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Abstract

Background: Biofilms shield bacteria from immune defenses and antibiotics, contributing to implant-associated infections, particularly
those caused by Staphylococcus aureus (S. aureus). Halicin, a repurposed antimicrobial with broad-spectrum activity, has shown promise
against planktonic and biofilm-residing bacteria. Building on our previous work, we investigated whether halicin enhances the efficacy
of conventional antibiotics when used in combination against S. aureus. Methods: The treatment efficacies of combination therapies
of Halicin and conventional antibiotics were tested against planktonic S. aureus and S. aureus biofilms grown on titanium substrates of
varying maturities. The emergence of antibiotic resistance in treated biofilm bacteria was also characterized. Results: In checkerboard
assays against planktonic bacteria, halicin synergized with gentamicin, tobramycin, and cefazolin but not with rifampicin or vancomycin.
In biofilms grown on titanium substrates, halicin combined most effectively with rifampicin, reducing viable bacteria by >3 logs in
less-mature and >5 logs in more-mature biofilms compared to rifampicin alone. Compared to untreated biofilms, combination therapy
reduced viable bacteria by >5 logs in all cases. This combination also prevented rifampicin resistance seen with rifampicin monotherapy.
Halicin only modestly enhanced aminoglycoside activity against less-mature biofilms and had no significant effect when combined with
vancomycin or cefazolin. Conclusions: These findings highlight that antibiotic-halicin synergy differs between planktonic and biofilm
states, underscoring the importance of biofilm-specific studies. Highlighting the translatability of our results, the doses of conventional
antibiotics combined with halicin required to affect planktonic and biofilm-residing S. aureus are all achievable systemically and in bone.
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Introduction

Biofilms were first described in the biomedical litera-
ture in the 1970s as a structured microbial community sur-
rounded by an extracellular matrix [1,2]. Biofilm forma-
tion is tightly regulated through cell-to-cell communication,
environmental cues, and quorum-sensing gene regulation,
leading to phenotypic growth changes [3]. Biofilms protect
bacteria from most conventional antibiotics and the host im-
mune system, leading to chronic infections that are difficult
to treat clinically [4,5]. For example, biofilms on orthope-
dic implants can cause devastating complications, includ-
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ing multiple surgeries for the patient, loss of function, im-
paired activities of daily living, amputation, and sepsis [6].
Staphylococcus aureus (S. aureus) is one of the most com-
mon causes of recalcitrant biofilm infections and can form
biofilms on a wide range of materials, including catheters,
metal implants, and necrotic tissue [7,8].

Interrogation of the Drug Repurposing Hub database
with a deep learning model predicted the nitro-thiazole
compound halicin as a possible antibacterial [9]. Follow-up
studies demonstrated broad-spectrum activity against both
gram-positive and gram-negative planktonic bacteria [9].
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Importantly, halicin was also effective against planktonic
persister cells [9]. Planktonic persister cells and bacte-
ria in biofilms have many similar characteristics, includ-
ing quiescence-induced tolerance to most conventional an-
tibiotics [10,11]. Subsequent studies from our lab doc-
umented that halicin was also active against S. aureus
biofilms at concentrations similar to those active against
planktonic persisters [12]. We found that halicin was ac-
tive against both less-mature and more-mature biofilms
grown on metallic, polymeric, and biologic substrates rele-
vant to clinical infections [12,13]. Halicin’s activity against
S. aureus biofilms on those substrates establishes its po-
tential usefulness in bone and joint infections surrounding
orthopaedic implants. Other investigators simultaneously
demonstrated halicin’s activity against gram-negative bac-
terial biofilms [14—16]. Furthermore, doses of halicin that
are effective in murine infection models cause minimal tox-
icity, making it a promising candidate for further investiga-
tion as an antibiotic for clinical use [17,18].

There has been an alarming spread of antibiotic resis-
tance worldwide [19,20]. The development of novel antibi-
otics for the clinical setting is associated with high costs and
low returns for pharmaceutical companies, leading to a de-
crease in the generation of new antibiotic compounds [21].
Therefore, conventional antibiotics are often used in combi-
nation, as they can have synergistic therapeutic effects and
reduce the emergence of resistance [22-28]. Further, an-
tibiotics such as rifampicin are effective against bacterial
biofilms, especially when used in combination with other
antimicrobials [25,26,29]. Combinatorial use can also re-
duce the emergence of bacterial resistance to rifampicin,
which cannot be used as monotherapy because it commonly
causes resistance [28—31]. Halicin’s antimicrobial and an-
tibiofilm properties have not yet been studied in combi-
nation with conventional antibiotics. However, combina-
tion therapy can increase antibacterial efficacy and allow
for lowering the doses of each drug to decrease both the
emergence of resistance and adverse events [29]. This un-
derscores the future potential of combination therapies that
include halicin [32]. We therefore evaluated the combina-
torial effects of halicin with conventional antibiotics on S.
aureus in planktonic cultures and in biofilms of differing
maturity.

Methods
Antibiotics

Halicin (Catalog #3607, Tocris Bioscience, Min-
neapolis, MN, USA) was dissolved in 100% dimethyl sul-
foxide (DMSO) or PBS containing 25% Kolliphor-HS 15
(Catalog #42966; Sigma, Louis, MO, USA). Rifampicin
(Catalog #R3501, Millipore Sigma, Burlington, MA, USA)
was dissolved in 100% DMSO. Stocks of all other antibi-
otics (all from Millipore Sigma) were made in Milli-Q wa-
ter. Stock solutions of halicin (25 or 50 mM), rifampicin (50
or 102.4 mM), gentamicin (100 mM), and kanamycin (85.5
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mM) were all stored in aliquots at —20°C. Stock solutions of
tobramycin (50 mM), cefazolin (10 mM), and vancomycin
(10 mM) were stored in aliquots at 4°C. Vehicle concen-
trations were equal in all wells of each experiment and are
listed in the figure captions.

Bacteria Strains and Growth Conditions

Methicillin-sensitive, kanamycin-resistant S. aureus-
Xen36 (Catalog # 119243, Perkin Elmer) was used for all
experiments as in our previous halicin studies [12,13] ex-
cept that log-phase growth was obtained by sub-culture of
overnight cultures derived from a single colony. Subcul-
tures were incubated (2 hours, 37°C, 200 RPM) in Luria
Bertani (LB) broth (Thermo Fisher Scientific) containing
200 pg/mL kanamycin. The log-phase bacterial suspen-
sion was centrifuged (5 minutes at 1500 g), and the bac-
teria were resuspended in LB broth without kanamycin to
an absorbance of 0.07 at 600 nm and were further diluted
200-fold to approximately 7 x 10° CFUs/mL in LB with-
out kanamycin for all experiments [13]. The bacteria con-
centrations in those suspensions were confirmed by Colony
Forming Units (CFU) counting.

Checkerboard Assays-Planktonic Bacteria

The combinatorial planktonic bacteria inhibitory ef-
fect of halicin with five distinct conventional antibiotics
was tested using checkerboard assays on 96-well flat-
bottom plates (Catalog # 12-565-210, Thermo Fisher,
Waltham, MA, USA). Eighty microliters of the diluted S.
aureus-Xen36 suspensions were added to duplicate wells
containing serial dilutions of halicin and one of the other
antibiotics (10 ul of each). All assays included both inocu-
lated and sterile control wells with vehicles without antibi-
otics. The 96-well plates were sealed (Catalog # DY 992,
Bio-techne, Minneapolis, MN, USA) and incubated for 20
hours at 37 °C. Absorbances at 600 nm were measured us-
ing a SpectraMax i3 plate reader (Molecular Devices), and
background absorbance in wells without bacteria was sub-
tracted from experimental values. A 95% decrease in ab-
sorbance compared to inoculated wells without antibiotics
was defined as inhibition of bacterial growth for calculation
of fractional inhibitory concentration indices (FICIs).

Biofilm Assays

S. aureus-Xen36 biofilms were grown on sterile tita-
nium alloy discs (medical grade Ti6Al4V ELI 23, 12.7 mm
diameter, Titanium Industries, Rockaway, NJ) in 24-well
tissue culture plates (Catalog #07-200-84, Corning Incorpo-
rated, Corning, NY, USA). Less-mature and more-mature
biofilms were obtained by incubation (37 °C, 110 RPM) for
24 hours or 7 days, respectively, as we previously described
[13]. LB broth was exchanged daily during formation of
the more-mature biofilms. The biofilms were gently rinsed
with sterile PBS one time to remove non-adherent bacteria
and were then challenged for 20 hours at 37 °C with 1.5
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mL of LB broth containing various doses of one antibiotic
in the presence and absence of a fixed dose of the other an-
tibiotic. Each combination biofilm assay included control
biofilms treated with vehicle alone, as well as titanium discs
incubated without bacteria to confirm sterility. After the an-
tibiotic challenges, biofilms were gently rinsed with sterile
PBS and incubated in fresh LB broth (24 hours, 37 °C) to al-
low quiescent bacteria to recover [12,13,33]. Biofilms were
then gently rinsed in sterile PBS and sonicated (40 kHz for
30 minutes, BRANSON 3800, Branson Ultrasonics, Brook-
field, Connecticut) in PBS containing 0.3% Tween-80 on
a solid stainless-steel insert (Catalog #100-410-174, Bran-
son Ultrasonics, headquartered in Brookfield, CT, USA)
[33]. To assess effects on the number of viable bacteria,
biofilm sonicates were serially diluted in PBS, and CFU
were counted after incubation (37 °C, 24 hours) on LB agar
containing kanamycin (200 pg/mL).

Antibiotic Resistance Assays on Sonicates

Sonicates of mature biofilms were prepared as de-
scribed in the previous paragraph. Resistance assays in-
cluded sonicates from the following groups: biofilms incu-
bated with vehicles only, halicin monotherapy, rifampicin
monotherapy, combination therapy sufficient to partially
reduce the CFUs, and combination therapy that had little
or no effect on CFUs (see outlined groups in Fig. 3B).
Sensitivity of sonicates to monotherapy with either halicin
or rifampicin was measured as described previously for
the planktonic checkerboard assays. Briefly, rifampicin or
halicin minimum inhibitory concentration (MICs) against
bacteria in the biofilm sonicates were compared to the MICs
ofnaive S. aureus. A > 4-fold increase in sonicate MIC was
considered resistance.

Statistical Analysis

Data from planktonic combination experiments were
analyzed by calculating the fractional inhibitory concentra-
tion index (FICI = MIC4p/MIC4) + (MICp4/MICp)).
FICI < 0.5 indicates synergism, 0.5 < FICI < 4 indi-
cates no interaction, and FICI > 4 indicates antagonism
[34,35]. Data from the antibiotic combination biofilm as-
says were analyzed by mixed effects models. Data from
halicin monotherapy biofilm experiments were analyzed
using a 1-way ANOVA. Rifampicin and halicin resistance
data were analyzed using a 2-way ANOVA with Dunnett’s
multiple comparisons test comparing antibiotic treatment
groups to the vehicle-treated control. p values < 0.05 were
considered significant. All statistical analyses and figure
preparations were completed using Prism (version 10.3.1,
GraphPad Software, San Diego, CA, USA) and verified by
a biostatistician.

Cpm
CELLR maczziaLy

Results
Checkerboard Assays on Planktonic Bacteria

Representative heat maps of each distinct conven-
tional antibiotic combination with halicin are depicted in
Fig. 1. Gentamicin, tobramycin, and cefazolin had FICIs
indicative of synergism (< 0.5) [34,35] with halicin (Fig.
1). In contrast, neither vancomycin nor rifampicin syner-
gized with halicin in these planktonic checkerboard assays
(FICIs = 0.75-1.1, Fig. 1). All concentrations of the con-
ventional antibiotics used in these experiments are achiev-
able systemically and in bone (Table 1).

Biofilm Assays

Initial experiments determined the effects on less-
mature biofilms of each conventional antibiotic in the pres-
ence and absence of a fixed dose of halicin. 250 uM
halicin was chosen for these experiments as it did not de-
tectably inhibit viable bacteria counts in either the less-
or more-mature biofilms grown on titanium alloy discs
(Supplementary Fig. 1A,B). Less-mature biofilm ex-
periments initially used DMSO as a vehicle for halicin.
Conventional antibiotics that were substantially more po-
tent when combined with halicin in those experiments
were advanced to experiments with less-mature and more-
mature biofilms using Kolliphor-HS as a vehicle for halicin.
Kolliphor-HS 15 is more translationally relevant as it is
FDA approved for use in humans [53—55]. In contrast, high
doses of DMSO are toxic in animals and humans when ad-
ministered orally or parenterally (>10% v/v solutions) [56—
58]. To provide context for our results, achievable antibi-
otic concentrations systemically and in bone are listed in
Table 1.

Rifampicin monotherapy had only modest effects on
viable bacteria counts in less- or more-mature biofilms at
all tested doses, including 1500 uM (Fig. 2A-D), which
is > 16-fold higher than achievable systemically and > 6-
fold higher than achievable in bone (Table 1). However,
rifampicin was substantially more potent in the presence of
250 M halicin against less-mature (Fig. 2A,B, p < 0.001)
and more-mature (Fig. 2C, p = 0.021) biofilms. Thus,
compared with monotherapy, the combination of halicin
with all doses of rifampicin > 15 M reduced viable bac-
teria number in the less-mature biofilms by > 3 logs (Fig.
2A,B) and in the more-mature biofilms by >5 logs (Fig.
2C). When compared to untreated biofilms, combination
therapy with halicin and rifampicin at doses > 15 uM re-
duced viable bacteria by >5 logs in all cases. To further
reduce the possibility of confounding results due to vehi-
cles, additional experiments were performed with the mini-
mal practical concentrations of the vehicles (0.05% DMSO
and 0.25% Kolliphor-HS 15). At these vehicle concentra-
tions, rifampicin was again substantially more potent in the
presence of halicin against more-mature biofilms (Fig. 2D,
p =0.016). Rifampicin (>15 uM) combined with 250 M
halicin reduced viable bacteria to undetectable levels (CFUs
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Fig. 1. Halicin combinations with gentamicin (A), tobramycin (B), and cefazolin (C) synergistically inhibits the growth of S. aureus
in planktonic cultures. Median (and range) of FICI values from n = 3 independent experiments are indicated above the heatmaps. Each

heatmap depicts results from a representative checkerboard assay that provided the median FICI value. Blue shading indicates mean

absorbance values at a wavelength of 600nm (A600) from duplicate wells. Arrowheads signify experimental conditions used to calculate

FICI values. FICI, fractional inhibitory concentration index. The figure was designed using GraphPad Prism, version 10.3.1, GraphPad

Software, San Diego, CA, USA.

Table 1. Achievable concentrations in systemic circulation (C.....) and in bone after systemic (Cyone,sys) 0r local (Cyone,iocal)

treatment.
Antibiotic Craz(BM)  Chone,sys (MM)  Cpone,locat(uM)  References
Cefazolin 400-800 441 500-650 [36-40]
Gentamicin 25-45 80 [41-43]
Rifampicin 25-90 240% [44-47]
Tobramycin 63 8 120 [43,48,49]
Vancomycin 70 20 630-850" [50-52]

Note: Ranges are provided for achievable concentrations whenever multiple studies are iden-

tified. Data is presented from human patients except where indicated by #, which denotes

animal studies.

reduced by >8 logs compared to monotherapy, Fig. 2D).
Importantly, 15 uM rifampicin is an achievable concentra-
tion systemically and in bone (Table 1). In additional ex-
periments, various doses of halicin were tested in the ab-
sence and presence of 15 pM rifampicin. Halicin was sub-
stantially more potent in the presence of rifampicin against
more-mature biofilms (Fig. 3A, p = 0.006). The combi-
nation of rifampicin with 125 pM halicin reduced viable
bacteria number by >5 logs compared with monotherapy
(Fig. 3A). Rifampicin also reduced the dose of halicin re-
quired to eradicate viable bacteria to undetectable levels in
the more-mature biofilms to 250 uM (Fig. 3A), which is
8-fold less than the MBEC for halicin monotherapy against
those biofilms (Supplementary Fig. 1B).

Rifampicin monotherapy rapidly induces resistance
and is therefore primarily used clinically in combination
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with a second antibiotic to mitigate resistance [25,26,31,59,
60]. To determine whether the addition of halicin reduces
the emergence of rifampicin resistance, we performed MIC
assays with bacteria from the biofilm sonicates indicated
by the colored ellipses in Fig. 3B that overlay the data
from Fig. 3A. Bacteria from biofilms that were not ex-
posed to antibiotics (dark blue ellipse in Fig. 3B and dark
blue symbols in Fig. 3C) had rifampicin and halicin MIC
values equal to naive bacteria. As expected, bacteria from
biofilms treated with 15 uM rifampicin monotherapy (green
ellipse in Fig. 3B) were highly resistant to rifampicin with
no detectable inhibition of bacterial growth at all tested ri-
fampicin concentrations (up to 64 X MIC, green symbols in
Fig. 3C, p < 0.0001 compared to vehicle-treated biofilms).
Most importantly, halicin prevented rifampicin resistance
in biofilms when the combination therapy was sufficient to
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Fig. 2. Rifampicin is substantially more potent in the presence of halicin. Less-mature (A-B) or more-mature biofilms (C-D) were
incubated for 20 hours with the indicated doses of rifampicin in combination with either vehicle (blue circles) or 250 M halicin (black
triangles). Final concentrations of vehicles in all wells were 2.5% DMSO (A), 2.5% Kolliphor-HS 15 and 2.5% DMSO (B-C) or 0.25%
Kolliphor-HS 15 and 0.05% DMSO (D). Dotted lines connect geometric mean CFUs of n = 3—4 independent experiments. Symbols
denote the geometric mean for each group from an independent experiment, with 4 biofilms per group. p-values comparing rifampicin
plus vehicle to rifampicin plus halicin were determined by mixed effects models (A-D). DMSO, dimethyl sulfoxide. The figure was
designed using GraphPad Prism, version 10.3.1, GraphPad Software, San Diego, CA, USA.

partially reduce the number of viable bacteria within the
biofilms (purple ellipse in Fig. 3B and purple symbols in
Fig. 3C). In contrast, rifampicin resistance was not pre-
vented in biofilms treated with combination therapy that
had little to no effect on the number of viable bacteria (red
ellipse in Fig. 3B and red symbols in Fig. 3C, p < 0.0001
compared to vehicle-treated biofilms). Halicin monother-
apy did not induce resistance to rifampicin (light blue el-
lipse in Fig. 3B and light blue symbols in Fig. 3C) or to
itself (Fig. 3D). Halicin resistance was also not induced in
any of the other groups (Fig. 3D).

Clinically achievable levels of tobramycin (Table 1)
were modestly but significantly more potent in the pres-
ence of 250 M halicin against less-mature biofilms (Fig.
4A,B, p < 0.008). Clinically achievable levels of gentam-
icin (Table 1) were also modestly but significantly more
potent in the presence of halicin with a 2.5% DMSO ve-
hicle (Fig. 5A, p = 0.011), but not with a 2.5% Kolliphor-
HS 15 vehicle (Fig. 5B, p = 0.15). In contrast to the re-
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sults with less-mature biofilms, halicin did not significantly
affect the potency of either aminoglycoside against more-
mature biofilms (Figs. 4C and 5C).

Halicin did not detectably affect vancomycin potency
against less-mature biofilms (Fig. 6, p = 0.32). Instead,
the number of viable bacteria was similar with all doses
of vancomycin > 50 uM combined with halicin, reminis-
cent of the induction of persister bacteria [10,11]. These
experiments included doses higher than the reported max-
imum concentrations of vancomycin systemically and in
bone (Table 1) [50-52].

Cefazolin did not affect the number of viable cells in
the less-mature biofilms in either the absence or presence of
halicin (Fig. 7, p=0.39). These experiments included cefa-
zolin doses equivalent to the reported maximum achievable
concentrations systemically and in bone (Table 1) [36—40].
Thus, we did not test higher concentrations of cefazolin in
our biofilm assays.
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Fig. 3. Halicin is substantially more potent in the presence of rifampicin and prevents the emergence of rifampicin resistance.
More-mature biofilms were incubated for 20 hours with the indicated doses of halicin with either vehicle (blue circles) or 15 M rifampicin
(black triangles) (A). The final concentration of vehicles in all wells was 2.5% Kolliphor-HS 15 and 2.5% DMSO. The resistance assays
tested biofilm sonicates from all groups enclosed by the colored ellipses in (B), which overlays the data from (A). Colored ellipses in
(B) match colors in (C,D): dark blue: vehicle treated biofilms, light blue: halicin monotherapy, green: rifampicin monotherapy, purple:
combination therapy sufficient to partially reduce the CFUs in (B), and red: combination therapy that had little or no effect on CFUs in
(B). To assess resistance, bacteria in the sonicates were exposed to the indicated concentrations of rifampicin (C) or halicin (D). Antibiotic
concentrations are indicated on the x-axes of (C,D) as multiples of the MICs of naive S. aureus-Xen36 (0.008 M rifampicin and 25 uM
halicin, see Fig. 1). Dotted lines connect geometric mean CFUs (A,B) or mean absorbances (C,D) of n = 4 independent experiments.
Each symbol represents the geometric mean (A,B) or mean (C,D) value from an independent experiment, with 4 biofilms (A,B) or 2-6
sonicates (C,D) per group. p-values comparing effects of rifampicin plus vehicle to rifampicin plus halicin on CFUs were determined
by mixed effects models (A). P values comparing resistance in sonicates from treated biofilms to sonicates from vehicle control biofilms
were determined by 2-way ANOVA with Dunnett’s multiple comparisons testing (C,D). MIC, minimum inhibitory concentration. *: p
< 0.0001. The figure was designed using GraphPad Prism, version 10.3.1, GraphPad Software, San Diego, CA, USA.

Discussion This is especially relevant as concentrations of rifampicin
monotherapy substantially greater than those achievable did
not reduce viable cell numbers. Our results show that dif-
ferent antibiotics have superior combinatorial activity with
halicin against biofilms compared to planktonic cultures,
further demonstrating the importance of studying biofilms
to support translation to clinical studies. Although halicin’s
mechanism of action has not been completely defined, stud-
ies suggest that disruption of the proton motive force, bind-
ing to extracellular iron, induction of DNA damage, de-
oxygenation to a hydroxylamine by a bacterial nitroreduc-

This study found that halicin can synergize with gen-
tamicin, tobramycin, and cefazolin to inhibit planktonic
S. aureus. However, the combination of halicin and ri-
fampicin showed the greatest enhancement against both
less-mature and more-mature biofilms. Biofilm maturity
was confirmed in this study as the concentrations of antibi-
otics active against biofilms were substantially higher than
the planktonic MICs [61-63]. To provide a clinical per-
spective of our results, we compared the antibiotic doses in

our studies to achievable concentrations systemically and tase, and/or covalent binding of a nitrotriazolone fragment

in bone (Table 1). Halicin reduced the effective dose of ri- , ¢y steine at the catalytic site of a protease may be involved
fampicin against biofilms from > 1500 uM to a level (15 [9,64,65].

4M) that is achievable systemically and in bone [44—47].
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each group from an independent experiment, with 4 biofilms per group. p-values comparing tobramycin plus vehicle to tobramycin plus
halicin were determined by mixed effects models (A—C). The figure was designed using GraphPad Prism, version 10.3.1, GraphPad

Software, San Diego, CA, USA.

Rifampicin’s stability and activity in anaerobic acidic
biofilm environments likely account for its effect on
biofilms in combination with halicin [29]. Rifampicin’s
ability to eradicate implant associated-biofilms when com-
bined with other conventional antibiotics is well established
in the literature [25,26]. The poor efficacy of rifampicin
monotherapy on biofilms in our study is also consistent
with the literature, as rifampicin monotherapy quickly in-
duces resistance [28-31]. The resistance is likely due to the
subtherapeutic doses achieved systemically and in bone by
standard clinical doses of rifampicin monotherapy [66,67].
Halicin prevented the emergence of rifampicin resistance,
similar to previously reported studies using rifampicin in
combination therapy with conventional antibiotics [27,28].
However, rifampicin resistance can emerge despite combi-
nation with conventional antibiotics [68,69] and some com-
binations of other antibiotics can induce, rather than pre-
vent, resistance [70,71]. Thus, preventing the emergence of
antibiotic resistance with the addition of the novel antibiotic

Cpm
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halicin could lead to more efficacious bacterial eradication
in animal models and in clinical medicine. Importantly, we
also showed that halicin did not induce resistance to itself
in bacterial biofilms. Those results are consistent with and
extend previous studies showing that halicin does not in-
duce resistance in planktonic cultures [9,18]. Rifampicin
is well known to act primarily by inhibiting transcription
and is one of the few conventional antibiotics that are ef-
fective against biofilms. Our finding that rifampicin is sub-
stantially more potent against biofilms when combined with
halicin is therefore especially noteworthy. Understanding
halicin’s mechanism of action is a topic of current research,
but it may include both disruption of the bacterial proton
motive force and induction of DNA damage [9,65]. Al-
though the molecular details require further study, our re-
sults suggest that one mechanism of halicin’s combinatorial
activity is the prevention of resistance to rifampicin. In that
regard, prevention of resistance was shown to contribute to
the combinatorial activity of pairs of conventional antibi-
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10.3.1, GraphPad Software, San Diego, CA, USA.

otics [72].0ther mechanisms of combinatorial activity in-
clude inhibition of sequential steps in a biosynthetic path-
way and increased entry into the bacterial cells [72]. Future
studies will be needed to determine which mechanism(s) are
primarily responsible for the increase in rifampicin potency
when combined with Halicin.

Halicin modestly increased the potency of the two
aminoglycoside antibiotics in our study (gentamicin and to-
bramycin) against less-mature biofilms. However, the ef-
fect of adding halicin was largely lost against more-mature
biofilms. Similar to the rifampicin combination results,
the addition of halicin reduced the effective tobramycin
dose against less-mature biofilms to concentrations that are
achievable systemically and in bone [41-43]. Substantially
decreasing the concentration of aminoglycosides needed for
bacterial eradication would likely be clinically useful, given
the side-effect profile of this antibiotic family at higher

www.ecmjournal.org

doses [73].

Our finding of synergistic FICI values for combina-
tions of halicin and aminoglycosides in planktonic S. aureus
cultures are consistent with results using a different amino-
glycoside (kanamycin) and E. coli in the original study of
halicin as an antibacterial [9]. Those investigators also
found that halicin and tetracycline were antagonistic. In
contrast to the original study [9] other investigators reported
combinatorial activity of halicin and doxycycline on both
planktonic cultures and biofilms of gram-positive Entero-
coccus spp [14]. Further investigations are required to ex-
plain the discrepancy between that study and the results of
the original study [9].

One of the strengths of our study was utilizing
clinically-relevant titanium alloy substrates to grow . au-
reus-Xen36 biofilms, as the biofilm substrate material can
significantly impact antibiotic effectiveness [13,74-77].
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We also tested combinatorial therapy against biofilms of
varying maturity, which increases the clinical translatability
of our study, as more-mature biofilms are less susceptible
to most antibiotics than are less-mature biofilms [61]. To
increase the rigor of our biofilm experiments, we allowed
biofilms to recover for 24 hours in broth after the antibi-
otic challenge, so that quiescent bacteria could shift back
into a proliferative phenotype before CFU enumeration. Fi-

Cpm
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nally, we utilized antibiotics that are clinically relevant to
the fields of infectious disease and orthopaedics and admin-
istered halicin using two separate vehicles, one of which is
FDA approved with a safe toxicity profile [53—55].

This study is not without limitations. We tested only
one strain of bacteria, specifically methicillin-sensitive S.
aureus. However, halicin has previously shown broad-
spectrum activity against planktonic and biofilm-residing
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bacterial species, including multi-resistant strains [9,12—
17].Furthermore, clinically achievable levels of halicin are
unknown and, therefore, cannot be compared to the effec-
tive doses in our study. A recent pharmacokinetic study
demonstrated that halicin is poorly absorbed following oral
administration, but higher levels might be achieved by in-
travenous or local administration [17]. Finally, while ti-
tanium alloy is a commonly utilized metallic surface in
orthopaedic surgery and other surgical specialties, we did
not examine biofilms grown on other clinically important
substrates. However, halicin has robust activity against
biofilms grown on a wide variety of substrates [12—16].
Those studies included silicone elastomer to mimic urinary
and venous catheters as well as substrates clinically relevant
to orthopedic infections (cobalt-chrome, ultra-high molec-
ular weight polyethylene, devitalized muscle, and devital-
ized bone) [13,16].

Conclusions

Halicin synergized with gentamicin, tobramycin, and
cefazolin against planktonic S. aureus and significantly in-
creased the potency of rifampicin against less-mature and
more-mature biofilms. The doses of conventional antibi-
otics in combination with halicin required to affect both
planktonic and biofilm-residing S. aureus are all achiev-
able systemically and in bone. Further, halicin prevented
the emergence of rifampicin resistance, and halicin did not
induce resistance to itself. The results of this in vitro study
will drive future in vivo experiments utilizing combinations
of halicin and rifampicin in small animal models of S. au-
reus biofilm infections.
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