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ABSTRACT One of the most important clinical obstacles in cystic fibrosis (CF)
treatment is antibiotic treatment failure due to biofilms produced by Pseudomo-
nas aeruginosa. The ability of this pathogen to survive eradication by tobramycin
and pathoadapt into a hyperbiofilm state leading to chronic infections is key to
its success. Retrospective studies have demonstrated that preventing this patho-
adaptation by improving eradication is essential to extend the lives of CF pa-
tients. To identify adjuvants that enhance tobramycin eradication of P. aerugi-
nosa, we performed a high-throughput screen of 6,080 compounds from four
drug-repurposing libraries. We identified that the Food and Drug Administration
(FDA)-approved compound triclosan, in combination with tobramycin, resulted in
a 100-fold reduction of viable cells within biofilms at 6 h, but neither compound
alone had significant antimicrobial activity against biofilms. This synergistic treat-
ment significantly accelerated the killing of biofilms compared to that with tobramy-
cin treatment alone, and the combination was effective against 6/7 CF clinical iso-
lates compared to tobramycin treatment alone, including a tobramycin-resistant
strain. Further, triclosan and tobramycin killed persister cells, causing a 100-fold re-
duction by 8 h and complete eradication by 24 h. Triclosan also enhances tobra-
mycin killing of multiple Burkholderia cenocepacia and Staphylococcus aureus clin-
ical isolates grown as biofilms. Additionally, triclosan showed synergy with other
aminoglycosides, such as gentamicin or streptomycin. Triclosan is a well-tolerated
aminoglycoside adjuvant shown to be safe for human use that could improve the
treatment of biofilm-based infections.
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Cystic fibrosis (CF) is the most common life-shortening genetic disease in Caucasians,
affecting 70,000 people worldwide and over 30,000 people in the United States (1).

Total hospital costs for the treatment of CF patients in the United States are approxi-
mately $1 billion per year, with hospitalizations due to bacterial infections accounting
for the majority of these costs (2–4). CF is caused by a mutation in the cystic fibrosis
transmembrane conductance regulator gene, resulting in either absent or altered
chloride and bicarbonate transport in the lungs and throughout the body (5). In the
lungs, this causes the airway mucus to become thick and dry, blocking the small
airways and creating an environment that is prone to recurrent bacterial infections
(6–8).

By adulthood, the most common pathogen found in the lungs of CF patients is
Pseudomonas aeruginosa (1). Central to this pathogen’s success is its ability to form biofilms,
which are 10 to 1,000 times more resistant to antibiotics, due to a self-produced extracel-
lular polysaccharide (EPS) matrix surrounding the cells (9, 10). In addition, biofilms have a
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greater number of dormant cells, termed “persisters,” which are metabolically inert, making
them tolerant to antimicrobials that target metabolically active processes (11, 12). Finally, P.
aeruginosa can pathoadapt in the lungs of CF patients, often producing a mucoid-type
biofilm that produces a thicker EPS matrix. This matrix slows the diffusion of antibiotics and
reduces their effectiveness (13, 14).

The current Pseudomonas eradication protocol used clinically is 300 mg of aerosol-
ized tobramycin twice a day for 28 days in on/off cycles, reaching mean sputum
concentrations of 737 �g/g of sputum (�1,440 �M per dose) (15). Despite the routine
use of Pseudomonas eradication therapies, by early adulthood, �80% of CF patients are
chronically colonized with P. aeruginosa (16). Numerous retrospective studies have
shown that eradication of transient infections by P. aeruginosa can extend the lives of
CF patients (13, 17). Thus, there is a critical need to identify new agents that target cells
within biofilms and avoid selecting for resistance. One possible strategy is to identify
antiresistance compounds or adjuvants which are effective when combined with
antimicrobials but are not effective on their own (18).

To this end, we performed a high-throughput screen (HTS) to identify adjuvants that
are effective when combined with tobramycin against P. aeruginosa biofilms. From the
HTS, we determined that the nonionic bisphenol triclosan in combination with tobra-
mycin was significantly more effective at killing mature P. aeruginosa biofilms. Triclosan
similarly showed synergy with the aminoglycosides gentamicin and streptomycin. We
also found that the combination more effectively killed biofilms of Burkholderia ceno-
cepacia and Staphylococcus aureus, two bacteria commonly isolated from CF patients,
compared with killing by tobramycin alone. The combination of triclosan with amino-
glycosides significantly enhanced the rate of biofilm killing and led to persister cell
eradication.

Recently, after decades of overuse, the FDA has restricted the use of triclosan in
consumer products due to concerns over bioaccumulation and cross-resistance, but
this decision was driven primarily by a lack of demonstrated efficacy in consumer
products rather than safety concerns. Numerous toxicity studies and the Scientific
Committee on Consumer Safety published by the European Union have found that
triclosan is safe when used appropriately (19–22). To further explore the clinical
potential of triclosan in treating lung infections, we performed an acute and long-term
triclosan toxicity study in rats and show that direct delivery of triclosan to the lungs did
not elicit significant toxicity. Our results suggest that triclosan could provide a potential
new aminoglycoside adjuvant for the treatment of P. aeruginosa biofilms for multiple
indications, including CF, diabetic foot ulcers, and burn wounds (23–25).

RESULTS
Triclosan combined with aminoglycosides results in greater killing of P. aerugi-

nosa biofilms. We developed and carried out an HTS of 6,080 compounds from four
drug-repurposing libraries at the University of Michigan (UM) Center for Chemical
Genomics (CCG) to identify compounds that enhanced tobramycin-induced killing of P.
aeruginosa strain PAO1 biofilms grown on the pegs of a 384-well disposable pin tool.
A concentration of 250 �g/ml tobramycin (�500 �M, 500� the planktonic MIC) was
used, because we found that this concentration had only mild effects on biofilms, as
seen below. Compounds were added at 10 �M, and biofilms were treated for 6 h before
assaying for cell viability using the BacTiter-Glo assay. The average plate Z-factor was
0.6. One hundred eighteen compounds exhibiting �3 standard deviations from the
control and 50% enhancement of biofilm killing were selected as initial hits. The initial
hit rate for the screen was 1.9%, but this rate is likely inflated, as these libraries are
enriched for biologically active molecules, including a number of antibiotics. Dose-
response curves (DRC) for each of these 118 hits were generated in duplicate to
determine the pAC50 (the inverse log10 of 50% activity) and the maximum killing
percentage. This was performed both with and without 250 �g/ml tobramycin. Eighty-
two compounds were considered active, with pAC50 values ranging from 8.4 to 3.4,
showing a 71.3% confirmation rate. Thirty-one of these compounds were also active on
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their own and were given lower priority. As we are interested in targeting new
pathways that are specific to antibiotic tolerance, we decided to focus first on com-
pounds that are only effective in the presence of tobramycin. After removing com-
pounds that contained problematic toxicity groups and exhibited promiscuous activity
in prior HTSs, 26 compounds remained as promising antibiotic adjuvants for further
investigation. Here, we describe our further analysis of one of these 26 compounds,
triclosan.

Triclosan is a broad-spectrum antimicrobial that inhibits the enoyl-acyl carrier
protein reductase FabI to prevent fatty acid synthesis in several bacterial species (Fig.
1) (26, 27). We chose to further characterize triclosan, as it showed significant synergy
with tobramycin. Furthermore, it is known that P. aeruginosa is inherently resistant to
triclosan, making it an intriguing candidate (28–30). Finally, triclosan has been widely
used as an antimicrobial for decades and is still FDA approved to be used in toothpastes
at millimolar concentrations (31).

To determine the antibiofilm activities of triclosan and tobramycin, 24-h PAO1
biofilms were treated for 6 h with 100 �M triclosan and 500 �M tobramycin alone or
in combination. Tobramycin alone resulted in an �2-fold reduction in viable cells
compared to untreated biofilms, and triclosan alone exhibited no killing, but the
combination resulted in an �100-fold reduction in viable cells (Fig. 2). These experi-
ments were performed using the BacTiter-Glo assay to measure ATP in the biofilm, and
in a control experiment, we demonstrated that the luminescence generated by this
assay shows a direct linear relationship with CFUs (see Fig. S1 in the supplemental
material).

We also tested whether triclosan showed synergy with the antipseudomonal ami-
noglycosides gentamicin or streptomycin. Biofilms were treated with either 100 �M
gentamicin or streptomycin alone or in combination with 100 �M triclosan. A concen-
tration of 100 �M was chosen for gentamicin and streptomycin because this concen-
tration results in a 50% reduction in viable cells. After 6 h of treatment, gentamicin
reduced the number of cells by 2-fold, whereas triclosan and gentamicin reduced the
number of cells by 100-fold (Fig. 2). Likewise, streptomycin alone had little effect on the
cells within biofilms, whereas the combination of triclosan and streptomycin reduced
the number of cells by 10-fold.

We also tested if triclosan could enhance several additional antipseudomonal
antibiotics, including third- and fourth-generation carbapenems, which all exhibited
poor activity on their own, and we found that triclosan only showed synergy with
aminoglycosides (Fig. S2).

Triclosan demonstrates synergy with aminoglycosides at multiple concentra-
tions. DRC were performed to determine 50% effective concentrations (EC50s). Biofilms

FIG 1 Molecular structure of triclosan and type II fatty acid synthesis. (A) Chemical structure of triclosan,
2,4,4=-trichloro-2=-hydroxydiphenyl ether. (B) Type II fatty acid synthesis (FASII) pathway. Triclosan is known to
disrupt FASII by inhibiting FabI. However, FabV is more resistant to triclosan. ACP, acyl carrier protein; CoA,
coenzyme A.
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were treated with dilutions of triclosan and each aminoglycoside ranging from 0.390 to
400 �M in triplicate. Tobramycin alone showed modest activity at concentrations
greater than 10 �M, killing approximately 50% of the cells after 6 h of treatment (Fig.
3). However, higher concentrations of tobramycin were less effective. This could be due
to a phenomenon known as adaptive resistance, where aminoglycosides induce anti-
biotic resistance in P. aeruginosa (32, 33). In addition, the paradoxical effects of

FIG 2 Triclosan enhances aminoglycoside killing of 24-h-old biofilms. Twenty-four-hour-old biofilms
grown on minimum biofilm eradication concentration (MBEC) plates were treated for 6 h with 100 �M
triclosan, 500 �M tobramycin, 100 �M gentamicin, or streptomycin, alone and in combination, and the
number of viable cells within the biofilms was quantified using the BacTiter-Glo assay. The assay was
performed at least three times in triplicate. The results represent the means � the standard error of the
mean (SEM). A one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison
post hoc test was used to determine statistical significance compared to each aminoglycoside alone
(*, P � 0.05).

FIG 3 Triclosan enhances tobramycin killing at multiple concentrations. Twenty-four-hour-old biofilms
grown on MBEC plates were treated for 6 h with 2-fold dilutions of equal concentrations of triclosan,
tobramycin, and triclosan combined with tobramycin, and the number of viable cells within the biofilms
was quantified using the BacTiter-Glo assay. The assay was performed at least three times in triplicate.
The results represent the means � the SEM.
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aminoglycosides in which higher concentrations of aminoglycosides are less effective
than lower concentrations have previously been reported (34). Triclosan alone did not
exhibit activity at any concentration tested. In contrast, the combination of triclosan
and tobramycin increased biofilm killing at concentrations between 25 and 400 �M,
with maximum activity at 400 �M, demonstrating 100-fold more activity than that of
tobramycin alone. Like tobramycin, gentamicin or streptomycin treatment alone ex-
hibited modest killing activity against biofilms that decreased at increasing concentra-
tions (Fig. S3). Triclosan combined with streptomycin or gentamicin at higher concen-
trations led to an �100-fold reduction in cells. The EC50s for biofilm killing by these
three combinations were between 20 and 30 �M (Table 1). The EC50 for tobramycin and
gentamicin with triclosan showed wide variation, with 95% confidence intervals (95%
CIs) of 7.65 to 83.78 �M and 12.08 to 44.02 �M, respectively, whereas streptomycin had
a 95% CI of 24.5 to 34.31 �M. We attribute this greater variability in response to
tobramycin and gentamicin with triclosan due to the paradoxical effect of these
antibiotics exhibiting decreased activity at higher concentrations, which was not
observed for streptomycin (Fig. 3 and S3) (34).

Checkerboard dilution experiments were performed to determine the lowest pos-
sible combinations of tobramycin and triclosan that resulted in �1 log10 killing (Fig. 4).
Biofilms were treated with dilutions of triclosan ranging from 12.5 to 100 �M in
triplicate, and tobramycin ranging from 66 to 534 �M in triplicate. Triclosan at 50 �M
with 66 to 534 �M tobramycin and 25 �M triclosan combined with 534 or 267 �M
tobramycin resulted in significant killing of the biofilms (Fig. S4). Tobramycin held
constant at a concentration of 66 �M combined with triclosan from 1.5 to 400 �M
showed that triclosan demonstrated synergy with tobramycin at any concentration
greater than 12.5 �M (Fig. S5).

TABLE 1 EC50 values for aminoglycoside combinationsa

Antibiotic Adjuvant EC50 (�M) 95% confidence interval (�M)

Tobramycin Triclosan 20.50 7.65–83.78
Gentamicin Triclosan 23.06 12.08–44.02
Streptomycin Triclosan 28.96 24.45–34.31
aEC50 values were calculated using Prism version 5. Log10 (inhibitor) versus response–variable slope (four
parameters) analyses were performed. EC50 values for aminoglycoside alone were not constructed, because
no curve was established due to their ineffectiveness against biofilms.

FIG 4 Triclosan enhances low concentrations of tobramycin. Twenty-four-hour-old biofilms grown on
MBEC plates were treated for 6 h with checkerboard dilutions of triclosan combined with tobramycin.
Numbers of viable cells within the biofilms were quantified using the BacTiter-Glo assay. The assay was
performed at least three times in triplicate, and the mean is shown.
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Planktonic MICs of tobramycin, gentamicin, or streptomycin are not changed
when used in combination with triclosan. We wondered if the synergy of triclosan
with aminoglycosides was specific to biofilm-growing cells. We therefore determined
the MICs of the combinations against planktonically grown cells. Surprisingly, we found
that triclosan combined with tobramycin, gentamicin, or streptomycin did not impact
the planktonic MIC of the aminoglycosides to kill P. aeruginosa. This suggests that
triclosan and these aminoglycosides only function synergistically against biofilm-
growing bacteria.

Triclosan combined with aminoglycosides accelerated killing of biofilm cells.
Time-kill assays were performed to determine the rate of killing of 100 �M triclosan, 500
�M tobramycin, or the combination of the two. Triclosan was ineffective alone, whereas
tobramycin increased ATP concentrations and or cell numbers in the biofilm at 2 and
4 h (Fig. 5). This may be due to a stress response initiated by bacteria experiencing
antimicrobial toxicity (35). Triclosan combined with tobramycin resulted in a shorter
onset of action, with killing observed at 2 h compared to 6 h for tobramycin alone (Fig.
5). In addition, the combination exhibited killing at 2 h that was similar to that observed
for tobramycin alone at 8 h and reduced the number of cells within the biofilm by over
100-fold at 4 h compared to tobramycin alone (Fig. 5). Analogous experiments were
repeated with streptomycin and gentamicin, with similar outcomes (Fig. S6).

Triclosan and tobramycin effectively kill biofilms of CF clinical isolates. We
examined triclosan and tobramycin activities against seven P. aeruginosa clinical iso-
lates that were collected from patients at the Michigan State University (MSU) or the
University of Washington CF Clinic. Importantly, two clinical isolates, AMT0023_30 and
AMT0023_34, were isolated from the same patient at 6 months or 8 years of age. In
addition, clinical isolates CF110_N and CF110_O were isolated longitudinally from
the same patient 3 months apart (Table 2). Using isolates collected from the same
patient at different times allowed us to test the activities of triclosan and tobra-
mycin against P. aeruginosa isolates unsuccessfully exposed to eradication therapies
using tobramycin.

Triclosan at 100 �M combined with 500 �M tobramycin resulted in significantly
greater killing of 6/7 P. aeruginosa clinical isolates compared to tobramycin treatment

FIG 5 Triclosan enhances the onset and maximum efficacy of tobramycin. Twenty-four-hour-old
biofilms grown on MBEC plates were treated with triclosan (100 �M) tobramycin (500 �M), or a
combination of the two. At 0, 2, 4, 6, and 8 h, the numbers of viable cells within the biofilms were
determined using the BacTiter-Glo assay. The assay was performed at least three times in triplicate.
The results represent means � the SEM.
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alone (Fig. 6). Strain 300_A without any treatment formed minimal biofilms that were
barely above the limit of detection of our assay (103 log luminescence). However,
treatment with tobramycin led to a 50-fold increase in the biofilm. The combination of
tobramycin and triclosan reduced biofilm formation of this strain to background levels,
indicating that the combination therapy is much more effective than tobramycin alone.
Importantly, the combination of triclosan and tobramycin was effective against the
tobramycin-resistant strain AMT023_34. This clinical isolate has mutations in the mexZ
repressor causing increased expression of the MexXY-OpRM multidrug efflux pump that

TABLE 2 Bacterial strains used in this study

Strain Characteristicsa

Source or
referenceb

PAO1 Standard reference strain, isolated in 1954 (64) Martha Mulks
Tn::fabI ISlacZ/hah 38
AMT0023_30 Early isolate, 6 mo 65
AMT0023_34 Late isolate, 8 yr 65
CF_115_J P. aeruginosa clinical CF isolate, Michigan Martha Mulks
CF_110_N P. aeruginosa clinical CF isolate, Michigan Martha Mulks
CF_110_O P. aeruginosa clinical CF isolate, Michigan Martha Mulks
CF_131_M P. aeruginosa clinical CF isolate, Michigan Martha Mulks
CF_300_A P. aeruginosa clinical CF isolate, Michigan Martha Mulks
AU1054 BCC clinical CF isolate, USA J. J. LiPuma
PC184 BCC clinical CF isolate, Cleveland Ohio J. J. LiPuma
AU2289 BCC clinical CF isolate, Michigan J. J. LiPuma
H12424 Soil, onion field, New York J. J. LiPuma
J2315 BCC clinical CF isolate, Edinburgh, UK J. J. LiPuma
USA_300_JE2 MRSA, wound, California 61
COL MRSA, Colindale Hospital, England 61
Newman (25904) MSSA, wound, endocarditis Neal Hammer ATCC
Wichita (29213) MSSA, better biofilm former ATCC
aBCC, Burkholderia cenocepacia complex; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-
sensitive Staphylococcus aureus; ATCC, American Tissue Type Collection.

bJ. J. LiPuma, U.S. Burkholderia cenocepacia Research Laboratory and Repository, UM, Ann Arbor, MI.

FIG 6 Tobramycin and triclosan are effective against P. aeruginosa CF isolates. Twenty-four-hour-old biofilms
grown on MBEC plates were treated with triclosan (100 �M,) tobramycin (500 �M), or a combination of the
two for 6 h. The numbers of viable cells within the biofilms were quantified using the BacTiter-Glo assay. The
assay was performed at least three times in triplicate. The results represent means � the SEM. A one-way
ANOVA followed by Bonferroni’s multiple comparison post hoc test was used to determine statistical
significance compared to tobramycin alone (*, P � 0.05). NS, not significant.
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transports tobramycin and in the mutS gene, resulting in a hypermutator state. More-
over, this strain produces persister cells at an increased frequency (36).

As CF infections are polymicrobial, we assessed the activities of triclosan, tobramy-
cin, and the combination of the two against other bacterial pathogens associated with
CF. We first assessed the activity against five Burkholderia cenocepacia complex isolates,
with four CF clinical isolates and one environmental isolate (Fig. S7). Two of the strains
formed robust biofilms under our conditions, and the combination reduced viable cells
�1,000-fold compared to tobramycin alone. In the other three isolates, which all poorly
formed biofilms, the combination reduced viable cells in two of them, although this
difference was not statistically significant, mainly due to the luminescence values being
near the limit of detection for our assay. We also assessed activity against four strains
of Staphylococcus aureus. Each of these strains increased biofilms in response to
tobramycin, but all were sensitive to triclosan alone and the combination; however,
most of the activity in the combination appeared to be driven primarily by triclosan
(Fig. S8). This is expected, because S. aureus contains only fabI, which is known to be
sensitive to triclosan (37).

Triclosan combined with aminoglycosides does not increase dispersal of P.
aeruginosa biofilms. We examined whether triclosan combined with tobramycin,
gentamicin, or streptomycin dispersed P. aeruginosa PAO1 biofilms grown under static
conditions by staining biofilm biomass with crystal violet. Biofilms were treated for 6 h
with 100 �M triclosan alone or 100 �M triclosan with gentamicin, streptomycin, or 500
�M tobramycin in combination. Triclosan treatment alone had no significant effect,
while all three aminoglycosides caused significant biofilm dispersal. However, triclosan
combined with the aminoglycosides did not significantly increase biofilm dispersal
versus that with the aminoglycoside alone (Fig. 7A).

To further evaluate the effects of tobramycin and triclosan on biofilm dispersal, we
evaluated biofilms formed under flow conditions for 24 h treated for 6 h with 100 �M
triclosan, 500 �M tobramycin, or a combination of the two. Following treatment, cells
were stained with SYTO9 and propidium iodide to measure live (green) and dead (red)
cells, respectively. We found that tobramycin or triclosan treatment alone did not
promote cell killing. While the combination did not significantly disperse the biofilm, it
did elicit increased cell death (Fig. 7B).

FIG 7 Aminoglycosides combined with triclosan do not increase biofilm dispersal. (A) Twenty-four-hour-old biofilms grown on MBEC plates were treated with
triclosan (100 �M), tobramycin (500 �M), gentamicin (100 �M), or streptomycin (100 �M), alone and in combination. The effect on biofilm biomass was
quantified by staining with crystal violet. The experiment was performed at least five times in triplicate. The results represent the means � SEM. A one-way
ANOVA followed by Dunnett’s multiple-comparison post hoc test was used to determine statistical significance compared to no treatment (*, P � 0.05). NS,
not significant. (B) Twenty-four-hour-old biofilms grown in flow cells were treated with triclosan (100 �M), tobramycin (524 �M), or the combination for 6 h.
Live cells are stained green, and dead cells are stained red. Representative images are shown: no treatment (top left quadrant), tobramycin alone (top right
quadrant), triclosan alone (lower left quadrant), and a combination (lower right quadrant). Insets are shown for the live channel (A2, B2, C2, and D2) and for
the dead channel (A3, B3, C3, and D3) for each condition.
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FabI inhibition by triclosan is not responsible for synergy. To determine if
triclosan-induced inhibition of FabI accounts for the observed synergy, we measured
the activities of triclosan and tobramycin against biofilms of a FabI-deficient strain
(Tn::fabI mutant), which has a ISlacZ/hah transposon inserted in the FabI gene (38). If
the synergistic activity of triclosan is solely due to FabI inhibition, we would expect the
fabI transposon mutant to be sensitive to tobramycin alone in the absence of triclosan.
Biofilms were treated with 100 �M triclosan alone or 100 �M triclosan with gentamicin,
streptomycin, or 500 �M tobramycin in combination for 6 h. Contrary to our expecta-
tion, biofilms of the fabI transposon mutant did not exhibit increased sensitivity to
aminoglycosides, and triclosan continued to significantly enhance tobramycin, genta-
micin, and streptomycin killing of biofilms even when FabI was not present (Fig. 8A). In
addition, the activity of triclocarban, which is a triclosan analog and is thought to also
inhibit FabI (39, 40), did not enhance tobramycin activity against biofilms (Fig. 8B).

Triclosan and tobramycin kill persister cells. We hypothesized that the combi-
nation therapy of triclosan and tobramycin may enhance killing by targeting persister
cell populations within biofilms. Persister cells are dormant nongrowing cells that are
recalcitrant to antimicrobial therapy (41). We examined the ability of the combination
of triclosan and tobramycin to kill P. aeruginosa PAO1 persister cells by performing a
time-kill assay on 20-h-old stationary cells, which are enriched for persister cells (42). We
found that the combination of triclosan and tobramycin significantly enhanced per-
sister cell killing compared to that with either antimicrobial alone (Fig. 9). By 8 h, the
combination resulted in an �100-fold reduction in persister cells compared with that
with tobramycin alone, and the classic persister biphasic killing pattern was not
observed. At 24 h, the combination exhibited a 6-log10 increase in killing versus that
with tobramycin alone, and viable cells could not be recovered (�10 CFU/ml).

Intratracheal administration of triclosan to the lungs of rats exhibits mild
clinical symptoms. As there are limited data regarding the toxicity of triclosan deliv-
ered directly to the lungs, we performed 1-day acute-exposure and a 7-day repeated-
exposure rat toxicity studies. In the 1-day acute-exposure study, triclosan concentra-
tions of 10, 30, 100, 300, and 1,000 �g/kg of body weight were delivered by transoral
intratracheal installation into the lungs of Sprague-Dawley rats, and 24 h following
treatment, the animals were sacrificed for analysis. For reference, �10 �g/ml corre-
sponds to the effective dose that we determined in vitro. Overall, both complete blood

FIG 8 FabI inhibition by triclosan is not responsible for the synergy. (A) Twenty-four-hour-old biofilms grown on MBEC plates by a FabI P. aeruginosa-deficient
strain (Tn::fabI mutant) were treated for 6 h with triclosan (100 �M), tobramycin (500 �M), gentamicin (100 �M), or streptomycin (100 �M), alone and in
combination. (B) Twenty-four-hour-old biofilms grown on MBEC plates by PAO1 were treated for 6 h with triclocarban (100 �M) or tobramycin (500 �M), alone
or in combination. The number of viable cells within the biofilms were quantified using the BacTiter-Glo assay. The assay was performed at least three times
in triplicate. The results represent means � the SEM. A one-way ANOVA followed by Bonferroni’s multiple-comparison post hoc test was used to determine
statistical significance compared to tobramycin alone (*, P � 0.05). NS, not significant.
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count (CBC) and serum chemistry analyses for triclosan-treated animals were within the
reference ranges, with the exception of neutropenia observed at the highest triclosan
dose of 1,000 �g/kg. The concentration of triclosan in plasma was assessed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), and triclosan was not de-
tected in any animal, suggesting limited to no systemic absorption. Histopathology
assessment revealed mild perivascular edema within adventitia around pulmonary
veins and mild type II pneumocyte hyperplasia. In general, pathological changes were
mild and may not be sufficiently severe to present clinical signs.

In the repeated-exposure toxicity study, doses of 30, 100, and 300 �g/kg triclosan
were administered by intratracheal instillation consecutively for 7 days. We found no
significant difference in body weights of the treated rats compared to those of the
controls. CBC and serum chemistry analyses for triclosan-treated animals were within
reference ranges. At the conclusion of the study, blood was analyzed for triclosan by
LC-MS/MS. Triclosan was below the limit of detection of our assay in each sample
tested, again indicating limited to no systemic absorption despite repeated exposures.
The histopathology assessment revealed perivascular edema, with severity correlating
with increasing doses of triclosan. The overall histopathology assessment concluded
that the observed triclosan-dependent changes were mild and of insufficient severity to
present clinical signs.

DISCUSSION

The development of antibiotic adjuvants or antiresistance compounds that are
effective when combined with antibiotics but have no effect on their own is an
attractive strategy for new therapies to treat problematic bacterial infections (18).
Further, drug repurposing or repositioning affords many benefits, including reduced
costs and accelerated deployment (43–45). We identified triclosan as a promising lead
to enhance aminoglycoside killing of P. aeruginosa biofilms. Triclosan exhibited no
activity on its own, which should delay the development of resistance, while demon-
strating activity with the greatest number of antipseudomonal aminoglycoside antibi-
otics, showing broad-spectrum augmentation. Together, these results demonstrate that
triclosan is a viable lead for further research.

FIG 9 Tobramycin combined with triclosan kills persister cells. Twenty-hour-old stationary-phase cells
were treated with triclosan (100 �M) or tobramycin (50 �M), alone and in combination, for 6 h. At 0, 2,
4, 6, 8, and 24 h, aliquots were taken for enumeration (CFU per milliliter). The experiment was performed
three times in triplicate. The results represent means � the SEM.
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Triclosan has been used for the past 3 decades as a general antimicrobial and
antifungal in toothpaste and plastics (31). Because of decades of overuse, the FDA has
recently restricted the use of triclosan mainly due to concerns over bioaccumulation
and the potential for induction of resistance to other antibiotics in bacteria. Impor-
tantly, in these rulings, the FDA declared that there was not enough evidence to
consider triclosan a generally recognized as safe (GRAS) compound, but it did not
otherwise address potential toxicity. However, numerous safety studies have concluded
that triclosan has acceptable safety parameters when administered to humans. For
example, a 4-year study on humans found that routine use of toothpaste containing
0.3% triclosan, as is found in Colgate Total (Colgate-Palmolive Company), had no
adverse effects on the endocrine system (19). Importantly, this is 333� the concentra-
tion of triclosan that is effective at enhancing aminoglycoside activity. A second study
evaluated the accumulation of triclosan in humans via exposure to consumer products
and also found no adverse health outcomes (20). Furthermore, in a human safety study
totaling 1,246 participants who used toothpaste and mouthwash containing up to 0.6%
triclosan for up to 12 weeks, no adverse effects were found (21). Finally, the Scientific
Committee of Consumer Products of the European Union recently released a compre-
hensive report that summarized hundreds of triclosan toxicity studies, including human
oral dose toxicity studies (22). The toxicity level for the majority of the studies is �50
mg/kg of body weight, again orders of magnitude higher than the effective dose we
report in our work. Together, these studies show that triclosan is safe when used
appropriately.

Triclosan has been used routinely in consumer products, raising the specter of
cross-resistance. Interestingly, cross-resistance studies have been inconclusive. Several
studies have shown that even prolonged exposure to triclosan does not lead to
cross-resistance (46). Furthermore, comprehensive environmental surveys have found
no association between triclosan and resistance in the environment (31). Nevertheless,
the potential for cross-resistance remains, and triclosan should only be used for
appropriate applications.

We envision the use of triclosan at a low concentration, �30 �M, in combination
with tobramycin or other aminoglycosides, as an inhaled aerosolized solution into the
lungs of CF patients. This route of administration provides many benefits, including
fewer side effects, due to reduced systemic absorption, and enhanced activity, due to
direct delivery to the lungs (47, 48). To further assess triclosan toxicity when adminis-
tered to the lungs, we performed both single and repeated intratracheal instillation
toxicity studies on Sprague-Dawley rats using concentrations up to 1,000 �g/kg
triclosan and found only mild clinical symptoms, with little significant change to lung
histology or blood chemistry. Furthermore, we developed a sensitive LC-MS/MS assay
for triclosan, and no triclosan was detected in the blood when administered to the lung,
indicating little systemic absorption (limit of detection, 300 ng/ml). Although more
toxicity studies are needed, the safety profile of triclosan suggests that it is a worthy
candidate for further exploration.

P. aeruginosa is also responsible for a number of other infections, including non-
healing chronic wounds, such as diabetic foot ulcers and burns (23–25). These wounds
are often multispecies infections consisting of both Gram-negative and Gram-positive
bacteria. We have found that triclosan in combination with tobramycin and alone is
effective at killing B. cenocepacia and S. aureus biofilms, indicating this combination
could target both Gram-negative and Gram-positive pathogens. Both P. aeruginosa and
S. aureus infect chronic nonhealing wounds; thus, this combination of triclosan with
aminoglycosides might more effectively treat these infections (24).

Triclosan is an inhibitor of the enoyl-acyl carrier protein reductase FabI, corrupting
fatty acid synthesis (Fig. 1) (26, 27). Intriguingly, P. aeruginosa is inherently resistant to
triclosan due to three resistance mechanisms: (i) slowed diffusion through the outer
membrane (OM), (ii) a triclosan-specific efflux pump, and (iii) a triclosan-resistant
enoyl-acyl carrier, FabV (28–30). We hypothesize that aminoglycosides may first disrupt
the OM creating fissures by “self-promoted uptake,” allowing triclosan to readily enter
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the cell bypassing the first two resistance mechanisms, potentially reaching concen-
trations that overcome FabV resistance (49, 50). Additional publications support this
hypothesis, finding that triclosan is able to cause cell death in an efflux pump mutant,
despite the presence of FabV (29). In fact, Neckles and colleagues found that FabV
could be inhibited by micromolar concentrations of triclosan and diphenyl ethers (51).
In addition, our data suggest that FabI is not the sole target of triclosan, given that the
combination remains effective against a FabI-deficient strain (Fig. 8A). Moreover, our
results suggests a biofilm-specific mechanism of action. This is a curious observation
and highlights the genetic and phenotypic differences between planktonic cells and
cells within biofilms (52). The mechanism of action of this combination is under
investigation.

Persister cells represent a major tolerance mechanism in biofilms and are respon-
sible for recurrent infections due to their ability to regrow and reform biofilms once
antimicrobial levels drop or therapies are ended. Moreover, high-persister-cell mutants
are often isolated from CF patients (36). For this reason, it is important to develop
therapies that effectively target these dormant cells (53). There are currently few
treatments that eradicate persister cells, and thus, the combination of triclosan with
aminoglycosides is a significant advance. Understanding the mechanism by which this
combination kills persister cells could identify new therapeutic targets.

We report that triclosan, combined with three commonly used antipseudomonal
aminoglycosides, killed highly tolerant and tobramycin-resistant P. aeruginosa biofilms.
Our results show that the combination increases both the rate and degree of killing of
cells within P. aeruginosa biofilms, which has important clinical implications for the
treatment of biofilm infections in CF patients. Moreover, killing activity against a variety
of CF P. aeruginosa clinical isolates, including tobramycin-resistant isolates, further
suggests clinical potential for the treatment of lung infections in CF patients. Impor-
tantly, we found that significantly lower concentrations of tobramycin can be used
when combined with triclosan for maximum efficacy. This reduction in aminoglycosides
would have significant benefits, as these antimicrobials are known to be nephrotoxic
and ototoxic, especially in CF patients who receive high doses throughout their lives
(54, 55).

The repositioning of drugs for use in humans has a history of past success. A notable
example is ivermectin, originally used for livestock, as it has since been repurposed for
head lice, scabies, and river blindness, among several other uses (56). The use of
triclosan as an aminoglycoside adjuvant against biofilms could represent a viable
option for treating biofilm-based infections.

MATERIALS AND METHODS
Bacterial strains, culture conditions, antibiotics, and compounds. The strains used in this study

are listed in Table 2. Unless stated, bacterial strains were grown in 8-ml glass test tubes (18 by 150 mm)
at 35°C in cation-adjusted Mueller-Hinton broth II (MHB; Sigma-Aldrich) with agitation at 210 rpm.
Biofilms were grown using the minimum biofilm eradication concentration (MBEC) assay (Innovotech), as
previously described (57). For MBEC experiments, 1 ml of the culture was pelleted and washed three
times in 10% MHB in Dulbecco’s phosphate-buffered saline with magnesium and calcium (DPBS;
Sigma-Aldrich) and diluted to an optical density at 600 nm (OD600) of 0.001. Ten percent MHB was used
to slow bacterial growth and avoid the rapid exhaustion of nutrients that occurs when using more-
nutrient-rich media. Diluted culture at a concentration of 160 �l/well was seeded into a 96-well MBEC
plate and incubated for 24 h at 35°C in a humidified chamber with agitation at 150 rpm. Twenty-four-
hour-old biofilms grown on the peg lid were then transferred to a 96-well plate filled with DPBS and
washed for 5 min to remove nonadherent cells before being assayed. Bacteria were plated on Dey-Engley
neutralizing agar plates (DEA), which neutralize the activities of disinfectants and antiseptics (Sigma-
Aldrich), or on tryptic soy agar plates (TSA; Sigma-Aldrich). Antimicrobial activity was neutralized using
Dey-Engley (D/E) medium before plating. All antibiotics were obtained from Sigma-Aldrich. Tobramycin
sulfate, gentamicin sulfate, and streptomycin sulfate were dissolved in autoclaved deionized water and
filter sterilized using 0.22-�m-pore-size filter membranes (Thomas Scientific). Triclosan (2,4,4=-trichloro-
2=-hydroxydiphenyl ether) and triclocarban [1-(4-chlorophenyl)-3-(3,4-dichlorophenyl)urea] were dis-
solved in 100% ethanol. For this study, all susceptibility testing was performed in 1% MHB diluted in
DPBS to prevent further growth.

BacTiter-Glo assay calibration curve. The BacTiter-Glo microbial cell viability assay (Promega) is a
bioluminescent assay that determines the number of viable cells present based on a quantification of
ATP concentration, as previously described (58, 59). To confirm that the BacTiter-Glo assay can be used
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to reliably determine the number of cells, a calibration curve was performed. One milliliter of a 16-h
overnight culture of P. aeruginosa PAO1 was washed three times and diluted 2-fold in a black 96-well
ViewPlate (PerkinElmer) with 1% MHB. Aliquots were taken from each dilution series for CFU enumer-
ation on TSA. The BacTiter-Glo assay was then performed according to the manufacturer’s specifications
to enumerate cell viability. The plate was incubated using the BacTiter-Glo assay for 5 min, and then the
luminescence per well was measured using an EnVision multilabel plate reader (PerkinElmer, Waltham,
MA). Data were plotted as the average luminescence for each dilution series in triplicate versus the
average CFU per milliliter for each dilution series in triplicate. We derived a coefficient of determination
(r2 � 0.9884) for luminescence versus CFU per milliliter using a linear regression (Fig. S1) and determined
that the limit of detection for the BacTiter-Glo assay was 1,000 CFU/ml.

High-throughput screen. We screened 6,080 compounds from the Prestwick (Prestwick Chemical),
MS2400 (Spectrum Collection), LOPAC1280 (Sigma-Aldrich), and Focused Collections libraries at the
University of Michigan (UM) Center for Chemical Genomics (CCG). An overnight culture was prepared as
described above, 30 �l/well was seeded into a 384-well plate (Corning), and a 384-pin tool (Scinomix)
was inserted. The plate-pin combination was incubated for 18 h at 37°C in a humidified chamber without
agitation. The pin tool was then transferred to a plate filled with 40 �l/well DPBS to remove nonadherent
cells and debris and then transferred to a 384-well plate filled with 40 �l/well compounds alone,
compounds with tobramycin, or sterile medium. Compounds were used at a concentration of 10 �M in
1% MHB. Tobramycin was used at a concentration of 250 �g/ml (�500 �M, 500� the MIC) in 1% MHB.
A concentration of 250 �g/ml tobramycin was chosen because it leads to �50% killing of the biofilm, as
described below. Compounds were dissolved in dimethyl sulfoxide (DMSO). Polymyxin B was used as a
positive control at 10 �g/ml, and 1% DMSO was used as a negative control. After 6 h of static treatment
at 37°C, the pin tool was washed in a 384-well plate filled with 40 �l/well DPBS for 5 min to reduce the
carryover of various treatments. Then, the pin tool was transferred to a 384-white well plate (Greiner) to
prevent luminescence cross talk, filled with 40 �l/well BacTiter-Glo (25% [vol/vol] in DPBS) for 5 min to
enumerate cell viability, and the luminescence per peg was measured using a EnVision multilabel plate
reader. Luminescence data were plotted as % reduction calculated as ([untreated luminescence �
treated luminescence]/untreated luminescence) � 100.

Biofilm susceptibility testing using BacTiter-Glo assay. Twenty-four-hour-old biofilms formed on
the lid of an MBEC plate were transferred to the 96-well plate in which the dilutions had been made and
incubated for 6 h at 35°C without agitation. The MBEC lid was washed for 5 min in DPBS to reduce
carryover and transferred to a black 96-well ViewPlate filled with 160 �l/well 25% BacTiter-Glo to
enumerate cell viability, as described above. Data were plotted as the average luminescence for each
condition tested in triplicate. Dose-response curves (DRC), time-kill curves, and checkerboard experi-
ments were performed similarly.

MIC. MICs were determined using the broth microdilution technique (60). Microdilutions of each
aminoglycoside and triclosan were made in a 96-well plate. Cells were added at a concentration of �1 �
106 CFU/ml. The plates were then incubated for 24 h at 35°C in a humidified chamber with agitation at
150 rpm. After the 24-h incubation, the absorbance at 595 nm was measured using a SpectraMax M5
microplate spectrophotometer system (Molecular Devices Sunnyvale, CA). MIC breakpoints were chosen
as the minimum concentration in which no turbidity greater than background was measured.

Crystal violet staining. To study biofilm dispersal under static conditions, crystal violet staining was
performed as previously described (61). Twenty-four-hour-old biofilms formed on MBEC plates, as
described above, were stained with 0.41% crystal violet solubilized in 12% ethanol in a 96-well plate
following 6 h of treatment.

Flow cell assays. To study biofilm dispersal under flow conditions, biofilms were grown in disposable
flow cells (Stovall Life Science, Greensboro, NC), as previously described (62). Briefly, the inlet side of the
flow cell was connected to a reservoir filled with 10% MHB, and the outlet side was connected to a waste
reservoir. Each flow cell was injected with 0.5 ml of a 16-h overnight culture, and the chamber was
incubated at 37°C for 1 h in 100% MHB. The flow was then resumed at a rate of 0.2 ml/min. After 24 h,
biofilms were treated for 6 h with triclosan and tobramycin or with either compound alone. Biofilms were
then stained with the LIVE/DEAD cell viability assay using SYTO9 and propidium iodide dyes (Thermo
Fisher Scientific).

Persister enrichment and killing assays. To determine the effects of triclosan combined with
tobramycin on persister cells, planktonic stationary-phase cultures were used as previously described
(63). Cultures were grown for 20 h and 100 �l/well cells were dispersed in a 96-well plate. Treatments
were added, and the plate was incubated at 37°C without agitation. At 2, 4, 6, 8, and 24 h, 30-�l aliquots
were serially diluted and plated on DEA, and the CFU were enumerated. The dilutions that contained 3
to 30 colonies per 10 �l were counted. Eradication was recorded if there were no colonies found in the
drop plating in triplicate of a 1 � 10�10 dilution, and thus, the limit of detection for this assay is 10
CFU/ml.

Triclosan toxicity studies. Both the 1-day acute-toxicity study and 7-day repeated-exposure toxicity
studies were performed in collaboration with the Michigan State University In Vivo Pharmacology Facility.

(i) One-day acute study. Sprague-Dawley rats were anesthetized with isoflurane and received
treatments by transoral intratracheal instillation. A control group (n � 4) received 1% DMSO in sterile
saline. Dosing groups received triclosan at 10, 30, 100, 300, or 1,000 �g/kg, at n � 3 per each dosing.
Twenty-four hours after dosing, �2 ml blood was collected under isoflurane anesthesia, and the animals
were subsequently euthanized. Blood samples were transferred to tubes containing dipotassium EDTA
(K2-EDTA) to prevent clotting or to serum separator tubes for complete blood count (CBC), quantifying
systemic triclosan absorption using liquid chromatography-tandem mass spectrometry (LC-MS/MS), and
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subjected to clinical chemistry evaluation. Lungs were collected en bloc, weighed, and inflation fixed in
10% formalin. The left lung was processed using standard hematoxylin and eosin (H&E) staining.
Microscopic evaluations of the lungs underwent blind examination by the Department of Pathobiology
and Diagnostic Investigation at MSU by a board-certified veterinary pathologist. Using GraphPad Prism
6.04, statistical analysis of body weight, organ weights, CBC, and clinical chemistry results were compared
by a Kruskal-Wallis one-way analysis of variance, followed by post hoc testing using Dunn’s multiple-
comparison test.

(ii) Seven-day repeated-exposure study. Sprague-Dawley rats were administered vehicle or tri-
closan at 30, 100, or 300 �g/kg via transoral intratracheal instillation daily for 7 consecutive days (n �
5). Rats were weighed prior to dosing on day 1 and on day 7. On day 7, �1.5 h after dosing, �2 ml blood
was collected. Blood samples were processed as described above. Lungs were collected en bloc and
processed, evaluated, and analyzed as described above.

Mass spectrometry quantification of triclosan in serum. Serum samples were filtered through a
0.45-�m-pore-size syringe filter (Titan3 polyvinylidene difluoride [PVDF]; Thermo Scientific) using a 1-ml
syringe (BD) into a glass insert (Agilent Technologies) of a 2-ml clear MS vial (Restek). Samples were
analyzed for triclosan via LC-MS/MS on a Quattro Premier XE mass spectrometer (Waters) coupled with
an Acquity ultraperformance LC (UPLC) system (Waters). Triclosan was detected using electrospray
ionization using multiple-reaction monitoring in negative-ion mode at m/z 286.94¡35.00. The MS
parameters were as follows: capillary voltage, 3.5 kV; cone voltage, 35 V; collision energy, 25 V; source
temperature, 120°C; desolvation temperature, 350°C; cone gas flow (nitrogen), 50 liters/h; desolvation gas
flow (nitrogen), 800 liters/h; collision gas flow (nitrogen), 0.17 ml/min; and multiplier voltage, 650 V.
Chromatography separation was reverse phase using an Acquity UPLC BEH C18 column (50 by 2.1 mm,
1.7 �M; Waters) at a temperature of 40°C, with a flow rate of 0.4 ml/min and the following gradient of
solvent A (0.1% formic acid) to solvent B (acetonitrile in high-performance liquid chromatography water):
t � 0 min, 95%A/5% B; t � 3 min, 5%A/95% B; t � 4.01 min, 95%A/5% B to 5 min.
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