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Introduction
Bacteria have the ability to switch between a free-living, planktonic state to a surfaceattached, multicellular sessile state known as a biofilm. To complicate the growing
trend of antibiotic resistance and a seemingly inevitable postantibiotic era,1 bacteria
in a biofilm are remarkably more resilient than their planktonic counterparts.2 In the
biofilm state, bacteria display differential gene expression and are up to 1,000-fold
more tolerant to antibiotics and host immune responses.3–5 Moreover, biofilms are
directly involved an estimated 65% of all nosocomial infections.6 Because bacteria
spend approximately 80% of their time in the biofilm state and exist ubiquitously in
nature,3,7 it is imperative that the involvement of biofilms in antibiotic tolerance and
pathogenesis is more fully understood.
Approximately 80 % of all bacterial infections involve biofilms; they account for
the persistent colonization of indwelling medical devices and are ultimately liable
for the mortality and morbidity of nearly all cystic fibrosis (CF) patients.6,8–10 CF
patients are frequently plagued with Pseudomonas aeruginosa biofilms that colonize the pleural membrane, and 80% of adults with CF are burdened with chronic
P. aeruginosa infections.7,10–12 While it accounts for a smaller surface area than the
lungs, the skin is considered the largest organ in the body and is the first physical barrier encountered by pathogens – thus it is acutely susceptible to biofilm colonization.
When wounds become colonized with biofilm-forming bacteria, the ability to heal
is compromised and they can become very difficult to treat.13 Leg ulcers, a common
chronic wound often found in immunocompromised patients,14 are predominantly
colonized by P. aeruginosa (88%) and Staphylococcus aureus (33%),3 two of the most
prevalent species found in chronic wound biofilms.15,16 Furthermore, resistance to the
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Abstract: 2-Aminoimidazole (2-AI)-based compounds have been shown to efficiently disrupt
biofilm formation, disperse existing biofilms, and resensitize numerous multidrug-resistant
bacteria to antibiotics. Using Pseudomonas aeruginosa and Staphylococcus aureus, we provide initial pharmacological studies regarding the application of a 2-AI as a topical adjuvant
for persistent dermal infections. In vitro assays indicated that the 2-AI H10 is nonbactericidal,
resensitizes bacteria to antibiotics, does not harm the integument, and promotes wound healing. Furthermore, in vivo application of H10 on swine skin caused no gross abnormalities or
immune reactions. Taken together, these results indicate that H10 represents a promising lead
dermal adjuvant compound.
Keywords: transdermal absorption, antimicrobial activity, skin irritation, synergism, oroidin
derivative, drip-flow reactor, ESKAPE pathogens
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antibiotics routinely used to treat biofilms only augments the
crisis. In 2011, for example, nearly 80,500 people acquired
methicillin-resistant S. aureus infections in the USA, and
approximately 11,300 people died as a result of methicillinresistant S. aureus infections, which is more than the number
of people who die annually from human immunodeficiency
virus/acquired immune deficiency syndrome, Salmonella
poisoning, kidney infection, influenza, acute bronchitis, and
Hodgkin’s lymphoma combined.17,18
The current standard of care for chronic wounds are
large doses of antibiotics, mechanical debridement, manual
irrigation, and the application of specialized dressings on
the affected area.19 However, following initial treatment,
these wounds often relapse.3 While they persist on biotic
surfaces, biofilms can also inhabit nutrient-poor abiotic
surfaces such as catheters and prosthetic devices like joints
and heart valves.20,21 One reason for relapse is the existence
of persister cells, which lay dormant under the protective
exopolymeric substance coating the biofilm. 22 Another
reason for delayed wound healing could be secretion of
bioactive compounds by the biofilm bacteria, which can
be isolated as biofilm-conditioned media (BCM). Several
reports have established that BCM from both P. aeruginosa
and S. aureus inhibited cellular proliferation.23,24 These
two species are members of the Enterococcus faecium,
S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter (ESKAPE) family
of pathogens that have highly documented resistance
and thus have threatening potential for transmission and
pathogenicity.25
Following an essentially 40-year halt in new antibiotic
deployment, resistance was rapidly developed to the two new
narrow-spectrum antibiotics released in the early 2000s.26
Within the many classes of antibiotics, vancomycin and the
polymyxins are often drugs of last resort but remain at the
forefront of antibiotic therapy; however, resistant strains
of even these drugs are appearing.27–29 As an alternative
to traditional bacteriostatic/bactericidal antibiotics, a class
of small molecules has been developed that resensitizes
bacteria to current antibiotics 30 as well as inhibits and
disperses preformed biofilms.31–33 These small-molecule
inhibitors contain a 2-aminoimidazole (2-AI) moiety that
is the minimum core pharmacophore in the bromoageliferins, which the Agelas conifera marine sponge utilizes to
minimize biofilm colonization by marine bacteria such as
Rhodospirillum salexigens.34,35
These small-molecule inhibitors are cell permeable
and bind a class of bacterial proteins called the response
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regulators (RRs).36 More specifically, pull-down assays
identified the master controller of biofilm formation,
BfmR, as an RR-binding partner of a 2-AI in A. baumannii,
another ESKAPE pathogen.36 RRs play an integral role in
a signal transduction pathway called the two-component
system (TCS), and the majority of RRs are DNA-binding
proteins.37–40 Within a TCS, a membrane-bound histidine
kinase detects and integrates extracellular signals to phosphorylate the appropriate RR, and for DNA-binding RRs,
this either activates or represses gene transcription.41 Beyond
providing environmental surveillance and controlling survival responses, TCSs are essential elements of the virulence,
biofilm formation, and antibiotic resistance responses of
bacterial pathogens.42–45
Controlling the activities of TCSs for therapeutic
advantage has garnered considerable interest, 46,47 but
nearly all medicinal efforts thus far have focused on
affecting the TCS histidine kinases.48–51 A representative
RR-associated compound from the 2-AI family, 2-aminoN-undecyl-H-imidazole-5-butanamide (H10; Figure 1,
inset), a “reverse amide” class of antibiofilm agents, was
chosen for topical application.31,32 These compounds have
previously functioned synergistically with conventional
antibiotics to eradicate bacteria within a biofilm state and
have resensitized multidrug-resistant planktonic bacteria
to numerous antibiotics.30 The compound H10 was specifically selected to represent the best balance between
biofilm inhibition and dispersion across multiple species.
The goal of this study was to further implicate H10 as a
favorable representative lead within the 2-AI family. Here,
we demonstrate the nonbactericidal nature of H10, assay
its biofilm inhibition ability, establish any synergism, and
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Figure 1 Biofilm inhibition assay for H10 against S. aureus and P. aeruginosa.
Notes: Inhibition assay performed to determine the working concentration for
H10 in S. aureus and P. aeruginosa. The data are given as the mean ± SD. (Inset)
Chemical structure of 2-amino-N-undecyl-H-imidazole-5-butanamide (H10).
Abbreviations: SD, standard deviation; S. aureus, Staphylococcus aureus; P. aeruginosa,
Pseudomonas aeruginosa.
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determine its suitability as a topical biofilm treatment via
histopathological characterization following dermal application to swine skin.

Materials and methods
Antibiofilm activity assays
Overnight cultures of P. aeruginosa PAO1 and S. aureus
ATCC BAA-44 were diluted to an optical density (OD600)
of 0.01 in the appropriate biofilm growth media (10%
brain–heart infusion broth with 5% fetal bovine serum for
P. aeruginosa and tryptic soy broth with 0.5% glucose for
S. aureus). H10 was added to a series of bacterial suspensions to achieve a wide range of concentrations (for halfmaximal effective concentration [IC50] calculation) from a
100 mM stock in 100% dimethyl sulfoxide (DMSO). Later,
final concentrations of 25, 50, 75, and 100 µM were used
for the inhibition assays. The resulting suspensions were
transferred into 96-well polyvinyl chloride plates (100 µL
per well) that were covered with self-sealing plastic wrap
(Glad Press’n Seal; The Clorox Company, Oakland, CA,
USA) prior to incubation at 37°C. P. aeruginosa and
S. aureus were incubated for 6 and 24 hours, respectively.
Following incubation, the media was discarded and the
plates were rinsed with water to remove any planktonic or
loosely attached bacteria. Crystal violet (110 µL of 0.1%)
was added to each well and the plates were incubated at room
temperature to stain the remaining biomass. The plates were
then rinsed and air-dried. Ethanol (EtOH; 150 µL) was added
to each well to solubilize the remaining crystal violet, and
150 µL of the solubilized crystal violet was transferred to a
new plate to measure the OD540. Each H10 concentration was
assessed using two rows of eight wells. An average OD540
was determined for each individual row. Then, the average
of the two rows for each H10 concentration was determined.
IC50 values were calculated, and the percent inhibition was
determined by comparing this average to the OD540 of the
untreated wells. Dispersion assays for half-maximal effective
concentration (EC50) determination were performed similarly
to the inhibition assays, except the biofilms were allowed to
form and were gently rinsed prior to 24-hour treatment with
various concentrations of H10 (diluted in biofilm growth
medium). The plates were then rinsed and processed for crystal violet staining, and the EC50 values were determined.

Growth curves
Overnight cultures of P. aeruginosa PAO1 and S. aureus
ATCC BAA-44 were diluted to an OD600 of 0.02 in fresh
Luria-Bertani (LB; Fisher, Pittsburgh, PA, USA) medium
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or tryptic soy broth, respectively. The bacterial suspensions
were treated with 12.5 and 50 µM H10 for S. aureus and
P. aeruginosa, respectively, using a 10 mM stock solution
(prepared in 100% DMSO). For the growth control, the
additional bacterial suspension contained an equal volume
of DMSO. The test cultures were transferred into a 96-well
plate (200 µL per well, each column containing a different
test sample). OD600 measurements were collected and the
plates were then shaken (180 rpm) at 37°C. The plates were
briefly removed from the shaker at 1, 2, 4, 6, 8, 24, and
32 hours for subsequent OD600 measurements.

Single-species biofilm drip-flow reactor
assays
Previously published drip-flow reactor (DFR) protocols
were used to grow biofilms for the evaluation of H10.52,53
The DFR (Biosurface Technologies, Belgrade, MT, USA)
was equipped with hydroxyapatite (HA)-coated glass slides
(Clarkson Chromatography, South Williamsport, PA, USA)
and autoclaved to ensure sterility. The DFR was initially
placed in a 37°C incubator under aerobic conditions and
attached to a medium reservoir. Approximately 20 minutes
before inoculation, the reactor was placed in a horizontal
position for sterile medium (1% brain–heart infusion broth;
Thermo Fisher Scientific, Waltham, MA, USA) to be dripped
in and collect over the coupons to form a conditioning
layer on the surface of the HA-coated slide. Next, each of
the four channels of the reactor was inoculated with 1 mL
of an overnight culture (approximately 108 CFU/mL) of
either S. aureus 29213 (American Type Culture Collection,
Manassas, VA, USA) or P. aeruginosa mPAO1 (www.
genome.washington.edu/UWGC, University of Washington,
Seattle, WA, USA). The reactor was then raised to a 10° angle
and sterile medium was dripped through the reactor at a total
rate of 40 mL/h (10 mL/h per coupon) for 72 hours.
After 3 days of growth, the biofilms were treated with
H10, which was provided as a 100 mM stock in DMSO
(100%; Sigma-Aldrich Co., St Louis, MO, USA) that was
stored at -20°C until use. Prior to treatment, the stock solution was diluted to 100 µM with sterile phosphate-buffered
saline (PBS), and fresh solutions were prepared for every
experiment. For treatment, flow to the reactor was halted and
the reactor placed in a horizontal position. The cover over
each channel was removed and 25 mL of each treatment solution (PBS or H10) was applied and then incubated at 37°C
for 24 hours. After treatment, the solutions were drained and
each channel of the reactor was rinsed with PBS (20 mL) to
remove any planktonic bacteria.
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Viable plate counts were obtained by placing the treated
HA-coated slides in 50 mL conical vials and then removing
the biofilms from the slide surface by first repeatedly rinsing and scraping the biofilm from the slide using a sterile
Teflon policeman into 10 mL of PBS and disaggregating the
bacteria using a sequence of vortex (30 seconds), sonicate
(2 minutes), and vortex (30 seconds) to produce a bacterial
suspension. The suspension was then serially diluted with
PBS and plated on tryptic soy agar (TSA; Thermo Fisher
Scientific). The plates were incubated at 37°C for 24 hours
and the number of colony-forming units (CFUs) counted. The
number of CFU per unit area (cm2) was calculated based on
the dilution and surface area of the slide.

DFR experiment with penicillin/
streptomycin and H10
A single-species DFR experiment was constructed as
described in previously, using S. aureus 29213. As before,
H10 (100 µM) was added after a 3-day growth period, but
here it was administrated in combination with penicillin/
streptomycin (P/S; 100 U/mL and 100 µg/mL, respectively;
Thermo Fisher Scientific). Control solutions included PBS
alone and P/S alone. Viable plate counts were obtained and
analyzed as before.

Human fibroblast cell culture
Human foreskin fibroblasts (hFFs) were isolated from
newborn foreskin using previously described methods54
and in accordance with the University of Washington
Institutional Review Board. Cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% newborn calf serum and P/S. All cultures
were maintained in a humidified 5% CO2 incubator at 37°C,
and the control experiments were conducted identically
but without P/S.

Biofilm-conditioned medium
BCM was produced by using the S. aureus biofilms previously grown using DFRs for the analysis of a single
species. After the 3-day growth period and the addition of
either PBS or H10 for an additional 24 hours growth, each
medium was centrifuged at 4,700 rpm to remove bacterial
cells. These BCMs were filtered to remove any remaining cells, adjusted to pH 7.4, sterile filtered (0.22 µm),
labeled “BCM” and “BCM + H10”, respectively, and
stored at -20°C until further use. Prior to experimental
use, each BCM was thawed and supplemented with 10%
newborn calf serum (Sigma).
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Human fibroblast viability evaluation
Viability of the hFFs following BCM exposure was
assessed using 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)2H-tetrazolium-5-carboxanilide (XTT; Sigma). After the
final scratch closure assay image (72 hours) was obtained,
the culture medium was removed and replaced with 300 µL
of fresh DMEM (without phenol red; Life Technologies,
Carlsbad, CA, USA) and 60 µL of XTT. After 4 hours,
the A450 was measured. Control hFF cultures (+ control)
were exposed to standard culture medium, and blank, cellfree samples containing only cell culture medium and XTT
were used as the negative control. All cultures were evaluated in quadruplicate. Data are presented as the mean ± the
standard deviation (SD).

Scratch migration/closure
hFFs were grown in 24-well plates (30,000 cells/well) for
2 days, after which 80%–90% confluence was reached. The
cultures were then scratched with a 200 µL plastic pipette
tip, washed twice with PBS, and treated with 300 µL of
either BCM or BCM + H10. The scratched cultures were
then imaged to obtain the initial scratch area. Then, the hFF
cultures were incubated in a humidified 5% CO2 incubator at
37°C. Every 24 hours, the cultures were imaged and returned
to the incubator, and the assay was terminated after 72 hours
(four total images). Control hFF cultures were exposed to
standard culture medium instead of BCM, and all conditions
were tested in quadruplicate.
All scratch images were captured using a 4× objective
on a Fisher Scientific Micromaster™ (Thermo Fisher Scientific) light microscope. The images were analyzed and
percent scratch area closed was calculated for each time point
using the Metamorph® image analysis software (Molecular
Devices, Sunnyvale, CA, USA). The scratch assays were
performed in duplicate, and each set of experiments used
BCM generated from separate DFR runs. Data are presented
as the mean ± SD.

Statistical analysis
Statistical significance was determined using analysis of variance with a Tukey’s honest significant difference post hoc test
where α=0.05 and P#0.05 were considered significant.

Porcine skin irritation assay
According to a North Carolina State University Institutional
Animal Care and Use Committee (IACUC)-approved protocol (13-088-B), two 30–50 lb sibling female weanling pigs
with maximal dorsal surface area were obtained. After a
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Figure 2 Swine skin dosing and histology schedule.
Notes: Doses (represented by ℞) of H10 (5 mM) were administered to all test
sites at 0 hour (day 0). After 24 hours, another dose was administered to all
sites. On day 2, another dose was given to all sites except “48 hours”, which was
imaged, biopsied, closed, and sealed (represented by ☤). On day 3, a final dose was
administered for “168 hours”, while “72 hours” was imaged, biopsied, closed, and
sealed. Finally, after 7 days, the final “168 hours” site was examined.

4 days minimum environmental acclimatization period to the
College of Veterinary Medicine facilities, each pig dorsum
was clipped 1 day prior to the initial dose. Each dorsum
included three controls (one positive, two negative) in
Hill Top chambers (Hill Top Research, St Petersburg, FL,
USA): poloxamer 407 (P407) only (– control), EtOH only
(– control), and P407 +20% SDS (+ control). The remaining
dorsal area contained three Hill Top chambers for 5 mM doses
of H10 that were administered in 24-hour increments for the
first 72 hours of the experiment (Figure 2). Each dosing schedule began at 0 hour and the chambers remained in continuous
contact with the skin until the end of the experimental period.
For each collection time (48, 72, and 168 hours), two patches
were evaluated, where the patch was lifted, the dosed area
was scored on the Draize55 scale, the area was photographed,
and an 8-mm punch biopsy was taken from the direct center
of the area. The duplicate doses were split across two animals.
Any wounds were minimally treated (two interrupted stitches)
and covered with an empty Hill Top chamber. At the end of
the study (7 days), the animals were euthanized according to
IACUC protocols, and remaining samples were taken at will
from the surrounding areas. All animal handling-procedures
were carried out according to NCSU institutional guidelines
as well as at least two federal statutes. NCSU is a registered
research facility under the Animal Welfare Act (#55-R-005)
and has an approved Animal Welfare Assurance Statement
with the Office of Laboratory Animal Welfare (#A3331-01).

Results
Preliminary cytotoxicity

Using a 25–100 µM range of H10 (Figure 1, inset), S. aureus
and P. aeruginosa were grown in compound-enriched media
to establish the approximate concentration at which the
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inhibition of biofilm formation was most effective (Figure 1).
To allow for sufficient biofilm growth, P. aeruginosa and
S. aureus were incubated for 6 and 24 hours, respectively.
For both species, 25 µM H10 inhibited less than 40% of the
biofilm-forming ability. However, for S. aureus, this inhibition increased significantly at 50 µM and approached 95%
at 75 µM. In contrast, the maximal P. aeruginosa inhibition
did not occur until 100 µM H10. To further characterize its
pharmacodynamics, the IC50 and EC50 values for H10 against
each species were determined. In the context of these experiments, the IC50 is the H10 concentration that inhibits 50% of
biofilm formation, while the EC50 is the H10 concentration
that disperses 50% of a preformed biofilm. For S. aureus, the
H10 IC50 and EC50 values were 12 and 100 µM, respectively,
and 31 and 46 µM for P. aeruginosa.
Because imposing selective pressure on bacteria can
result in adaptation to avoid cell death, it is important that
the 2-AI compounds are not bactericidal. Therefore, concentrations of H10 near the IC50, 12.5 µM (S. aureus) and
50 µM (P. aeruginosa), were used to evaluate the ability of
planktonic bacteria to grow in the presence of this compound.
In both cases, there was no significant decrease in growth
compared to the controls (Figure 3).

Biofilm dispersion
To replicate the previously observed biofilm dispersion of
2-AIs,30,32,33,36 3-day biofilms grown in a DFR were treated
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Figure 3 Growth curves for S. aureus and P. aeruginosa in the presence of H10.
Notes: Representative growth curves for S. aureus (light gray lines) and P. aeruginosa
(dark gray lines) in the presence of H10 at a concentration greater than the
IC50. Data are presented as the mean ± SD of each group. The boxes and circles
represent the control values and treatment with H10 at the indicated concentration,
respectively.
Abbreviations: IC50, half maximal inhibitory concentration; SA, Staphylococcus
aureus; PA, Pseudomonas aeruginosa; SD, standard deviation.
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Figure 5 Synergism of H10 with antibiotic cocktail in S. aureus.
Notes: When S. aureus is grown in a combination of H10 and a P/S cocktail,
the antibiotic-resistant S. aureus 29213 strain becomes resensitized to antibiotic
treatment. The data are given as the mean ± SD, n=3. Statistically significant
differences between columns (Tukey’s HSD intervals at P0.05) are marked with
different letters (a–c).
Abbreviations: CFU, colony-forming unit; P/S, penicillin/streptomycin; S. aureus,
Staphylococcus aureus; SD, standard deviation; HSD, honest significant difference.

tissues unharmed during treatment. Therefore, a fibroblast
viability assay was conducted to determine if H10 had any
negative consequences on eukaryotic cells. The hFF cultures
exposed to BCM were significantly less viable than both the
controls (P,0.001) and the BCM + H10-exposed cultures
(P,0.0014; Figure 6). Moreover, there was no statistically
significant difference between the control and BCM + H10
cultures (P,0.2363), suggesting that H10 altered the S. aureus
biofilm metabolism/compound secretion such that the deleterious effects of the BCM on hFFs were eradicated.
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Figure 4 Preformed biofilms are dispersed in the presence of H10.
Notes: Viable cell counts of S. aureus and P. aeruginosa 3-day biofilms following
treatment with H10 (24 hours), showing dispersion of a preformed biofilm. The data
are given as the mean ± SD, n=3. The asterisk (*) indicates values with significant
difference from the other group within the species (P#0.020).
Abbreviations: CFU, colony-forming unit; SA, Staphylococcus aureus; PA, Pseudomonas
aeruginosa; SD, standard deviation.
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Further dispersion studies were conducted to compare the
observed decrease in the S. aureus log CFU count upon
H10 addition with that of a clinically relevant P/S combination, as well as investigate how the compounds function
in concert. This particular strain is an antibiotic-resistant
isolate, where the typical drug cocktails employed in the
clinic are not effective. While both H10 and P/S decreased
the cell viability from 7.84±0.56 log CFU/cm2 to 5.98±0.19
and 6.46±0.07, respectively, the synergistic action of both
compounds resulted in a marked decrease of almost 4 log
CFU/cm2 (P,0.007), effectively resensitizing antibioticresistant S. aureus to antibiotics (Figure 5).
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for 24 hours with H10, and instead of indirectly monitoring
viability, this experiment directly calculated the number of
CFUs. As an ASTM E2647-08 Standard Test Method,56 the
DFR model afforded a low shear, high gas transfer environment for growing biofilms of both species.57,58 For CFU determination, the bacteria were grown with in concentration of
H10 well beyond the IC50 (100 µM). While there was no statistically significant difference between the control and H10
experimental groups for P. aeruginosa, there was a marked
CFU decrease for S. aureus (P,0.019; Figure 4), indicating
that H10 was able to disperse the preformed biofilm.
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Figure 6 hFF viability assay in BCM.
Notes: In hFF cells, BCM from S. aureus grown in the presence of H10 (BCM +
H10) does not exhibit the deleterious effects of S. aureus BCM. The data are given
as the mean ± SD, n=3. The asterisk (*) indicates statistically significant difference
from both the control and BCM + H10 (P#0.002).
Abbreviations: BCM, biofilm-conditioned medium; hFF, human foreskin fibroblast;
S. aureus, Staphylococcus aureus.
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concentrations of the compound. For both species, .90%
biofilm inhibition was achieved. However, compoundinduced eradication of biofilms could be due to compound
toxicity. For application as an adjuvant, it is also important
that H10 is not bactericidal, as this could induce resistance
mechanisms. Growth curves for both species did not indicate
H10 toxicity. After establishing that H10 is not bactericidal,
the biofilm dispersion capability was determined using viable
cell plate counts (log CFU/cm2) from a DFR assay, which
was the most suitable method to grow biofilms for CFU
determination.58 In both CF and chronic wounds, biofilms
form at a liquid–air interface, which the DFR models well. It
also approximates “plug flow”, where nutrient concentrations
and cell densities change along the coupon, which can be
directly applicable to catheters and the other aforementioned
indwelling medical devices.59 Following the growth curves
and inhibition assays, 3-day S. aureus and P. aeruginosa
biofilms were treated with H10 for 24 hours and monitored
for dispersion (decrease in log CFU/cm2). For S. aureus,
the H10 treatment group was significantly lower than the
control, and while the changes in P. aeruginosa in the presence of H10 suggested a treatment-derived decrease, it was
not statistically significant. Therefore, H10 may treat infections containing S. aureus more effectively, but suitability
for treating P. aeruginosa infections cannot be discredited.
Nonetheless, H10 inhibits and disperses biofilm formation
in a nonbactericidal manner.
An exciting prospect of adjuvants is that they may
reinfuse the chemotherapeutic arsenal with highly effective
antibiotics that are widely available and cost-effective. It was
the sulfa drugs and penicillin in the 1930s and 1940s that
brought infections from the cause of 52.7% of all deaths in
1900 to only 2.7% in 2010.1 The drug cocktail tested herein
against S. aureus 29213, a multidrug-resistant strain, was P/S.
A similar DFR model was used as with the single-species
experiments, but a third experimental group received both
H10 and P/S. This combination therapy exhibited a synergistic effect, where considerably greater log reductions were
observed for the combination than for either treatment alone.
Thus, H10 resensitizes antibiotic-resistant bacteria to previously obsolete antibiotics.
After establishing that H10 is not toxic to its bacterial
target(s), toxicity toward human cells must also be investigated; an adjuvant is useless if it cannot treat the infection
without harming the surrounding tissues. Fibroblasts are
the principal dermal cells and are integral to the wound
healing process.60 Therefore, hFFs were used in a scratch
closure assay, where the hFFs supplemented with BCM
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Figure 7 Percent scratch area closed for the in vitro scratch assay.
Notes: Results are shown for two experimental groups, where hFFs were exposed
to either antibiotic-resistant Staphylococcus aureus BCM or BCM from these cells
grown in the presence of H10 (BCM + H10). The results for one control group are
also shown. The data are given as the mean ± SD, n=4. The asterisk (*) indicates values
with significant difference from the other groups at the same time point (P#0.001).
Abbreviations: hFFs, human foreskin fibroblasts; BCM, biofilm-conditioned
medium; SD, standard deviation.

Scratch closure
After ensuring that H10 did not affect fibroblast viability
in vitro, a scratch closure assay was used to evaluate performance in a wound model that approximated an in vivo
system. After 48 hours, the hFFs exposed to BCM from the
untreated biofilm had begun to die and the scratch widened,
and by 72 hours, most of the BCM-exposed cells were dead
(Figure 7). In contrast, the cultures exposed to BCM from
an H10-treated biofilm (BCM + H10) were healthy enough
to proliferate and migrate to instigate scratch closure. Across
all time points, there were no statistically significant differences in scratch closure between the control and the BCM +
H10 cultures, whereas the last two “BCM” time points were
markedly different (P#0.001).

Porcine skin irritation
To expand upon the in vitro assays, swine skin was utilized
as the in vivo model for human skin. In these experiments,
5 mM H10 was applied directly to the skin. Despite application at orders of magnitude greater than the therapeutic dose,
H10 failed to produce any significant observable response by
histopathological examination, even after 7 days of constant
contact (Figure 2). Overall, H10 did not cause any gross
abnormalities in the porcine skin model nor did it stimulate
any significant immune reaction (Table 1).

Discussion
To first establish that H10 inhibits biofilm formation,
S. aureus and P. aeruginosa were exposed to varying
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Table 1 Histopathological evaluation of H10 epidermal/dermal toxicity
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Condition

Replicate

Epidermal histopathology

Dermal histopathology

Inflammation

Hydropic

Necrosis

Inflammation

Edema

Hemorrhage

E

L

E

L

E

L

E

L

E

L

E

L

25% P407
control

1

0

0

0

0

0

0

1

1

0

0

0

0

2

0

0

0

0

0

0

0

0

0

0

0

0

20% SDS in
EtOH

1

0

0

0

0

0

0

2

2

0

0

0

0

2

0

0

0

0

0

0

1

1

0

0

0

0

5% DMSO in
25% P407

1

0

0

0

0

0

0

0

1

0

0

0

0

2

0

0

0

0

0

0

0

0

0

0

0

0

5 mM H10 in
25% P407
48 hours

1

0

0

0

0

0

0

0

1

0

0

0

0

2

0

0

0

0

0

0

0

0

0

0

0

0

5 mM H10 in
25% P407
72 hours

1

0

0

0

0

0

0

0

0–1

0

0

0

0

2

0

0

0

0

0

0

0

1

0

0

0

0

5 mM H10 in
25% P407
168 hours

1

0

0

0

0

0

0

0

0

0

0

0

0

2

0

0

0

0

0

0

0

0–1

0

0

0

0

Notes: Effects of acute dermal exposure to H10 in a swine model. Histopathology slides prepared from punch biopsies were scored for the presence of inflammatory cells
on a Draize scale of 0–4, where 0= absent, 1= minimal, 2= mild, 3= moderate, and 4= marked. Duplicate doses were split across two animals, and the image included for each
condition represents the photograph taken at the end of treatment, prior to biopsy.
Abbreviations: E, eosinophils; L, lymphocytes; P407, poloxamer 407; SDS, sodium dodecyl sulfate; EtOH, ethanol; DMSO, dimethyl sulfoxide.

failed to close properly, as Kirker et al61 observed previously.
However, when fed BCM from bacteria grown in the presence of H10, the scratch closure was indiscernible from the
control. Therefore, the effect of H10 on a growing S. aureus
culture is enough to alter the BCM such that it does not
inhibit in vitro scratch closure. Moreover, Jeffery Marano
et al24 characterized the contents of BCM from S. aureus and
found multiple protein components in the active fraction of
the BCM. Preliminary sequencing data were obtained to identify the potential proteins and several of these components
have been correlated with delayed wound healing.24 While
none of them were TCS proteins, their transcription may be
controlled by upstream RRs.
The final step to establish this 2-AI variant as suitable
adjuvant for dermal bacterial infections was to ensure that
there were no major histopathological changes in an animal dermal model. Weanling pigs are an accepted animal
model for approximating human skin, because they have
a similar multilayered epidermis and repeatedly exhibit
comparable histological and biochemical properties. 62,63
Using the appropriate controls, an epidermal/dermal
response to topical compound application was elicited,
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but it was for SDS, not H10. H10 did not cause any gross
abnormalities nor did it provoke significant immune reaction; therefore, H10 is not harmful in an in vivo topical
application model.

Conclusion
This study demonstrated that H10 is nonbactericidal, inhibits
and disperses biofilms, is synergistic, and resensitizes
bacteria to previously obsolete antibiotics. Furthermore,
the lack of in vitro scratch closure inhibition suggests that
the compound may promote wound healing. Moreover, it
exhibited suitability as a topical biofilm treatment. Further
investigation of H10 would include studies in the efficacy
of in vivo biofilm eradication.
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