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Candida albicans, an opportunistic fungus, and Staphylococcus aureus, a bacterial pathogen, are two clinically relevant biofilm-
forming microbes responsible for a majority of catheter-related infections, with such infections often resulting in catheter loss
and removal. Not only do these pathogens cause a substantial number of nosocomial infections independently, but also they are
frequently found coexisting as polymicrobial biofilms on host and environmental surfaces. Antimicrobial lock therapy is a cur-
rent strategy to sterilize infected catheters. However, the robustness of this technique against polymicrobial biofilms has re-
mained largely untested. Due to its antimicrobial activity, safety, stability, and affordability, we tested the hypothesis that etha-
nol (EtOH) could serve as a potentially efficacious catheter lock solution against C. albicans and S. aureus biofilms. Therefore,
we optimized the dose and time necessary to achieve killing of both monomicrobial and polymicrobial biofilms formed on poly-
styrene and silicone surfaces in a static microplate lock therapy model. Treatment with 30% EtOH for a minimum of 4 h was in-
hibitory for monomicrobial and polymicrobial biofilms, as evidenced by XTT {sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophe-
nyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide inner salt} metabolic activity assays and confocal microscopy.
Experiments to determine the regrowth of microorganisms on silicone after EtOH treatment were also performed. Importantly,
incubation with 30% EtOH for 4 h was sufficient to kill and inhibit the growth of C. albicans, while 50% EtOH was needed to
completely inhibit the regrowth of S. aureus. In summary, we have systematically defined the dose and duration of EtOH treat-
ment that are effective against and prevent regrowth of C. albicans and S. aureus monomicrobial and polymicrobial biofilms in
an in vitro lock therapy model.

In the United States alone, severe sepsis accounts for over 750,000
cases, results in 215,000 deaths, and generates roughly $16 bil-

lion in health care costs annually. Alarmingly, each year severe
sepsis kills more individuals than breast, kidney, colon, rectal,
pancreatic, and prostate cancer combined (1–3). Major risk fac-
tors for sepsis are surgical procedures or the use of invasive med-
ical devices, such as catheters (4). Seeding of initially sterile cath-
eter surfaces by microorganisms, followed by development into
mature biofilms, poses a significant obstacle in the clinic, as bio-
film-embedded organisms are recalcitrant to clearance by the host
and inherently resistant to standard antimicrobial therapies (5).
Therefore, effective broad-spectrum approaches to prevent and
resolve catheter-mediated biofilm infections are urgently needed.

Further complicating the biofilm phenotype’s elusiveness to
orthodox treatment is the fact that many biofilms are polymicro-
bial in nature, which often renders the true identification of the
etiological agent(s) and treatment of the infection more difficult
(6). Not only may the inherent virulence of the organisms be mod-
ified considerably during polymicrobial growth, but also standard
treatments normally effective against monomicrobial species in-
fections may also be rendered futile. To further underscore the
gravity of such infections, clinical surveys have demonstrated that
polymicrobe-associated bacteremias account for 10 to 30% of all
bloodstream infections and in certain cases have been linked to
higher incidences of infection relapse, increased hospital stays,
earlier catheter exchange, worse patient outcomes, and increased
mortality (7–11). Two phylogenetically diverse microbes known
for their prevalence as associated organisms in polymicrobial bio-
films are the polymorphic opportunistic fungus Candida albicans
and the bacterial pathogen Staphylococcus aureus. Despite causing

a number of infections independently, C. albicans and S. aureus
can also be coisolated from several diseases and from the surfaces
of various biomaterials, including dentures, voice prostheses, im-
plants, endotracheal tubes, feeding tubes, and, most commonly,
catheters (12).

Aside from septic complications, failure to prevent or eradicate
microbial contaminants from catheter surfaces may result in phle-
bitis, skin infections, and/or catheter loss and removal (13). Cur-
rent Infectious Diseases Society of America (IDSA) clinical guide-
lines recommend removal of infected central venous catheters
from neutropenic patients (and nonneutropenic patients, if pos-
sible) when C. albicans or S. aureus is suspected as the etiological
agent (14). However, catheter removal may not be a viable option
if thrombocytopenia, coagulopathies, a lack of alternative venous
access, or critical illness is a confounding issue. The clinical need
for catheters in some patients, including for parenteral nutrition
and intravenous drips, further complicates the decision of cathe-
ter removal. Therefore, alternative strategies are needed to prevent
contamination or permit salvage of catheters in these clinical sit-
uations.

One current approach is the use of antimicrobial catheter lock
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solutions, which are formulated to sterilize the lumenal catheter
surface or prevent biofilm growth and subsequent septic infection
(15). Significant study-to-study variability in catheter lock com-
position, model system, dosing, and duration of treatment has
complicated the establishment of therapy standards. For example,
Schinabeck et al. demonstrated that treatment of rabbits with 3 mg
of liposomal amphotericin B for a lock duration of 7 days was
required to sterilize venous catheter surfaces after infection by C.
albicans (16). Treatment of S. aureus-infected catheters with 5
mg/ml daptomycin lock solution and systemic daptomycin ad-
ministration for 2 days resulted in significantly reduced coloniza-
tion of catheters (but not sterile catheters) in a rat central venous
catheter model (17). Chelating agents, such as trisodium citrate
and sodium-EDTA, have also been demonstrated to have antimi-
crobial activity against an array of pathogens (18, 19). While these
treatments and others have demonstrated efficacy as potential
lock therapies both in vitro and in vivo, the lack of standardized
dosing and duration, potential problems of acquired antimicro-
bial resistance, side effects of therapy, physical insult to catheter
materials, and failure to assess the regrowth of microorganisms
after lock treatment remain critical barriers for routine clinical
use. Furthermore, although numerous studies have evaluated the
effect of antimicrobial lock therapy (ALT) against monomicrobial
species biofilms, limited data exist on the effectiveness of ALT
against fungal or polymicrobial biofilms.

Considering these issues, ethanol (EtOH) was recently demon-
strated to be an efficacious antifungal agent against C. albicans
biofilms in vitro (20, 21). The stability, availability, and cost-effec-
tiveness of ethanol uniquely make it an attractive option for anti-
microbial lock therapy. In light of our previous data and the fre-
quency of polymicrobial biofilm-mediated catheter-related
infections, we hypothesized that ethanol would be an excellent
candidate for a catheter lock solution effective against fungal-bac-
terial polymicrobial biofilms. In fact, to our knowledge, this is the
first systematic study in which optimized doses and the duration
of ALT for EtOH were assessed in vitro against polymicrobial bio-
films.

MATERIALS AND METHODS
Strains and growth conditions. Biofilm-forming C. albicans prototypical
isolate SC5314 and S. aureus strain M2 were used in this study and are as
described previously (22, 23); both organisms were maintained as frozen
stocks at �80°C. Prior to use, C. albicans was subcultured onto yeast-
peptone-dextrose (YPD) agar at 30°C. A single colony was cultured in
YPD liquid medium at 30°C for 24 h. S. aureus was subcultured onto
Trypticase soy broth (TSB) agar, and a single colony was inoculated into
TSB liquid medium for 24 h at 37°C. A 1:100 dilution of the overnight
culture was made into fresh TSB and allowed to propagate at 37°C until
mid-log phase was reached (approximately 3 h). Following growth, mi-
crobes were washed in phosphate-buffered saline (PBS) by centrifugation,
counted on a hemocytometer, and adjusted to 2 � 107 CFU/ml in 0.6�
TSB containing 0.2% glucose (TSB-g). TSB-g was previously determined
to be an optimal medium for supporting both candidal and staphylococ-
cal biofilm growth (18, 24).

Biofilm growth on polystyrene and silicone. For monomicrobial bio-
films, 50 �l of adjusted C. albicans or S. aureus culture was added to each
well of a 96-well cell culture-treated polystyrene microtiter plate (1 � 106

CFU per well); to this, 50 �l of sterile TSB-g was added. For polymicrobial
biofilms, 50 �l of each organism was added per well (1 � 106 CFU of each
organism per well). Therefore, total volumes were 100 �l for both growth
conditions. Plates were incubated for 24 h at 37°C to induce biofilm for-
mation. For experiments assessing growth on silicone to mimic catheter

surfaces, the experimental setup was exactly the same as that described
above, except that each well contained a disk made from sterilized, med-
ical-grade silicone sheeting (Invotek International) as described previ-
ously (21).

Crystal violet assay. In order to quantify biomass during monomicro-
bial and polymicrobial growth, biofilms were grown as described above
and processed for crystal violet staining as previously described (25), with
some modifications. Briefly, wells were extensively washed in PBS to re-
move nonadherent cells, stained with 0.1% crystal violet, and repeatedly
washed in distilled H2O. Bound crystal violet was resolubilized in 95%
ethanol, and the absorbance was read at 590 nm on a VersaMax micro-
plate reader (Molecular Devices) (25).

Ethanol treatment. Following mature biofilm growth, plates or sili-
cone disks were washed 3 times with 200 �l sterile saline and then 100 �l
TSB-g containing EtOH at various concentrations (5%, 10%, 15%, 20%,
30%, 40%, 50%) was added. EtOH-free TBS-g was added to wells with
and without microbes to serve as positive and negative controls, respec-
tively. Plates were returned to a 37°C incubator for various times (0.5 h, 2
h, 4 h, 24 h). In some experiments, initial biofilm inocula were diluted
directly into EtOH at various concentrations to determine the effects of
EtOH on biofilm inhibition. After incubation with EtOH, plates were
washed once with PBS and processed for the XTT {sodium 2,3-bis(2-
methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetra-
zolium hydroxide inner salt} metabolic activity assay or microscopic anal-
yses.

XTT assay. The XTT reduction assay was used to determine the met-
abolic activity of biofilms after EtOH treatment (26). Wells were washed
once in PBS, and plates or silicone disks were incubated at 37°C for 2 h
with 200 �l XTT working reagent (0.5 mg/ml XTT and 1 �M menadione);
conversion of the XTT substrate to a soluble colored formazan product
correlates with cell viability. The resulting absorbance was read at 490 nm,
and the antimicrobial activity of each EtOH treatment was expressed as a
percentage relative to the value for the EtOH-free controls.

Confocal microscopy. Cells were grown on silicone disks or in 8-well
Permanox Lab-Tek chamber slides (Nunc) as described above. After
EtOH treatment, biofilms were washed once in PBS and stained with dyes
from a BacLight Live/Dead staining kit (Invitrogen) (27). Live/Dead con-
tains two dyes that differentially stain cells on the basis of their viability.
Syto 9 is a cell-permeant DNA stain and stains all cells (green), while
propidium iodide (PI) is impermeant and can stain only cells (red) with
compromised membranes, indicative of death or lysis. All images were
captured on an Olympus Fluoview 1000 confocal microscope using a
fluorescein isothiocyanate/Texas Red filter set.

SEM. Biofilms were grown on silicone disks as described above. Sam-
ples were initially fixed in 2.5% glutaraldehyde for 2 h and then slowly
dehydrated in a series of ethanol washes (35%, 50%, 70%, 95%, 100%) for
10 min. The disks were then dried in 100% hexamethyldisilazane for 20
min. Disks were affixed to scanning electron microscopy (SEM) stubs
with double-sided carbon tape and sputter coated. Biofilms were imaged
with an Hitachi S-2700 scanning electron microscope (LSUHSC Core
Imaging) with the voltage set to 15 kV. Images were captured at �100
to �1,000 magnifications.

Enumeration of CFU on silicone disks. Biofilms were inoculated on
silicone disks as described above. After 24 h of growth, disks were asepti-
cally transferred to tubes containing 1 ml PBS and gently sonicated in a
Branson 1510 water bath sonicator at 40 kHz for 5 min to dislodge bio-
film-embedded microbes. Serial dilutions were made in sterile PBS and
plated onto YPD agar supplemented with 2 �g/ml vancomycin (for C.
albicans enumeration) or TSB agar containing 2.5 �g/ml amphotericin B
(for S. aureus enumeration) using the drop plate method; plates were then
incubated at 37°C (28). Following 24 h of growth, colonies were counted
and expressed as the number of CFU/ml.

Regrowth experiments. Regrowth of biofilms after treatment with
EtOH was tested as previously described with adaptations (29). Biofilms
were grown on silicone disks as described above. Various concentrations

Ethanol against C. albicans-S. aureus Biofilms

January 2013 Volume 57 Number 1 aac.asm.org 75

http://aac.asm.org


of EtOH (0%, 10%, 30%, 50%) were added to each disk, and the disks
were incubated for 4 h at 37°C. After washing in PBS, disks were trans-
ferred to sterile 50-ml conical tubes containing 5 ml of YPD supplemented
with 2 �g/ml vancomycin (for disks harboring C. albicans biofilms) or
TSB containing 2.5 �g/ml amphotericin B (for disks harboring S. aureus
biofilms). In order to obtain both C. albicans and S. aureus counts indi-
vidually, polymicrobial biofilms were grown in parallel, so that one bio-
film disk was regrown in YPD containing vancomycin and the other was
regrown in TSB containing amphotericin B. These antimicrobials were
chosen to inhibit the growth of either organism in the nonselective me-
dium because overgrowth of the nontargeted microbe may have con-
founded the results. Samples were sonicated, and the tubes were returned
to 30°C (C. albicans) or 37°C (S. aureus) and incubated with shaking at 200
rpm for 20 h. After incubation, 100-�l aliquots were placed into a 96-well
microtiter plate and the optical density was recorded at 600 nm (OD600).
The numbers of CFU were counted on selective media as described above;
the upper limit of detection was approximately 108 CFU/ml.

Statistics. All experiments were performed in biological triplicate and
repeated a minimum of three times. Biomasses from crystal violet staining
and CFU counts from silicone disks were compared using Student’s t test.
The metabolic activities of the treatment groups were compared to the
controls using one- or two-way analyses of variance (ANOVAs) and Dun-
nett’s multiple-comparison posttest. Differences were considered signifi-
cant at a P value of �0.05. All statistical analyses were performed and
graphs were composed with GraphPad Prism (version 5) or Microsoft
Excel software.

RESULTS
Polymicrobial growth synergistically increases biomass. The
crystal violet assay was used to measure the biomass of monomi-
crobial and polymicrobial biofilms grown on polystyrene plates.
As expected, the biomasses of polymicrobial biofilms were greater
than the biomass of either C. albicans or S. aureus independently
grown as a biofilm. Interestingly, the biomasses of polymicrobial
biofilms were also significantly higher than the additive masses of
the monomicrobial biofilms (Fig. 1). The increased biomass in
polymicrobial biofilms may enhance resistance to catheter lock
therapeutic agents, necessitating an increased dosing or duration
of treatment; therefore, we wished to test this hypothesis further.

Ethanol activity against mono- and dual-species biofilms.
The XTT metabolic activity assay was used to measure the effec-
tiveness of EtOH against monomicrobial and polymicrobial bio-
films over a range of concentrations (5 to 50% EtOH) and end-
points (0.5 to 24 h) (Fig. 2). Both C. albicans (Fig. 2A) and S.
aureus (Fig. 2B) demonstrated similar patterns of killing in con-
centration- and time-dependent manners, with increasing con-

centrations and incubation times resulting in enhanced inhibition
of metabolic activity. Despite demonstrating increased biomass,
treatment of polymicrobial biofilms with the same concentrations
of EtOH resulted in killing profiles similar to those achieved for
monomicrobial biofilms (Fig. 2C). Significant metabolic inhibi-
tion of both mono- and dual-species biofilms compared to the
growth of the controls was demonstrated at nearly all time points
and with nearly all concentrations, except for the lowest EtOH
concentration (5%) at the minimum incubation time tested (0.5
h). The effectiveness of ethanol on growth inhibition of biofilms
was also assessed at 24 h of incubation (Fig. 2D). EtOH signifi-
cantly inhibited the formation of monomicrobial and polymicro-
bial biofilms, demonstrating enhanced efficacy against S. aureus
even at low concentrations. Collectively, these data show that kill-
ing of biofilms can be achieved with �20% EtOH and complete
metabolic inhibition of mature C. albicans and S. aureus mono-
microbial or polymicrobial biofilms can be achieved with �30%
EtOH within a 4-h exposure time.

In order to qualitatively assess killing of biofilms, confocal mi-
croscopy and Live/Dead staining were utilized. Polymicrobial bio-
films were subjected to a series of EtOH concentrations for 2 h
(data not shown) and 4 h of incubation, stained, and examined by
fluorescence microscopy. Similar to the XTT assay data, increased
EtOH concentrations at 4 h of incubation correlated with in-
creased killing by evidence of PI uptake, indicative of membrane
damage (Fig. 3A). A mix of living and dead cells was found when
biofilms were treated with 20% EtOH, but nearly all cells were
positive for PI staining at concentrations of �30%. Zoomed im-
ages and confocal stacks revealed significant killing of C. albicans
with 20% EtOH treatment for 4 h (red), while S. aureus appeared
to be unaffected (green) by EtOH at the same concentration (Fig.
3B). Interestingly, S. aureus could be found enmeshed within the
biofilm of C. albicans and attached to the hyphal filaments, as has
been reported previously (30). Again, EtOH concentrations of
30% or greater appeared to completely kill both microbes.

We also wished to assess biofilm formation on medical-grade
silicone, the same material used for catheter fabrication. Scanning
electron microscopy demonstrated attachment of both C. albicans
(Fig. 4A) and S. aureus (Fig. 4B) to silicone surfaces, with elabo-
ration of extracellular matrix material being indicative of biofilm
formation. C. albicans biofilms covered a large area of the disk
surface, while S. aureus attached in sporadic small microcolonies.
Images of the polymicrobial biofilm revealed numerous staphylo-
cocci attached to the silicone-bound hyphal filaments of C. albi-
cans (Fig. 4C). Differential CFU counts revealed a significant in-
crease in recovery of S. aureus from polymicrobial biofilms
compared to that from monomicrobial biofilms, while C. albicans
counts remained similar under both growth conditions (Fig. 4E).
An uninoculated silicone disk surface devoid of microbial growth
is shown as a reference in Fig. 4D.

Because the physical properties and surface structure of poly-
styrene differ from those of medical-grade silicone catheters,
which may alter biofilm formation efficiency and the subsequent
treatment strategy, metabolic inhibition by EtOH of monomicro-
bial and polymicrobial biofilms grown on silicone disks was also
assessed. The metabolism of C. albicans (Fig. 5A) and S. aureus
(Fig. 5B) monomicrobial biofilms was completely inhibited by
30% EtOH at 2 and 4 h of incubation. Again, polymicrobial bio-
films (Fig. 5C) were inhibited in a strikingly similar manner. Con-
focal microscopy images of biofilms grown on silicone disks were

FIG 1 Polymicrobial biofilm formation leads to synergistic increases in bio-
mass. Monomicrobial and polymicrobial C. albicans (CA) and/or S. aureus
(SA) biofilms were grown on polystyrene plates for 24 h. Biomass was quanti-
fied by the crystal violet method. The biomass of the polymicrobial biofilm was
significantly higher than the additive biomasses of the monomicrobial bio-
films. *, P � 0.05, using Student’s t test.
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similar to those of biofilms grown in Permanox slides, demon-
strating increased killing and PI uptake (red) concordant with
EtOH treatment compared to those for the EtOH-free control
(green) biofilms (Fig. 5D). Therefore, similar to our results from
the polystyrene-grown biofilms, complete killing and metabolic
inhibition of mature C. albicans and S. aureus monomicrobial and
polymicrobial biofilms grown on silicone were achieved with
�30% EtOH within a 4-h exposure time.

Prevention of regrowth by ethanol. Finally, we designed ex-
periments to test the regrowth of C. albicans and S. aureus recov-
ered from monomicrobial or polymicrobial biofilms after treat-
ment with EtOH to optimize the exposure regimen that would
effectively sterilize contaminated catheter surfaces. Mature bio-
films were grown on silicone disks, treated with EtOH at various
concentrations (0, 10, 30, 50%) for 4 h, and then planktonically
cultured in fresh medium containing selective antimicrobials;
EtOH-free controls were also included for comparison. After 24 h
of incubation, culture optical densities were measured and selec-
tive microbiological plating was performed to assess the ability of
biofilms to recover from EtOH treatment. A summary of the data
can be found in Table 1. C. albicans recovered from monomicro-
bial or polymicrobial biofilms demonstrated complete steriliza-
tion when treated with EtOH at concentrations of �30%. These
findings were supportive of those of the XTT assay and the confo-
cal microscopy data reported above. Surprisingly, S. aureus re-
quired treatment with EtOH at concentrations of 50% to com-
pletely sterilize it and prevent regrowth. XTT viability assays or

Live/Dead staining performed as described above would not have
predicted this outcome. While the difference was not statistically
significant (P � 0.15), there was a trend toward increased re-
growth of S. aureus from polymicrobial biofilms compared to that
from monomicrobial biofilms. In summary, on the basis of these
findings, treatment with 50% EtOH for a minimum of 4 h would
be an efficacious lock therapy to inhibit and prevent regrowth of
both C. albicans and S. aureus monomicrobial or polymicrobial
biofilms.

DISCUSSION

The use of preservative, antimicrobial, and/or antiseptic agents
distilled in the lumen of catheters for extended dwell periods to
maintain sterilization is commonly referred to as antimicrobial
lock therapy (ALT) (31). Although the use of ALT as a prophylac-
tic against catheter-related infections has recently been advocated,
it is routinely employed only for the immunocompromised pa-
tient population (32). Prevention of catheter contamination or
salvage of infected catheters could significantly improve sepsis
rates associated with catheter use, increase catheter life span, and
reduce catheter turnover and reinstallation (33); ALT is especially
beneficial for patients who have underlying comorbidities com-
plicating catheter removal or are catheter dependent. Current
guidelines by IDSA suggest the potential use of ALT for treatment
if infection by less virulent organisms (including coagulase-nega-
tive staphylococci) is suspected (14). However, a paucity of infor-

FIG 2 Optimized dosing and time course of activity of ethanol against monomicrobial and polymicrobial biofilms grown on polystyrene. Various concentra-
tions of EtOH were added to preformed monomicrobial (A, B) and polymicrobial (C) biofilms of C. albicans and/or S. aureus for various incubation times. (D)
Initial biofilm inocula were treated with various concentrations of EtOH for 24 h to inhibit growth. Metabolic activity was assessed using the XTT assay, and data
are expressed as the percentage of the value for the untreated controls. Error bars represent SDs. * and # (entire group), P � 0.05, using one-way ANOVA and
Dunnett’s posttest.
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mation and strategies exists for the clinical use of ALT against
fungal or polymicrobial catheter-related infections.

Various in vitro, in vivo, and clinical studies have assessed the
use of ALT as a viable option to potentially sterilize catheter sur-
faces. Similar to this study, we have recently shown that treatment
of mature C. albicans biofilms in vitro with 35% EtOH for 4 h is
sufficient to inhibit metabolic activity and prevent fungal re-
growth (21). Recent findings by Balestrino et al. demonstrated
that eradication of S. aureus in vitro biofilms with an ethanol-
based lock solution required concentrations of �60% for a min-
imum of 30 min of incubation; however, this study did not address
the regrowth of staphylococci after ethanol treatment (34). In vivo
studies utilizing a rabbit model of catheter-mediated biofilm in-
fection performed by Mukherjee et al. showed the susceptibility of
C. albicans to ethanol lock therapy, while staphylococci (including
S. aureus) were inherently resistant to EtOH at doses of 50% (35).
It is important to note that while ALT lasted for 7 days postinfec-
tion, the EtOH dwell time was permitted to be only 30 min per
day. Collectively, these studies further highlight the need for the
standardization of the use of ALT against a variety of pathogens.

The identification of a polymicrobial etiology may carry im-
portant clinical implications for the empirical treatment of infec-
tions. Therefore, we wished to assess the efficacy of ethanol-based

ALT to inhibit and prevent the regrowth of clinically relevant
polymicrobial biofilms composed of C. albicans and S. aureus. We
determined that the metabolism of both monomicrobial and
polymicrobial biofilms grown on polystyrene or catheter analogs
could be significantly inhibited with as little as 10% EtOH but that
concentrations of �20% for at least 2 h were needed to eliminate
detectable metabolic activity (Fig. 2A and B). To our surprise,
despite demonstrating synergistic increases in biomass (Fig. 1),
similar patterns of metabolic inhibition emerged with respect to
EtOH dose and duration, when comparing polymicrobial and
monomicrobial biofilms (Fig. 2C). This finding was unexpected,
because limited studies have shown that bacterial cells within fun-
gal-bacterial biofilms tend to display enhanced drug resistance
(24, 36). In fact, several studies have evaluated the use of antimi-
crobial chemotherapeutic agents (e.g., vancomycin, gentamicin,
cefazolin) as efficacious ALT (37–39). While potentially useful,
the frequency of use and the prolonged instillation of chemother-
apeutic-based catheter lock solutions may lead to increased resis-
tance to these agents by nosocomial pathogens (40). Because eth-
anol’s proposed mechanism of action involves rapid disruption of
membrane function, as evidenced by Live/Dead staining (Fig. 3),
increased antimicrobial resistance by modulation of drug efflux
pumps or via repeated exposure is likely of little concern (41).

FIG 3 Efficacy of ethanol against polymicrobial biofilms. (A) C. albicans-S. aureus polymicrobial biofilms were treated with various concentrations of EtOH for
4 h and stained with Live/Dead reagent. All cells stain green, but only those with compromised membrane integrity stain red. Magnification, �20. (B) Zoomed
images demonstrate the susceptibility of C. albicans to 20% EtOH (red), while S. aureus remains unaffected (green). However, at 30% EtOH, significant killing
of both species is demonstrated. Magnification, �63.
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Coupled with its stability, availability, safety, and low cost, these
attributes make ethanol-based lock solutions an extremely attrac-
tive option for ALT.

We have previously identified the hyphal surface of C. albicans
to be a suitable substratum for the attachment of S. aureus (30).
This phenomenon was further emphasized by confocal micros-
copy (Fig. 3) and scanning electron microscopy (Fig. 4). Mono-
microbial biofilms of S. aureus sporadically colonized the surface
of silicone disks (Fig. 4B); however, numerous clusters of cocci
could be found associated with the hyphae of C. albicans (Fig. 4C).
In fact, the numbers of S. aureus organisms recovered from poly-
microbial biofilms increased approximately 10-fold compared to
the numbers recovered from monomicrobial biofilms, while C.
albicans growth remained nearly identical (Fig. 4E). These find-
ings were strikingly similar to the polymicrobial biofilm growth
on polystyrene previously reported by Harriott and Noverr (36).
Importantly, the authors of that study demonstrated that S. aureus
became encased in the fungal biofilm matrix during polymicrobial
growth, rendering it completely resistant to treatment with van-
comycin. Similar findings have also been reported for Staphylo-
coccus epidermidis (24). Collectively, these findings hold impor-
tant clinical implications, in that C. albicans may serve as a nidus
for enhanced colonization of staphylococci on catheter surfaces.
In fact, a retrospective survey of tertiary-care hospitals conducted
by Klotz et al. reported that up to 20% of C. albicans fungemias
result in synchronous or asynchronous bloodstream infection by
staphylococci (42). Therefore, increased clinical surveillance for
staphylococci or other bacterial contaminants may be warranted if
catheter contamination by C. albicans is suspected.

The most striking results generated from this study came
from experiments assessing the regrowth of microorganisms
after EtOH treatment (Table 1). We specifically chose to assess
regrowth after 4 h of EtOH treatment, as this would be a suit-
able time point for the practical clinical use of ALT in standard
8-h nursing shifts. Data from the XTT assay and Live/Dead
staining on silicone disks suggested that 4 h of exposure to 30%
EtOH should be satisfactory for eradicating biofilm growth
(Fig. 5). However, in order to completely inhibit regrowth
from monomicrobial or polymicrobial biofilms, we found that
30% EtOH was required for C. albicans and, to our surprise,
50% EtOH was required to inhibit S. aureus. These dwell times
determined and EtOH concentrations identified are within ac-
ceptable guidelines for clinical ALT use in humans, pose little
risk for silicone catheter deterioration, and avoid potential
problems of occlusive catheter precipitate (43–47).

Although initially unexpected, the disparity between the vari-
ous metabolic and viability measures used in this study is not
uncommon. XTT assay readings are dependent on cell density, so
cells metabolically active at levels below the threshold of detection
will likely repopulate once the antimicrobial pressure is removed
(48). Furthermore, oxygen-deprived biofilm-embedded organ-
isms located at the basal layer and persisters (metabolically inert
yet viable cells) exhibit inherently reduced or absent levels of met-
abolic activity and therefore may not be detectable by the XTT
assay (49–51). Similarly, while it is a good predictor of cell death,
Live/Dead staining truly assesses only membrane damage. There-
fore, cells able to recover from the ethanol insult will also regrow
in the absence of antimicrobial activity. Findings from the re-

FIG 4 SEM images of monomicrobial and polymicrobial biofilms on silicone disks. Analysis of silicone disk colonization by SEM demonstrated
significant surface attachment by C. albicans (A) and S. aureus (B). (C) The polymicrobial biofilm showed numerous staphylococci attached to the biofilm
components (hyphae and/or extracellular matrix) of C. albicans. (D) An uninoculated control is shown for reference. White boxes, zoomed areas of
interest. Magnification, �1,000. (E) Analysis of the numbers of CFU demonstrated that significantly more S. aureus cells could be recovered from silicone
disks harboring polymicrobial biofilms (poly) than monomicrobial biofilms (mono). Error bars represent SDs. *, P � 0.05, using Student’s t test.
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growth studies revealed that (i) decreased metabolic activity is a
good indicator of microbicidal activity but does not replace the
findings of true growth susceptibility studies and (ii) failure to
completely sterilize the catheter surface will likely result in persis-
tence or relapse of infection.

In summary, ethanol-based lock techniques are an attractive
option for the routine prevention of bloodstream infections and
resolution of infectious complications of catheter use. This study

has defined optimized ethanol concentrations and incubation
times effective against C. albicans and S. aureus monomicrobial
and polymicrobial biofilms to inhibit their metabolic activity and
prevent regrowth in vitro. Importantly, we have demonstrated
that resistance to ethanol is not altered in polymicrobial biofilms
but that the composition of the microbial consortium dictates
resistance to treatment. Crucially, ethanol lock therapy offers
hope for the salvage of infected catheters in critically ill, catheter-

FIG 5 Efficacy of ethanol against biofilms grown on silicone disks. Various concentrations of EtOH were added to preformed monomicrobial C. albicans (A),
monomicrobial S. aureus (B), or polymicrobial (C) biofilms grown on silicone disks for 2 or 4 h. Metabolic activity was assessed using the XTT assay. (D) Disks
colonized with mature biofilms were treated with EtOH for 4 h and then processed and stained with Live/Dead reagent. Treatment with 30% EtOH appeared to
effectively kill all the microorganisms (red), whereas the EtOH-free controls (green) were not killed. Magnification, �20. Error bars represent SDs. *, P � 0.05,
using one-way ANOVA and Dunnett’s posttest.

TABLE 1 Regrowth of biofilms after treatment with ethanola

EtOH
concn (%)

Monomicrobial Polymicrobial

C. albicans S. aureus C. albicans S. aureus

OD600 No. of CFU/ml OD600 No. of CFU/ml OD600 No. of CFU/ml OD600 No. of CFU/ml

0 1.182 � 108 0.266 � 108 1.187 � 108 0.204 � 108

10 0.961 � 108 0.355 � 108 1.006 � 108 0.169 2.6 � 107

30 0.000 0 0.005 1.2 � 106 0.000 0 0.010 3.1 � 106

50 0.000 0 0.000 0 0.000 0 0.000 0
a Mature biofilms were allowed to form on silicone disks overnight. On the following day, disks were treated with EtOH at various concentrations for 4 h. Immediately following
EtOH treatment, the disks were briefly sonicated and cultured in selective liquid medium for 24 h. Optical densities were recorded, and serial dilutions were plated onto selective
medium to quantify microbial regrowth.
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dependent patients. Future in vivo studies are warranted to test the
efficacy of these treatments for their potential use in ALT in the
clinical setting.
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