model for
testing novel antibacterial agents. Since this microorganism is
generally resistant to many biocides that are lethal to fungal
pathogens (e.g., Candida spp.) as well as to other gram-nega-
tive and gram-positive bacteria (24), agents effective against P.
aeruginosa are likely to be effective against biofilms of other
organisms as well. Therefore, we systematically tested combi-
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FIG. 8. Cu?* and Polycide, alone and in combination, negatively
affect cell survival and nitrate (NO;) reduction in microaerobic P.
aeruginosa ATCC 15442 cultures. Mean viable cell counts (a) and log
killing of planktonic cell populations (b) were determined after expo-
sure of cultures to these compounds. (¢) NR activities of cytosolic
components of microaerobically grown cells. In this figure, each bar
represents the mean and standard deviation for three to eight inde-
pendent replicates.
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nations of rationally selected metals and biocides against P.
aeruginosa biofilms, looking for synergistic interactions. From a
preliminary data set that identified several candidates, this
process discerned that CuSO, and various QACs exhibit syn-
ergy when used in combination to kill biofilms of P. aeruginosa
ATCC 15442.

By definition, synergy occurs when two or more discrete
agents act together to create an effect greater than the sum of
the effects of the individual agents. In principle, synergy allows
for a reduction in the quantity of agents used in combination
yet might still allow for greater antimicrobial activity. Interest-
ingly, we observed antagonism between Cu®" and Polycide,
particularly at higher concentrations of these agents, while at
the same time, many combinations of lower concentrations
exhibited a striking degree of synergy. This is strong evidence
against using a “more is better” approach to formulating dis-
infectants and is the crux of these experiments, as combining
the correct agents at the appropriate ratios may enhance the
killing of microbial biofilms. Other advantages to using multi-
ple, compatible agents in combination include lowering the
probability that resistance will emerge and increasing the spec-
trum of microbicidal activity. We suggest that the latter advan-
tage may be a useful principle in tailoring combinations of
agents for use against bacterial biofilms, as adherent microbial
populations produce phenotypic variants that reduce biofilm
susceptibility to single-agent treatments (4, 8, 16, 30).

In this report, several sets of established rules for planktonic
cell susceptibility testing (5, 25) were evaluated and adapted to
mathematically define synergy, indifference, and antagonism
for biofilm susceptibility testing. There are many different sets
of rules in this field for susceptibility testing, such as those set
by the AOAC or CLSI, and therefore, the experimental ap-
proach here was to test many different standard exposure con-
ditions and to look for trends in the data to establish guide-
lines. In this manner, the final sets of rules in Materials and
Methods were guided by the data generated in the course of
this study. For instance, compared to the commonly observed
eightfold range in MIC end points seen in planktonic cell broth
microdilution assays, the MBC, end points discerned through
the CBD biofilm susceptibility testing method had a relatively
larger range (Table 2). For this reason, a 16-fold end-point
range was used in setting the criteria to identify synergy or
antagonism between combinations of antimicrobials against
biofilms. The criteria used here for identifying antimicrobial
synergy against biofilms thus were more stringent than those
used in planktonic cell susceptibility testing. This is a reason-
able cutoff, since one of the six identified candidate synergistic
combinations of metals and biocides (Table 3) was shown to be
falsely positive when it was tested more rigorously (Fig. 2).

A final challenge was setting criteria to identify synergy from
viable cell counts. For 24 h of exposure, the 100-fold rule for
synergy, which looks for a 2-log;, increase in the killing of
biofilms by two agents in combination compared to that by
single-agent treatments, was taken directly from Instructions to
Authors (2008) for the journal Antimicrobial Agents and Che-
motherapy. However, this rule cannot be applied to shorter
exposure times, such as those required by the AOAC for the
testing of hard surface disinfectants. The data here (Tables 2
and 3; Fig. 3) illustrate that biofilms are killed time depen-
dently by antimicrobial agents, so a 10-fold rule for synergy was

ANTIMICROB. AGENTS CHEMOTHER.

applied in cases with a 5-, 10-, or 30-min exposure time. In
other words, a combination was considered synergistic if there
was a 1-log,, increase in killing of the biofilms by two agents in
combination compared to that by single-agent treatments with
30 min of exposure or less.

Although the explicit focus of this report is biofilm suscep-
tibility testing, combinations of Cu?" and QACs also killed
planktonic cells of P. aeruginosa ATCC 15442 at concentra-
tions that were at least 10-fold less than the concentrations
required to treat biofilms (J. J. Harrison, D. J. Joo, R. J.
Turner, and H. Ceri, unpublished data). This is consistent with
a previous study by Bjarnsholt et al. (3), who found that Ag™
was effective at treating P. aeruginosa biofilms but that 10- to
100-fold higher concentrations were required to eradicate the
surface-adherent populations than those required for plank-
tonic cells. This is also consistent with previous reports from
our research group showing that metal cations and oxyanions
may eradicate biofilms in both a concentration- and time-
dependent manner (14, 15, 18).

The ITC data presented in this study, which show that Cu**
and QAG:s do not interact in aqueous milieus, suggest that the
mechanisms of Cu®" and QAC toxicities are (bio)chemically
independent of one another. To date, we have not successfully
identified a biochemical mechanism that accounts for the syn-
ergistic toxicity of Cu?* and QACs to P. aeruginosa. However,
there is quite a bit of information concerning the chemical
mechanisms of Cu®* and QAC toxicities when these agents are
used alone, as well as information about the (chromosomally
mediated) mechanisms of bacterial resistance.

Bacterial cell membranes are sites of QAC toxicity (24), and
it is thought that these cationic agents generally have a target
site at the cytosolic membrane. QACs likely act on the phos-
pholipid components of the membrane, causing membrane
deformation, leakage of low-molecular-weight intracellular
material, and disruption of the proton motive force (24). This
model of toxicity is supported by evidence that P. aeruginosa
may change the composition of its membrane fatty acids in
response to QAC exposure (12). In contrast, Cu®" is an elec-
trophile that likely exerts microbiological toxicity through sev-
eral biochemical routes simultaneously. This includes autocat-
alytic formation of ROS via Fenton-type chemistry, oxidation
of cellular protein thiols, and the displacement of similar tran-
sition metal ions (e.g., Fe*") from the binding sites of other
biomolecules (16, 31). In all of these cases, Cu®" alters the
normal biological function of cellular macromolecules in a
detrimental fashion. The present study also suggests that both
Cu** and QACs negatively affect P. aeruginosa nitrate reduc-
tion, and this too could be a mechanism of toxicity to biofilms.
Determining whether this effect is due to alterations in gene
expression or to direct inhibition of cytosolic or membrane-
bound NRs is a logical direction for future investigation.

Although the discovery of synergy between Cu®>* and QACs
is a novel means for biofilm disinfection, these compounds
have been used in combination in the forest industry for more
than 15 years. Ammoniacal copper quaternary (ACQ) is a
combination of copper oxide (CuO) with the QAC didecyldi-
methylammonium chloride (DDAC) that has been used as a
fungicidal and insecticidal wood preservative since the early
1990s. ACQ is considered environmentally friendly, and it is
estimated that in 1996, 454,000 kg of DDAC was released into
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the environment in British Columbia, Canada, for this purpose
alone (20). The synergy between Cu®" and QACs described in
this study may be an explanation for the effectiveness of ACQ
as a wood preservative. Furthermore, this indicates that ACQ
as well as other Cu-QAC combinations might be applied suc-
cessfully to treat biofilms in a wide range of additional envi-
ronments where surface-associated microbial growth is un-
wanted or damaging.
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