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Acinetobacter baumannii has emerged as a multidrug-resistant (MDR) superbug by causing severe infections, with
high mortality rates. The ability of A. baumannii to form biofilms significantly contributes to its persistence in
diverse environmental and hospital settings. Here we report that farnesol, an FDA-approved commercial
cosmetic and flavoring agent, demonstrates efficacy for both inhibition of biofilm formation, and disruption of
established A. baumannii biofilms. Moreover, no resistance to farnesol was observed even after prolonged culture
in the presence of sub-inhibitory farnesol doses. Farnesol combats A. baumannii biofilms by direct killing, while
also facilitating biofilm detachment. Furthermore, farnesol was safe, and effective, for both prevention and
treatment of A. baumannii biofilms in an ex vivo burned human skin model. Since current treatment options for
A. baumannii biofilm infections were mainly counted on the combination therapy of last-resort antibiotics, and
clearly non-sustainable due to robust MDR phenotype of A. baumannii, we propose that farnesol alone can be
repurposed as a highly effective agent for both preventing and treating life-threating biofilm-associated in-
fections of A. baumannii due to its proven safety, convenient topical delivery, and excellent efficiency, plus its

superiority of evading resistance development.

1. Introduction

Since persistent use of antibiotics has driven the emergence of
multidrug resistant (MDR) bacteria, which renders the originally effec-
tive drugs ineffective [1], the global dissemination of antibiotic resis-
tance is one of the greatest challenges in modern medicine.
Gram-negative Acinetobacter baumannii is one of the most troublesome
MDR bacterial pathogens, causing 5-10 % of nosocomial infections
worldwide [2]. It has been reported to cause a variety of hospital and
community-acquired infections, including pneumonia, bloodstream,
skin and soft tissue infections, urinary tract infections, and meningitis
[3,4]; moreover, the infections are associated with high mortality rates
approaching 70 % [5]. What’s worse, A. baumannii’s emerging resis-
tance to last-resort antibiotics, (e.g., colistin, tigecycline, and carbape-
nems) instigates fear of a lack of future treatment options [6-8]. Thus,
the World Health Organization has assigned A. baumannii as a critical
(Priority 1) pathogen posing a great threat to human health, for which
new antibiotics/treatments are desperately needed [9].

A. baumannii biofilms consist of a structured community of bacteria
encased in a self-produced polymeric matrix which is adherent to biotic
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and abiotic surfaces [10]. The capacity of A. baumannii to form biofilms
on medical devices such as catheters and ventilators contributes to its
chronic and persistent infections, especially in hospital settings. Since
biofilm-embedded cells have limited metabolic activity and are pro-
tected by the biofilm matrix, they can be up to 1000-fold more resistant
to antibiotics than their planktonic counterparts [11]. As a result, dis-
rupting established A. baumannii biofilms is extremely challenging due
to its MDR phenotype. Currently there are a lack of agents capable of
either prevention or treatment of A. baumannii biofilm-associated
infections.

Farnesol, a colorless sesquiterpenoid alcohol with a sweet odor, is
commonly found in essential oils and plant-derived foods [12]. It is a
GRAS (generally recognized as safe) compound, and has been approved
by the Food and Drug Administration (FDA) as a flavoring agent widely
applied in the food, cosmetic and perfume industries [13-15]. Since
farnesol was first found to inhibit filamentation and biofilm formation of
the fungus Candida albicans in 2002 [16], it has shown versatile func-
tions as an antimicrobial, antitumoral, cardioprotective, hepaprotective,
and neuroprotective agent [17-21]. Farnesol has been generally
acknowledged to be effective at inhibiting growth of Gram-positive
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bacteria, but its efficacy against Gram-negative bacteria, especially
A. baumannii, depend upon the strains [22-24]. Kostoulias et al. show
differences in farnesol effects on planktonic A. baumannii growth
dependent upon the strains, and highlight both biofilm decreases and
increase by farnesol treatment, again dependent upon the strains. Most
significantly, they showed that farnesol was ineffective against MDR
strains [24]. Moreover, farnesol has only minor effects on disrupting
established biofilms for both Gram-positive and negative bacteria [13,
22,25-27]. Given its benefits, farnesol has been suggested as a potential
adjuvant for conventional antibiotics due to its synergistic effects [23,
28-30]. However, farnesol alone was not considered to be effective
enough as an antimicrobial agent by itself [23].

In the current work we selected ethanol as an optimal vehicle for
farnesol to reach the highest stock concentration of 30 mg/ml, and
demonstrate that concentrated (up to 15 mg/ml) farnesol in ethanol is
highly effective for both preventing biofilm formation, and also dis-
rupting established biofilms of A. baumannii both in vitro and ex vivo.
Previous publications have used methanol [24], Tween 80 [31], or
dimethyl sulfoxide [32] as a carrier solvent, but much lower concen-
trations were achievable compared to our formulation. Thus, the high
potency of farnesol in ethanol is proposed to be an effective agent to
both prevent and treat biofilm-associated infections of A. baumannii.

2. Materials and methods
2.1. Bacterial strains and culture

Bacterial strains used in this study were A. baumannii type strain
ATCC 19606, first isolated from a patient urine sample over 70 years ago
[33], BAA-1605, a MDR clinic strain isolated from the sputum of a
soldier returning from Afghanistan in 2006, and ATCC 17978, which
was isolated from a fatal case of meningitis in a 4-month-old infant [34].
Nutrient broth (NB, Becton Dickinson) broth/agar was used to culture
A. baumannii. Before each experiment, inoculum from a frozen stock was
grown overnight on an NB plate at 37 °C. One isolated colony was then
used to inoculate a fresh culture. Bacteria were cultured overnight at
37 °C, with shaking at 160 rpm, and then centrifuged at 2500xg for 10
min. The pellet was resuspended in fresh broth, followed by the mea-
surement of optical density at 600 nm (OD600). The concentration of
colony-forming units (CFU)/ml was then calculated based on a con-
version formula correlating OD600 to CFUs (Fig. S1, see below for de-
tails). The bacteria were then diluted to the desired concentrations (1 x
10° CFU/ml for biofilm formation, or 1 x 108 CFU/ml for established
biofilms, unless otherwise stated). For CFU counting, samples were
serially diluted, and drop-plated on NB plate [35].

2.2. Conversion between OD600 and CFU/ml

To obtain the formula for conversion between OD600 and CFU/ml, a
bacterial pellet was re-suspended in NB and its OD600 was measured.
The bacterial culture was then serially diluted to obtain OD600 readings
of ~0.1, 0.2, 0.4, 0.8 in NB. The CFU/ml of viable bacteria for each
0OD600 value was determined by serial dilutions and drop plating. The
linear relationship for conversion between OD600 and CFU/ml for each
strain, and their individual coefficient of determination (R?) values were
analyzed using GraphPad Prism 9 (version 9.2.0).

2.3. Inhibition of biofilm formation

Biofilms were started from the overnight bacterial cultures as
described above. Polystyrene plates (96 well) were coated with 100 pl of
20 % filtered, apheresis-derived pooled human plasma (Innovative
Research) in 50 mM sodium bicarbonate (Sigma) for 24 h at 4 °C. In the
coated wells, bacteria (1 x 10° CFU/ml) were cultured in 100 pl of NB
containing farnesol (Cayman Chemical, prepared as a 30 mg/ml of stock
in ethanol, stored at —20 °C, and diluted to various final concentrations

Biofilm 7 (2024) 100198

with NB at the time of inoculation). As a vehicle control, bacteria were
exposed to the NB containing the same amount of ethanol, but without
farnesol. After 24-h incubation at 37 °C in a humidified container,
planktonic cells were removed, biofilms were washed with 100 pl of
phosphate buffered saline (PBS), adherent bacteria were dislodged in
100 pl of PBS by vigorous (>10 times) pipetting, and the CFU/ml of
viable bacteria was determined by serial dilutions and drop plating. The
lower limit of detection was 50 CFU/ml. To visualize the data on a
logarithmic scale, a value of 50 CFU/ml was assigned when no growth
occurred.

2.4. Treatment of established biofilms

Biofilms were established by culturing 250 pl of NB containing
innocula (1 x 10® CFU/ml) in a plasma-coated 96-well plate at 37 °C.
After a 24-h incubation in a humidified container, planktonic cells were
removed, and the established biofilms were washed with 250 pl of PBS,
and then exposed to 100 pl of various final concentrations of farnesol in
NB. After an additional 24-h incubation in a humidified container, su-
pernatant was removed, adherent biofilms were washed with 100 pl of
PBS, dislodged in 100 pl of PBS by vigorous (>10 times) pipetting, and
the CFU/ml of viable bacteria was determined by serial dilutions and
drop plating. Biofilms were exposed to the same amount of ethanol in NB
as a vehicle control.

2.5. Live/dead viability assay

The effect of farnesol on biofilm formation and established biofilms
of A. baumannii was visualized by FilmTracer™ (Invitrogen) Live/Dead
biofilm viability assay. Biofilms were established by culturing 500 pl of
NB containing innocula (1 x 10® CFU/ml plus farnesol for biofilm for-
mation; 1 x 108 CFU/ml for established biofilms) in chambers of a 4-
well Lab-Tek™ chambered coverglass (Nunc) pre-coated with 500 pl
of human plasma as described above. After 24-h incubation in a hu-
midified container, planktonic cells were removed, and biofilms were
washed with 500 pl of sterile water (for biofilm formation) or PBS (for
established biofilms). Established biofilms were then exposed to 500 pl
of farnesol in NB for an additional 24 h in a humidified container, then
supernatant was removed, and adherent biofilms were washed with 500
ul of sterile water. The obtained biofilms were stained 20-30 min at
room temperature with 250 pl of a mixture containing 10 pM of SYTO®
9 green fluorescent nucleic acid stain and 60 pM of propidium iodide
(PI) red-fluorescent nucleic acid stain, while protected from light. The
biofilms were then washed with 250 pl of sterile water, covered with
300 pl of sterile water, and observed using a Keyence® BZ-X800/BZ-
X810 All-in-One fluorescence microscope. The obtained biofilm im-
ages were analyzed using Photoshop® to quantify fluorescence intensity
and Comstat2 (www.comstat.dk) to evaluate three-dimensional biofilm
structure, and quantify biomass and average thickness of the biofilms
[36,371.

For some experiments, following farnesol treatment, the supernatant
containing detached cells (400 pl) were transferred into a sterile tube,
centrifuged at 17,000xg for 5 min, then the supernatant was removed,
and the pellet was washed with 1 ml of sterile water. The washed pellet
was then re-suspended and stained with the 250 pl of the SYTO® 9-PI
mixtures described above, and centrifuged to remove unbound fluores-
cent dyes, washed with 1 ml of sterile water, re-suspended in 300 pl of
sterilized water, and transferred into another plasma pre-coated cham-
bered coverglass. The stained cells were allowed to settle at room tem-
perature for 30 min while protected from light, and then were imaged
using the Keyence® microscope.

2.6. Resistance development

Development of resistance to farnesol was evaluated as previously
described [38]. For comparison, development of resistance to the
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clinically relevant antibiotic rifampicin (Bedford Laboratories) was
tested as a positive control. Briefly, 5 pL of A. baumannii ATCC 19606
inoculum (1 x 10® CFU/ml) was combined with 95 ul of NB containing
farnesol (with final concentrations ranging from 0.016 to 2 mg/ml), or
rifampicin (with final concentrations ranging from 0.125 to 16 pg/ml for
first passage). Plates were sealed with two layers of parafilm and incu-
bated overnight at 37 °C and shaking at 160 rpm. The MIC, the lowest
concentration of farnesol or rifampicin that caused lack of visible bac-
terial growth, was visually determined. Thereafter, the obtained 0.5-fold
MIC suspension was diluted ten-fold with fresh NB, and 5 pl of the
diluent was then added to 95 pl of fresh NB containing serial dilutions
(with updated concentrations if needed) of farnesol or rifampicin, and
these mixtures were incubated as described above for the next passage.
The ranges of farnesol or rifampicin concentrations were gradually
increased, based on the daily-updated MIC results. This was repeated for
20 continuous passages.

2.7. Propidium iodide (PI) influx assay

Bacterial biofilms were established in plasma-coated 96-well plates
described as above. Washed biofilms were then exposed to 20 pM of PI
(Invitrogen) at room temperature for 10 min, protected from light.
Farnesol was then added into each well to reach various final concen-
trations in a total volume of 150 pl, and incubated at room temperature
for 30 min, protected from light. Unbound PI was then gently removed
from each well and the biofilms were washed with 150 pl of sterile
water, followed by the addition of 100 pl of sterile water into each well.
PI fluorescence was then measured every 30 s for 5 min using a TECAN
Infinite M200 microplate reader. As a vehicle control, biofilms were
exposed to the same amount of ethanol without farnesol.

2.8. Infection and treatment of ex vivo human skin

Human skin was obtained from healthy donors undergoing abdom-
inoplasty in the Department of Plastic and Reconstructive Surgery at
Wake Forest University School of Medicine, under an Institutional Re-
view Board (IRB)-approved protocol. The human samples were de-
identified, and classified as human waste, hence no informed consent
needed. None of the authors were involved in the tissue procurement.
Skin samples were processed within an hour after surgery, and excess
subcutaneous fat was removed. Three centimeter portions of skin were
cut and the epidermis was sprayed with 70 % ethanol for 5 min, then
soaked with sterile PBS (~50 ml/sample) for 10 min (total 4 cycles of
soaking to remove any potential blood, bacteria, or chemical residues).
Burns were induced on the skin surface using a 3-cm diameter brass
cylinder heated to 100 °C in 200 mM of polyethylene glycol solution for
10 s. The weight of the cylinder provided a consistent pressure (345 g)
that was applied to the human skin during burn creation to induce a
second-degree burn injury. The skin was then placed (epidermal side up)
into one well of a 6-well plate containing 1 ml of Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) complemented with 2 mM of glutamine
and 10 % heat-inactivated fetal bovine serum (HI-FBS, Gibco). Only the
lower dermis of the skin was immersed in the medium. Half of the
soaked skin samples were retained as intact/unburned controls.

For biofilm experiments with skin, 50 pl of bacterial inoculum (1 x
10° CFU/ml containing farnesol for biofilm formation, or 1 x 10’ CFU/
ml for established biofilms) was evenly distributed onto the intact or
burned skin. The plates were incubated at 37 °C and 5 % CO» for 24 h in
a humid chamber. For treatment of 24-h-old established biofilms, 100 pl
of NB containing farnesol was evenly distributed onto the established
biofilms on skin surfaces and then incubated at 37 °C and 5 % CO5, for an
additional 24 h. As a control, samples were exposed to the vehicle
(ethanol) without farnesol.

To assess the viable bacterial count, three 5-mm punch biopsies were
collected around the center of the skin. Bacteria obtained from the bi-
opsy surface were collected by sterile swabbing (>10 times) and
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mopped (>20 times) thoroughly (with rotation of the swab) into a tube
containing 1 ml of sterile PBS. The swab head with bacteria was cut off
and dipped into the tube which was then vortexed thoroughly for 30 s.
The number of viable bacteria (CFU/cm2 of skin surface) was deter-
mined by serial dilution and drop plating. The lower limit of detection
was 255 CFU/cm?. To visualize the data on a logarithmic scale, a value
of 255 CFU/cm? was assigned when no growth occurred. An additional
5-mm punch biopsy was also collected and then fixed in 10 % formalin,
embedded in paraffin, sectioned (5 pm), and stained with hematoxylin
and eosin (H&E stain) for histological examination. The stained sections
were then imaged using a Zeiss Axioscope microscope.

2.9. MTS assay

CellTiter 96® AQueous One Solution Cell Proliferation (MTS) assay
(Promega) was used to determine the viability of human dermal fibro-
blasts from adult (HDFa) (Lonza) when exposed to farnesol. Cells (5000/
cm?) were cultured with 200 pl of FGMT™-2 fibroblast growth medium-2
BulletKit™ (Lonza) in a collagen-coated 96-well plate to form a mono-
layer (>80 % of confluence) in a 37 °C, 5 % COs, humidified incubator.
The medium was aspirated, cells were washed with 200 pl of PBS, and
then incubated with 200 pl of medium containing 1, 6, or 15 mg/ml of
farnesol. Cells were exposed to medium only, or medium containing the
same amount of ethanol but without farnesol as medium and vehicle
controls. After 24-hr incubation, the medium was aspirated, and the
attached cells were washed with 200 pl of PBS, followed by the addition
of 100 pl of MTS solution which had been diluted 1:4 with medium. The
plate was incubated in the 37 °C, 5 % COo, humidified incubator for 2-4
h, while protected from light. The optical density at 490 nm was then
measured using a TECAN Infinite M200 microplate reader with the MTS
solution alone as a blank.

2.10. Statistical analysis

Data are expressed as the mean + standard deviation of the mean
unless stated otherwise. Statistical analysis of the data was performed
using GraphPad Prism 9 (version 9.2.0). All statistical tests were two-
sided. For analysis of the means of three or more groups, analysis of
variance (ANOVA) tests were performed. In the event that ANOVA
justified post hoc comparisons between group means, the comparisons
were conducted using Tukey’s multiple-comparisons test. Unpaired
Student’s t-test was used for comparisons between the means of two
groups. The results were considered statistically significant at a value of
P < 0.05.

3. Results
3.1. Farnesol inhibits biofilm formation of A. baumannii

We first evaluated the effect of farnesol against biofilm formation of
A. baumannii type strain ATCC 19606 with multiple doses of farnesol
treatments compared to their corresponding ethanol controls. 3 mg/ml
of farnesol was found to be the optimal dose at inhibiting the biofilm
formation without apparent vehicle (ethanol) killing, as indicated by
about the 50-fold reduction of colony-forming units (CFU) (or about 98
% killing) (Fig. 1A). This result was further confirmed by dose response
(up to 3 mg/ml) of farnesol on biofilm development of A. baumannii
visualized by Live/Dead viability analysis (Fig. 1B), including quanti-
tative analysis of fluorescence intensity using Photoshop® (Fig. 1C), and
biomass and average biofilm thickness using Comstat2 (Fig. 1D). Far-
nesol was able to kill A. baumannii cells in a dose-dependent manner,
and the resulting dead (red) cells seemed to barely attach the surfaces
with the increase of farnesol doses (Fig. 1B-D) (this is why minimal red
is observable in the images and the red signals detected by the software
were much weaker than the green signals).

We also assessed the effect of farnesol against formation of
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Fig. 1. Farnesol inhibits biofilm formation of A. baumannii type strain ATCC 19606. (A) Inhibition of biofilm formation of A. baumannii by farnesol 24 h after
incubation in NB in plasma-coated wells. Results are expressed as the number of viable bacteria in logl10 CFU per milliliter. Data are shown as mean + standard
deviation of the mean (SD) (n = 3). (B) Three-dimensional images of Live/Dead viability of A. baumannii biofilms after 24-h incubation in NB containing farnesol in
plasma-coated chambers. Biofilms were stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale
bars, 20 pm. (C) Quantitative analysis of relative fluorescence intensity in the biofilm images shown in (B) by Photoshop®. Data are shown as mean =+ SD (n = 3). (D)
Quantitative analysis of three-dimensional biofilm structure in the biofilm images shown in (B) by Comstat2, including biomass (um>/um?) and average thickness
(pm). Threshold values for the analysis were set by Comstat2 using Otsu thresholding [54] in the images with the strongest green/red fluorescence and are shown at
the top of the panels. The obtained threshold values were then applied to other images for fair comparison. Ctrl # represents the vehicle (ethanol) control corre-
sponding to the same amount of farnesol in ethanol. Ctrl_1 = 3.3 % of ethanol; Ctrl .3 = 10 % of ethanol; and Ctrl_ 6 = 20 % of ethanol. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

A. baumannii BAA-1605 biofilms. This is a clinical strain showing multi-
drug resistance [34]. Compared to the above A. baumannii ATCC 19606
results, farnesol is more effective at inhibiting biofilm formation of
BAA-1605, as indicated by over 50-fold reduction of CFU at the low
concentration (0.5 mg/ml) of farnesol (Fig. 2A). This result was also
confirmed using Live/Dead viability evaluation of BAA-1605 biofilm
development, and their corresponding quantitative analyses
(Fig. 2B-D). Farnesol was capable of killing cells of BAA-1605 starting at
a low dose of 0.1 mg/ml, causing an increase of dead (red) cells peaking
at 0.2 mg/ml of farnesol by Photoshop® (Fig. 2C), or 0.5 mg/ml of
farnesol by Comstat2 (as quantified by biomass) (Fig. 2D). This differ-
ence between the two analyses could be due to their distinct measure-
ment principles: Photoshop® measures the overall fluorescence
intensity of biofilms regardless their structure, whereas Comstat2 only
analyzes biomass connected to the slide, thus excluding detached ma-
terials as biofilms [37]. Interestingly, farnesol was found to be highly
effective to inhibit the biofilm formation of another clinical strain of
A. baumannii, ATCC 17978, causing a 3000-fold CFU reduction when
compared to its ethanol control (Fig. S2A), at the low concentration of 1
mg/ml.

3.2. Farnesol disrupts established biofilms of A. baumannii

Beside the inhibition of biofilm formation, farnesol also disrupted

established biofilms of A. baumannii ATCC 19606, but requiring a higher
concentration of farnesol at 10 mg/ml, which resulted in an over 70 %
reduction of CFUs (Fig. 3A). This result was further confirmed by the
viability analysis of ATCC 19606 established biofilms (Fig. 3B), and their
corresponding quantitative analyses (Fig. 3C and D). As expected, there
is a gradual decrease of live (green) biofilm-encased cells with the in-
crease of farnesol doses. Unexpectedly, the intensity of red fluorescence
was highest for the ethanol control (Fig. 3B-D). This could be due to that
1) the dead (red) biofilm-encased cells might rely on adjacent survival
(green) cells for remaining on the surfaces, and 2) farnesol could
remove/detach biofilm mass without killing (see below for biofilm
detachment of farnesol).

The effect of farnesol against established biofilms of BAA-1605 was
also examined. Farnesol at 6 mg/ml caused a greater than 1600-fold
reduction of CFUs against the established BAA-1605 biofilms
(Fig. 4A). This result suggests that farnesol has a stronger capacity for
disrupting established biofilms of BAA-1605 compared to ATCC 19606.
The Live/Dead viability analysis of established biofilms of BAA-1605
(Fig. 4B-D) further revealed that farnesol dose-dependently disrupted
the established biofilms, resulting in a gradual decrease of live (green)
biofilm-encased cells. Interestingly, red fluoresce for dead cells was
peaking at 2 mg/ml of farnesol (Fig. 4C and D), suggesting that the dead
(red) biofilm-encased cells seemed to be detached from the surfaces with
the further increase of farnesol doses. As expected, farnesol (6 mg/ml)
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Fig. 2. Farnesol inhibits biofilm formation of A. baumannii clinic strain BAA-1605. (A) Inhibition of biofilm formation of BAA-1605 by farnesol 24 h after
incubation in NB in plasma-coated wells. Results are expressed as the number of viable bacteria in log10 CFU per milliliter. Data are shown as mean + SD (n = 3). (B)
Three-dimensional images of Live/Dead viability of BAA-1605 biofilms after 24-h incubation in NB containing farnesol in plasma-coated chambers. Biofilms were
stained with both SYTO® 9 (green fluorescence for live cells) and propidium iodide (red fluorescence for dead cells). Scale bars, 20 pm. (C) Quantitative analysis of
relative fluorescence intensity in the biofilm images shown in (B) by Photoshop®. Data are shown as mean + SD (n = 3). (D) Quantitative analysis of three-
dimensional biofilm structure in the biofilm images shown in (B) by Comstat2, including biomass (um>/um?) and average thickness (um). Threshold values of
green and red fluorescence for the analysis are shown at the top of the panels. Ctr] 0.5 = 1.7 % of ethanol, Ctrl_1 = 3.3 % of ethanol; Ctrl 3 = 10 % of ethanol. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

was also able to disrupt the established biofilms of A. baumannii ATCC
17978 with an even higher efficacy, resulting in an almost 4-log CFU
reduction compared to its ethanol control (Fig. S2B).

Of note, for the above cases of biofilm formation and established
biofilms, the effects of higher doses of farnesol on A. baumannii biofilms
were masked due to the toxic effects of the vehicle (ethanol) at higher
concentrations (Control .6 = 20 % of ethanol; Control .10 = 33 % of
ethanol; Control 15 = 50 % of ethanol) (Figs. 1A-3A and 4A).

3.3. No resistance to farnesol was observed

Since development of antibiotic resistance is a challenge for
A. baumannii infections [4], we evaluated the ability of A. baumannii
ATCC 19606 to develop resistance to farnesol. Serial passaging of
A. baumannii in the presence of sub-inhibitory [1/2 x minimal inhibi-
tory concentration (MIC)] concentrations of farnesol did not select iso-
lates resistant to farnesol, even after 20 continuous passages. In contrast,
exposure to the antibiotic rifampicin elicited a swift increase in MIC
after 13 passages, eventually resulting in a >8192-fold increase in MIC
after 18 passages (Fig. 5A). These results demonstrate that no resistance
to farnesol was observed even after prolonged culture in the presence of
sub-inhibitory farnesol doses.

3.4. Farnesol kills A. baumannii and also detaches biofilms

The anti-biofilm effects of farnesol against A. baumannii can be best

appreciated by exploring the mechanisms of action. Since farnesol has
been shown to induce membrane disruption of Staphylococcus aureus
[39], we wanted to evaluate whether farnesol kills A. baumannii by the
same mechanism, which was accomplished using propidium iodide (PI)
influx. Farnesol promoted PI influx in response to both the dose and time
of exposure, with 10 mg/ml of farnesol showing the optimal effect
(Fig. 5B), which is consistent to the above CFU data (Fig. 3A). As a
negative control, the ethanol vehicle had no effect on the PI influx
(Fig. 5B). This result indicates that farnesol is capable of killing the
Gram-negative A. baumannii perhaps by disrupting the cell membrane,
similar to what occurs in Gram-positive S. aureus.

It has also been proposed that farnesol can induce detachment of
established S. epidermidis biofilms without cell killing [40]. The lack of
red fluorescence in farnesol-treated established A. baumannii ATCC
19606 biofilms could also partially due to the potential biofilm
detachment by farnesol. We evaluated biofilm detachment visually
using Live/Dead viability analysis of A. baumannii detached cells, which
were detached from the surface and entered into the supernatant
following farnesol treatment of established biofilms. Interestingly,
centrifugation of the detached cells formed no visible pellet for the
ethanol control, but generated progressively looser (and more difficult
to collect by centrifuging) pellets with the increase of farnesol doses
(Fig. S3). Live/Dead viability analysis revealed that 3 mg/ml of farnesol
elicited detachment of a live biofilm mass from the established biofilms,
without cell killing (as indicated by the green fluorescence). Farnesol at
a concentration of 6 mg/ml appeared to disintegrate the detached
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biofilm mass into small pieces. Ultimately, 10 mg/ml of farnesol
demonstrated the capability of killing the detached cells (as indicated by
red fluorescence) (Fig. 5C). Collectively, these results suggest that far-
nesol is bactericidal perhaps by cell membrane disruption, while also
detaching biofilms from surfaces without killing at lower doses.

3.5. Farnesol is effective against biofilm-related skin infections

A. baumannii has been frequently isolated from the skin of patients
with burns, wounds, or trauma [4]. Among patients with burns, patients
with A. baumannii infection had more severe burns and comorbidities,
longer lengths of stay, and higher mortality compared to patients
without infection [41]. Thus, we sought to examine the efficiency of
farnesol against A. baumannii biofilms developed on skin using ex vivo
intact, or burned, human skin. Ethanol alone failed to kill A. baumannii
ATCC 19606 on ex vivo human skin, which allowed higher doses of
farnesol to be used (6 mg/ml for biofilm formation; 15 mg/ml for
established biofilms) in the ex vivo study. Fresh human skin was inoc-
ulated with A. baumannii ATCC 19606 in the presence and absence of 6
mg/ml of farnesol for 24 h to evaluate its potential to inhibit biofilm
development. Farnesol significantly inhibited A. baumannii biofilm for-
mation on intact human skin, as visualized by a reduction of
A. baumannii on top of the epidermis (Fig. 6A). This result was further
confirmed by CFU reduction of A. baumannii on the skin (Fig. 6B).
Similar results occurred for inhibiting A. baumannii biofilm formation on

burned human skin (with ruptured epidermis due to burn wound crea-
tion) by the farnesol treatment (Fig. 6C and D). Hematoxylin and eosin
(H&E) staining of the skin revealed that the established A. baumannii
biofilm infection on intact human skin caused detachment of the
epidermis (Compare both controls in Fig. 6A with Fig. 6E). In contrast,
farnesol (15 mg/ml) provided observable protection from this epidermal
damage (Fig. 6E). Farnesol’s disruption of established biofilms of
A. baumannii on the skin surface was further confirmed by significant
decreases in CFUs (Fig. 6F). Furthermore, 15 mg/ml of farnesol was also
effective against established A. baumannii biofilms on burned skin, as
demonstrated by the substantial biofilm reduction on the epidermis
(Fig. 6G), as well as a significant CFU reduction (Fig. 6H).

Since the in-vitro results show that farnesol is more effective for both
inhibition of biofilm formation and disruption of established biofilms
against the prevalent clinic strain A. baumannii BAA-1605 compared to
ATCC 19606, we examined whether lower doses of farnesol are suffi-
cient for both prevention and treatment of BAA-1605 biofilms on ex vivo
intact, or burned human skin. Farnesol at 1 mg/ml inhibited BAA-1605
biofilm formation on intact human skin, as visualized by the decrease of
BAA-1605 biofilms on the epidermal layer (Fig. 7A), and further
confirmed by the 70-90 % reduction of CFUs (Fig. 7B). Similar results
ensued for inhibition of BAA-1605 biofilm formation on burned human
skin (Fig. 7C and D). The established BAA-1605 biofilms on intact
human skin not only resulted in epidermal detachment, but also caused
collapse of the underlying dermal layer (Fig. 7E). Farnesol’s protection
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of the biofilm-infected skin was demonstrated at 6 mg/ml, which pre-
vented serious damage in both the epidermal and dermal layers,
together with the observable biofilm reduction on the epidermis
(Fig. 7E). We also detected substantial CFU reductions on the skin from
two independent human samples using 6 mg/ml of farnesol (Fig. 7F).
Similarly, farnesol at 6 mg/ml is also protective against damage caused
by established BAA-1605 biofilms on burned skin, as observed by the
biofilm decrease on top of the skin (Fig. 7G), as well as significant CFU
reductions (Fig. 7H). The above results demonstrate that farnesol is
effective for both prevention and treatment of biofilm-associated in-
fections of A. baumannii ex vivo.

3.6. Farnesol is safe ex vivo and protects HDFa from ethanol killing in
vitro

In consideration of safety, farnesol concentrations as high as 15 mg/
ml had no observable side effects on ex vivo human intact skin over a 48-
h culture period (Fig. S4). To further evaluate whether farnesol is safe
for treatment of open-wound skin infections, MTS assay was used to
assess potential cytotoxicity of farnesol/ethanol on HDFa, the cells
within the dermis layer of skin playing a critical role in wound healing
[42]. Although as low as 3.3 % of ethanol showed some toxicity to HDFa,
farnesol is not toxic to HDFa, and appears to offer a protective benefit
against ethanol toxicity. Among the three farnesol doses (1, 6, or 15
mg/ml), 6 mg/ml of farnesol showed the best outcome, although all of
three doses are safe to HDFa (Fig. 8). These results strongly suggest that

farnesol is safe for both prevention and treatment of intact or
open-wound skin infections.

4. Discussion

Emergence of the superbug A. baumannii with resistance to last-
resort antibiotics, along with its pervasive biofilm-associated infection,
raises serious concerns for treatment failure of the formidable infections
[43,44]. Here we show that farnesol, a FDA-approved GRAS compound,
is effective for both prevention of biofilm formation, and also for
disruption of established biofilms of A. baumannii, both in vitro and ex
vivo. Furthermore, A. baumannii showed no sign of resistance develop-
ment to farnesol, even after twenty continuous cultures in the presence
of sub-MIC doses, which addresses the issue of antibiotic resistance.

We have shown that farnesol is able to kill A. baumannii cells perhaps
by disrupting cell membranes, in addition to its potential to detach
biofilms from surfaces at sub-lethal doses. This anti-biofilm mechanism
gives farnesol multiple advantages for combating A. baumannii in-
fections: 1) to kill the superbug directly, thus eliminating future recur-
rence, and 2) to detach biofilms from surfaces/tissues at low doses that
are harmless to the host or environment. The mechanism by which
farnesol detaches biofilms without killing is not yet known. However,
farnesol has been shown capable of dissolving fibrin fibers of established
biofilms of S. aureus [31]. Interestingly, A. baumannii was recently found
to rely on adhesive, extracellular fibers for biofilm formation in
catheter-associated urinary tract infections [45]. The potential fiber
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breakage by farnesol against A. baumannii might elicit biofilm detach-
ment and disintegration, as visualized in Fig. 5C.

The mechanisms by which farnesol escapes development of resis-
tance remains mysterious. A. baumannii has been known to acquire
resistance to various antibiotics by changing target sites, reducing
intracellular accumulation, and by enzymatic modification causing
antibiotic neutralization [46]. Since these resistance mechanisms
require participation of a mutant protein/enzyme, it is possible that
farnesol might permeabilize bacterial cell membranes from the outside
without any protein participation so that a potential protein mutation
would not have an effect, similar to the effects of antimicrobial peptides
[38].

A. baumannii is a well-known pathogen isolated from burns and
wounds [4,47]. We have shown that farnesol is effective in combating
biofilm infections of three A. baumannii stains: the type strain ATCC
19606 (drug sensitive), a clinical strain that is also drug sensitive (ATCC
17978), and the clinical strain BAA-1605, that is MDR. Interestingly,
compared to the type strain, farnesol is more effective against the
BAA-1605 biofilm infections both in vitro and ex vivo, and at lower doses.
Our results contrast those of previous works which have shown that

farnesol was not effective against MDR strains of A. baumannii and
highlight that susceptibility to farnesol is strain dependent [24]. Since
A. baumannii BAA-1605 is a battlefield-originating strain showing
multi-drug resistance, and A. baumannii currently represents the biggest
threat for military personnel with war wounds/burns [48], our finding
that farnesol is highly effective for preventing and treating A. baumannii
BAA-1605 biofilm infections will have significant clinic importance.
Farnesol is an FDA-approved GRAS compound, and concentrations
up to 120 mg/ml have been proven to be safe on human skin as a
fragrance ingredient [14]. Consistent with this, we revealed that up to
15 mg/ml of farnesol in ethanol was safe without any damage in an ex
vivo human skin model. Moreover, we demonstrated that up to 15
mg/ml of farnesol is not only safe to HDFa, but also protects HDFa from
apparent ethanol killing in vitro. The reason why farnesol may protect
the fibroblasts from damage might be because that farnesol is oily, it
creates an emulsion when the farnesol stock (30 mg/ml) in ethanol was
diluted with aqueous media, which may sequester ethanol within a
farnesol capsule, thereby negating ethanol toxicity. Furthermore, far-
nesol is low-cost (about $1 per gram from Sigma) compared with most
commercial antibiotics. Collectively, these results suggest that topical
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Fig. 6. Farnesol is effective for both prevention and treatment of biofilm-associated infections of A. baumannii ATCC 19606 on an ex vivo intact or burned
human skin. (A and B) Prevention of biofilm formation of A. baumannii by farnesol (6 mg/ml) 24 h after inoculation on ex vivo intact human skin as assayed by light
micrographs of hematoxylin and eosin (H&E)-stained crossing sections of skin biopsies (A), and vital cell counts expressed as the number of viable bacteria in log;o
CFU per square centimeter (em?) of skin (B). (C and D) Prevention of biofilm-associated infections of A. baumannii by farnesol (6 mg/mL) 24 h after inoculation on ex
vivo burned human skin as assayed by light micrographs of H&E-stained crossing sections of skin biopsies (C), and vital cell counts expressed as the number of viable
bacteria in logio CFU/cm? of skin (D). (E and F) Farnesol protection from epidermal detachment and alleviation of established A. baumannii biofilms after 24-h
inoculation followed by 24-h exposure to farnesol (15 mg/mL) on ex vivo intact human skin, as assayed by light micrographs of H&E-stained cross-sections of
skin biopsies (E), and vital cell counts expressed as the number of viable bacteria in logio CFU/cm? of skin (F). (G and H) Mitigation of established A. baumannii
biofilms after 24-h inoculation followed by 24-h exposure to farnesol (15 mg/mL) on ex vivo burned human skin, as assayed by light micrographs of H&E-stained
cross-sections of skin biopsies (G), and vital cell counts expressed as the number of viable bacteria in log;g CFU/cm? of skin (H). Arrowheads in (A, G, E, and G)
indicate biofilm formation or establishment on skin. (B, D, F, and H) Data are shown as mean + SD (n = 3) from two independent donors/experiments. The X-axis line
in (B and D) represents the lower limit of detection (Log 255 ~ 2.4). Ctrl_6 = 20 % of ethanol and Ctrl_15 = 50 % of ethanol.

application of farnesol may be promising as an affordable and effective associated infections, but it has some limitations. First, due to limited
treatment of A. baumannii-associated wound/burn infections, such as availability of ex vivo human skin, we were only able to test one dose at
farnesol-related topical formulations and wound dressings. one time point (24 h after treatment). A higher farnesol dose (e.g. > 6

Drug repurposing has recently received increasing attention as an mg/ml in Fig. 6B) and/or a longer treatment time might produce better
alternative approach to rapidly identify drugs and drug combinations to results. Secondly, we used a previously established protocol to examine
combat MDR A. baumannii infections [49]. As a result, some uncon- the resistance development of farnesol compared to rifampicin, with
ventional drugs have been screened in vitro as promising candidates for rifampicin resistance being seen at passage 13 and hence we only
repurposing, including apramycin, mitomycin C, 5-fluorouracil, fusidic maintained up to passage 20. Although we did not observe resistance to
acid, niclosamide, phenothiazine derivatives and fluspirilene, amongst farnesol after 20 passages, we could not rule out the possibility that
others [49-52]. However, due to high toxicity of manyagents (with some additional (e.g., up to 50 or more) passages might show resistance to
being potent antitumoral and DNA damaging agents) and low plasma farnesol, Thirdly, although we employed the vehicle (ethanol) controls
concentrations in patients, their potential clinical applicability had been throughout our experiments, ethanol on its own has an antimicrobial
restricted [49]. In addition, teams have sought the potential use of far- effect, although in many places the effect of farnesol becomes apparent
nesol as an adjuvant to antibiotics [23]. Although drug combinations and is superior to ethanol alone. Alcohol is often applied to the skin at
might reduce the emergence of antimicrobial resistance, hetero- 100 %, albeit quickly, as an antiseptic. Low doses of ethanol are needed
resistance of A. baumannii against multiple drugs is still a concern due to to carry farnesol and inhibit biofilm development (up to 10 %) whereas
its apparently endless capacity to acquire antibiotic resistance [49]. Our higher doses of ethanol used to carry farnesol (up to 33.3 %) are needed
results have demonstrated, for the first time, that farnesol alone (when to disrupt established biofilms. These doses are quite moderate. Since
dissolved in ethanol then diluted in aqueous media to form an emulsion) the antimicrobial effect of farnesol appears to occur rapidly, we envision
is an effective, safe, and affordable solution to combat biofilm infections that farnesol in ethanol could be applied quickly to the skin for improved
of A. baumannii. Furthermore, bacterial resistance to farnesol seems not antimicrobial effect compared to alcohol alone. Although 50 % ethanol
to occur to A. baumannii. was used to examine the impact of 15 mg/ml of farnesol, this dose was

The current study has provided a proof of concept that farnesol alone only needed against one strain of A. baumannii, ATCC 19606. Interest-
is an unexpected but effective agent against A. baumannii biofilm- ingly, there was no benefit of farnesol compared to ethanol at 50 % for
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rowheads in (A, C, E, and G) indicate biofilm formation or establishment on skin. (B, D, F, and H) Data are shown as mean + SD (n = 3) from two additional
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skin. Additionally, only 1.7 % and 20 % ethanol was needed to carry

140- FLOOOJ farnesol for effective reduction of biofilm development or biofilm
< P=0.0044 T disruption for the MDR strain BAA-1605, respectively. This result sup-
< 120 T ;l; ports our position that farnesol in ethanol, when it can be carried at high
% 100+ * concentration, such as it can be in ethanol, confers a protective benefit.
= i T P=0.0003 It is worth mentioning that farnesol has also been approved as a food
E‘ 801 | i } ingredient by FDA. Since the high doses (6 or 15 mg/ml) of farnesol have
% 60 a been shown to protect HDFa from ethanol killing by the MTS assay, the

= 40- I potential application of farnesol for internal clinical use could also be
T possible. Future study will address the issue of multiple farnesol doses
O 201 and treatment time points and the feasibility of extending farnesol’s
. ' . v _ Ceeay i clinical applications from topical delivery to internal medical use (e.g.

Ctl E_33 F_1 E_20 F_6 E_50 F_15 farnesol-embedded coatings or implants).

In conclusion, we have demonstrated that farnesol is a prospective

Concentration of ethanol (%) or farnesol (mg/ml)
candidate for both prevention and treatment of A. baumannii biofilms

Fig. 8. Farnesol is not toxic and further protects HDFa from apparent due to its established safety, low-cost, topical delivery, and excellent
ethanol killing. Potential cytotoxicity of three farnesol doses (1, 6, 15 mg/ml) efficiency, along with the capacity to impede development of thera-
and their corresponding vehicle (ethanol) controls on HDFa monolayers was peutic resistance. Currently available treatments for MDR A. baumannii

evaluated by MTS assay. Ctrl, Media control; E_# represents the ethanol per-
centage (%) in vehicle control; F_# represents the farnesol concentrations in the
unit of mg/ml.

infections rely on the delicate combinations of last-resort antibiotics
[53]. Thus, innovative strategies against A. baumannii infections are
urgently desirable. Repurposing of farnesol as a single agent for both
prevention and treatment of MDR A. baumannii-associated biofilm in-
fections represents a ground-breaking strategy to combat this notorious
superbug.

the ATCC 19606 strain in vitro against established biofilm. However, as
shown in Fig. 6, farnesol in 50 % of ethanol (15 mg/ml) is superior to
ethanol alone for reducing viable bacteria in intact or burned human
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