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Abstract

Staphylococcus aureus and Staphylococcus lugdunensis are often associated with pathogenic biofilms ranging from superfi-
cial mucosal to life-threatening systemic infections. Recent studies have reported that chelerythrine (CHE) displays antimi-
crobial activities against a few microorganisms, but its effects on dual-species biofilms of S. aureus and S. lugdunensis have
never been reported. The purpose of this study was to investigate how dual-species biofilms of S. aureus and S. lugdunensis
respond when challenged with CHE. Minimum inhibitory concentration (MIC) of CHE against planktic cells in dual-species
culture was 8 pg/mL. CHE also suppressed dual-species biofilm formation at minimal biofilm inhibitory concentration
(MBICy, 4 pg/mL). Further, confocal laser scanning microscope (CLSM) using five fluorescent dyes revealed the dose-
dependent reduction of the levels of three key biofilm matrix components, and reduced tolerance to gatifloxacin, of biofilms
exposed to CHE. Moreover, CHE efficiently eradicated preformed dual-species biofilms at minimal biofilm eradication
concentration (MBEC, 256 pg/mL). Hence, CHE has the potential to address biofilm infections of clinical course and other

biofilm-related diseases caused by S. aureus and S. lugdunensis.
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Introduction

S. aureus, a ubiquitous bacterium, is a major human patho-
gen that resides in the skin and nasal membranes, and can
frequently be found in raw, pasteurized milk and other food
products (Dai et al. 2019; Tong et al. 2015). Its presence
in the normal microbiota notwithstanding, its pathogenic
potential is dreadful, and can cause various infections, from
bacteremia and infective endocarditis as well as osteoar-
ticular, pleuropulmonary, to hospital-acquired infections
(Tong et al. 2015). It is also notable for its ability to pro-
duce various toxins and invasive enzymes. Similarly, S.
lugdunensis, a coagulase-negative staphylococcus, is a skin
commensal, but can also be responsible for nosocomial and
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community-acquired infections that clinically resemble
those caused by S. aureus in terms of the virulence of the
organism and the clinical course of infection (Frank et al.
2008). In addition, S. lugdunensis has been demonstrated
to be involved in severe infections such as breast abscesses,
peritonitis, infected joint prostheses, osteomyelitis, discitis,
septic arthritis, and pacemaker infections (Van der Mee-
Marquet et al. 2003).

Although single-species infections are sometimes seen,
mixed bacterial biofilms are identified more frequently.
Notably, S. aureus and S. lugdunensis are common causa-
tive agents of infections associated with medical devices
because of their capacity to adhere to the smooth surface
of these materials, and to form a biofilm (de Oliveira et al.
2016). Furthermore, they are often found in other mixed
species biofilm-related infections (Shin and Eom 2019; Lee
et al. 2019).

Biofilms are composed of cells in a sessile state, held
together by a physical scaffold with a matrix of extracel-
lular polymeric substances (Hobley et al. 2015). Bacteria
in biofilms are intrinsically resistant to antimicrobials,
host immune response, and biocides, and bacteria living in
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biofilms can be up to 1000-fold more antibiotic-resistant
than planktonic cells of the same microorganism (Olson
et al. 2002). It is well recognized that biofilm-related infec-
tions are extremely difficult to treat successfully. However,
there are many plant-derived products with reported antibac-
terial, antifungal, antioxidant, and anti-inflammatory prop-
erties that may have the potential to address biofilm-related
infections (Rashed et al. 2014).

Chelerythrine (CHE, Fig. 1), a potent and widely used
broad-range, cell-permeable protein kinase C inhibitor, is
a natural benzophenanthridine alkaloid which has shown
anti-cancer effects on various types of human cancer cells
(Yang et al. 2012). In addition, CHE has multiple other phar-
macological activities, including anti-bacterial, anti-inflam-
matory, insecticidal, and anti-fibrosis activities. For instance,
it has been reported that CHE has strong antibacterial activi-
ties against gram-positive S. aureus, methicillin-resistant S.
aureus, and extended-spectrum-f-lactamase-producing S.
aureus. The study showed CHE Minimum inhibitory con-
centrations (MICs) of 156 pg/mL against each of three bac-
terial species (He et al. 2018). However, no studies have
been performed to clarify the effects of CHE against S.
aureus-S. lugdunensis mixed-species biofilms. In this work,
we investigated the ability of CHE to inhibit mixed-species
biofilm formation, biofilm adhesion, and preformed biofilm.

Materials and methods
Reagents

CHE (CAS: 34316-15-9) was obtained from Nanjing
DASF Biological Technology Co., Ltd. (Nanjing, Jiangsu,
China) at an HPLC purity of at least 98%. Sample solution
was prepared in dimethyl sulfoxide (DMSO) and sterilized
by filtration immediately before use. Film tracer SYPRO
Ruby (SYPRO Ruby), wheat germ agglutinin conju-
gated with Alexa Fluor™ 488 Conjugate (WGA), and 4/,
6-diamidino-2-phenylindole (DAPI) dyes were purchased
from Invitrogen (Thermo Fisher Scientific, Waltham, MA,

Fig. 1 The structure of chelerythrine
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USA). All other chemicals were of analytical grade and
were used as-received.

Bacterial strains and culture conditions

S. aureus ATCC 25,923 and S. lugdunensis ATCC 700,328
isolates were gifted by Dr. Yongdong Li (Ningbo, China),
and stored in tryptic soya broth (TSB) with 20% glycerol
(v/v) at — 80 “C. Before each experiment, stock cultures
were streaked on tryptic soya agar (TSA) and grown at
37 °C for 18 h. A loopful of each strain was then inocu-
lated into 30 mL TSB and incubated in a shaking incubator
overnight at 37 ‘C with constant shaking at 160 rpm.

Minimum inhibitory concentration (MIC)
determination

The MIC of CHE against the single and dual-species cul-
tures of S. aureus ATCC 25,923 and S. lugdunensis ATCC
700,328 described above were measured using the agar
dilution method as reported previously (Shi et al. 2016).
CHE was mixed with warm (50 ‘C) melted TSA in a
24-well plate to achieve a concentration of 64 pg/mL. The
mixture was further, continuously, twofold-diluted with
melted TSA. The final concentrations of CHE ranged from
0 to 64 pg/mL. Samples to which only DMSO was added
were used as a control group. After mixing, each well
containing TSA and various concentrations of CHE, was
inoculated with 2 pL of bacterial suspension. Tested bac-
teria were spotted and the plates were incubated at 37 C
for 24 h. The MIC was defined as the lowest concentration
of CHE that allowed no visible growth of tested bacteria
on agar plates.

Adhesion assay

To assess the primary cell-surface interaction, an adhesion
assay was executed in a 24-well microtiter plate, as previ-
ously described (Shin and Eom 2019). Briefly, the final
concentration of bacterial inoculum in TSB medium was
adjusted to 1 x 10 CFU/mL. Cells supplemented with CHE
at different concentrations (0, 1/8, 1/4, and 1/2 MIC) were
then grown on the slides in a 24-well microtiter plate at
37 °C for 2 h. Subsequently, the supernatants were removed
from the wells, and each well was slowly rinsed with 10 mM
phosphate buffered solution (PBS) to remove non-adherent
cells. Thereafter, adherent cells on the slides was incubated
with SYTO 9 and propidium iodide (PI), and cultured in the
dark for 15 min. The adherent cells were then evaluated by
confocal laser scanning microscopy (CLSM).
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Biofilm analysis by crystal violet staining assay
(CVSA)

CVSA was performed as described by Guo et al. with a few
modifications (Guo et al. 2019). In brief, single and dual-
species cultures of S. aureus and S. lugdunensis were treated
with CHE at different concentrations (1/16, 1/8, 1/4, 1/2,
and 1 MIC) in a 96-well plate at 37 °C for 24 h, respectively.
After treatment, nonadherent bacterial cells were removed
by gently washing the wells with PBS three times, and then
fixed with 100% methyl alcohol for 15 min. The biofilms on
the microplate bottoms were stained with 200 pL of 0.1%
crystal violet for 5 min and then washed with PBS to remove
residual dye, followed by 95% ethanol for 30 min. The
absorbance of released crystal violet (CV) in ethanol was
recorded optical density at 575 nm by a microplate reader
(Thermo Fisher Scientific, Finland).

Biofilm formation analysis

The effects of CHE on biofilm formation were evaluated
qualitatively by CVSA, CLSM, and environmental scanning
electron microscopy (ESEM, Q45, FEI, USA), as described
by Qian et al., with minor modifications (Qian et al. 2019).
Briefly, cell suspensions (ODg,,=0.5) were grown in TSB
with CHE concentrations at 0, 1/8, 1/4, and 1/2 MIC on
round glass slips in a 24-well microtiter plate, followed by
incubation at 37 °C for 24 h. The coupons with biofilm cells
were kept in distilled water containing 2.5% glutaraldehyde
at — 4 °C for 4 h and washed three times with 10 mM PBS.
For CVSA analysis, the biofilms on the slips were stained
with CV as described above and observed with an optical
microscope. For CLSM analysis, the slides with biofilms
were incubated with 2.5 pM SYTO 9 and cultured at 25 °C
for 15 min. CLSM examination was performed with fluo-
rescence measured at excitation/emission wavelengths of
485/542 nm for SYTO 9. For ESEM analysis, the samples
were dehydrated in sequentially graded ethanol (50%, 70%,
90%, and 100%). Dehydrated biofilm samples were coated
with gold with an ion-sputtering instrument before being
observed by ESEM.

Gatifloxacin diffusion within biofilms treated
with CHE

Diffusion of antibiotics within biofilms formed in the pres-
ence of CHE was performed with gatifloxacin possessing
intrinsic fluorescence, and evaluated by CLSM (van der
Waal et al. 2017). Dual-species biofilms were prepared in
the same manner as described above on glass coverslips
placed inside a 24-well microtiter plate. The resulting bio-
films were gently washed three times with 10 mM PBS and
a final concentration of 0.08 mg/mL gatifloxacin was added,

followed by a further incubation for 5 h at 37 °C. Next, to
visualize the diffusion of gatifloxacin within biofilms, SYTO
9 was added to the sample to a final concentration of 3 pM,
followed by incubation for 15 min in the dark. The samples
were then rinsed three times with 10 mM PBS to remove
nonpenetrated gatifloxacin and observed using CLSM. The
emission peak for gatifloxacin was recorded at 495 nm upon
excitation at 291 nm.

Biofilm composition by CLSM

CLSM was used to examine compositional changes of S.
aureus-S. lugdunensis dual-species biofilms (Oniciuc et al.
2016). Briefly, cells exposed to different concentrations
of CHE (0, 1/4, and 1/2 MIC) were grown on a 24-well
microtiter plate at 37 °C for 24 h. Following the incubation,
bacterial suspensions were removed and rinsed with PBS.
Thereafter, the biofilms were exposed to the following three
types of dyes: (I) SYPRO Ruby, which labels most classes
of proteins; (II) WGA, which stains N-acetyl-p-glucosamine
residues; (IIT) DAPI, which binds to double-stranded DNA.
At the end of each staining, the stained biofilms were washed
with PBS to remove dye residues. All the staining steps were
performed in the dark. The fluorescence of dyes was detected
using the following combination of laser excitation and
emission band-pass wavelengths: 450/610 nm for SYPRO
Ruby (red), 495/519 nm for WGA (green), and 358/461 nm
for DAPI (blue). ZEN software (Carl Zeiss, Thornwood, NY,
USA) was used to observe the stained dual-species biofilm
and to obtain color confocal images.

Evaluation of cell damage within biofilms

Cell damage within the dual-species biofilms was examined
by CLSM as described by a previous study with slight modi-
fications (Olszewska et al. 2019). Cells grown on slides at
37 °C for 48 h were cultured and then exposed to CHE at
different concentrations (0, 2, 4, and 8 MIC) for 12 h, then
washed three times with 0.9% NaCl. To observe the dam-
age of cells within biofilms, a combination of SYTO 9, and
PI fluorescent dyes were mixed thoroughly with biofilm-
associated cells in the dark for 15 min at 25 °C, followed by
assessment of cell damage by CLSM.

Minimal biofilm eradication concentration

To test the potential ability of CHE to eradicate preformed
mono and dual-species biofilms, a biofilm eradication assay
was carried out in a 24-well microtiter plate as described
by Meira Ribeiro et al., with some modifications (Ribeiro
et al. 2015). Biofilms were pre-formed for 48-h on the glass
slips in each well and then treated with CHE at different
concentrations (0, 8, 16, and 32 MIC) for 12 h at 37 °C. The
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biofilms were then observed using an ESEM. Meanwhile,
the biofilm biomass was measured using a crystal violet
staining assay.

Statistical analysis

All experiments were performed in triplicate. Statistical
analyses were performed using SPSS software (SPSS 8.0 for
Windows). The data are presented as the mean +SD (n=3).
Differences between means were evaluated by Student’s t
test and defined as significant at P <0.01.

Results

MIC of CHE against single and dual culture of S.
aureus and S. lugdunensis

CHE presented an obvious inhibitory effect against mono-
and dual-species culture of S. aureus ATCC 25,923 and S.
lugdunensis ATCC 700,328 (Table 1). The MICs of CHE
against S. aureus ATCC 25,923 and S. lugdunensis ATCC
700,328 were all 4 pg/mL. Besides, the MIC value of CHE
against dual-species was 8 pg/mL.

Table 1 Minimum inhibitory concentrations (MIC, pg/mL) of Chel-
erythrine against single- and dual-species of S. aureus and S. lugdun-
ensis

Strains MICS (pg/mL) MBIC90S
(hg/mL)

S. aureus ATCC 25,923 4 2

S. lugdunensis ATCC 700,328 4 2

Dual-species

Fig. 2 Inhibitory effects of chel-
erythrine on initial cell surface
interaction. a Images of confo-
cal laser scanning microscopy
(CLSM) of white light (scale
bar: 20 pm). b Images of CLSM
of fluorescence (scale bar:

10 pm). ¢ Images of CLSM of
fluorescence of three dimen-
sional view (scale bar: 10 pm)
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Inhibition of initial cell-surface interaction

CLSM was utilized to examine the inhibitory effect of
CHE against the initial cell-surface interaction between S.
lugdunensis and S. aureus. Following the adhesion phase
(Fig. 2), increased concentrations of CHE clearly inhibited
the adhesion of S. lugdunensis and S. aureus. Compared
with the control, a CHE concentration of 1/2 MIC signifi-
cantly suppressed adhesion. These results indicate that CHE
intervened with the initial cell-surface interaction between S.
lugdunensis and S. aureus, thus inhibiting biofilm formation.

A combination of crystal violet staining, CLSM,
and ESEM assays suggests the inhibitory effect
of CHE on biofilm formation

To determine whether CHE inhibited the biofilm formation
without bactericidal effects, we grew biofilms supplemented
with CHE at different concentrations. As shown in Fig. 3,
the addition of CHE clearly reduced the relative biomass of
mono- and dual-species biofilms in a concentration-depend-
ent manner. When mono-species of S. aureus and S. lugdun-
ensis exposed to CHE at the 1/4-MIC and 1/8-MIC, respec-
tively, there is a significant difference in the relative biomass
of biofilm compared with untreated group (p <0.01). In
contrast, the relative biomass of dual-species biofilms was
significantly different between 1/4-MIC-CHE-treated and
untreated groups (p <0.01). The biomass was further down-
regulated significantly (p <0.001) after exposure to CHE at
1/2 MIC or MIC compared to the untreated control. These
results show that CHE has an excellent inhibitory effect on
biofilm formation, and MBIC,,, of CHE against S. aureus
and S. lugdunensis mono-species biofilms were 2 pg/mL,
while the MBIC,, of CHE against dual-species biofilms was
4 pg/mL (Table 1).

1/8 MIC

1/4 MIC 1/2 MIC
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Fig.3 Effects of chelerythrine on biofilm formation of mono- and
dual-species of S. aureus ATCC 25,923 and S. lugdunensis ATCC
700,328. Relative biomass of biofilms was determined in the presence
of chelerythrine at the concentrations of 0, 1/16 MIC, 1/8 MIC, 1/4
MIC, 1/2 MIC and MIC in 96-well plates by crystal violet staining.
Values represent the means of triplicate measurements. Bars represent
the standard deviation (n=3). *P <0.05; **P <0.01; ***P <0.001

Figure 4a, d and g display 40-fold-magnified optical
microscopy images of biofilms stained with CV. The
biofilm of S. aureus mono- and dual-species was effi-
ciently restrained by CHE at 1/2 MIC, compared with the
untreated group (Fig. 4a, g). However, biofilms of S. lug-
dunensis ATCC 700,328 were inhibited by CHE at con-
centrations of 1/4 MIC (Fig. 4d). The reduction of biofilm
formation by CHE at sub-MIC was also observed using
CLSM and ESEM (Fig. 4b, c, e, f, h, i). Examination
of the of biofilms exposed to CHE indicated a dramatic
reduction in the amount of biofilm biomass attached to
the coverslip surface after CHE treatment, with fewer
multilayer cell clusters.

CHE treatment reduces biofilms’ tolerance
to gatifloxacin

To evaluate the antibiotic tolerance of biofilms exposed
to CHE, gatifloxacin diffusion within biofilms was com-
paratively monitored using CLSM. As shown in Fig. 5, in
untreated or 1/8-MIC-CHE-treated biofilms, we observed
that gatifloxacin was confined to the outer periphery of
the biofilm with minimal to no penetration into the bio-
film. By comparison, increased gatifloxacin penetration
was found in the 1/4-MIC-treated group, and penetration
was complete in the 1/2MIC-CHE-treated group, reaching
the basal layers.

CHE suppressed biofilm formation by mediating
extracellular proteins, polysaccharides, and eDNA
levels

We used CLSM in conjugation with three different fluo-
rescent dyes to quantify the levels of biofilm matrix com-
ponents in dual-species biofilms in the presence of CHE.
CLSM images showed that CHE significantly reduced bio-
film polysaccharides, extracellular proteins, and eDNA in
a dose-dependent manner (Fig. 6). These results were con-
sistent with the decrease of total biofilm biomass follow-
ing exposure to CHE. In the untreated group, substantial
fluorescent emission overlap and large amounts of eDNA,
proteins, and polysaccharides were observed, while only
small clusters of bacteria and only a few fluorescent over-
laps were evident in three main biofilm matrices in the
1/4-MIC-CHE-treated group. With 1/2 MIC, the three
biofilm matrices were overtly attenuated, and scattered
co-aggregation was reduced compared to the other groups.

CLSM showed inactivation by CHE of cells
within dual-species biofilms

We also visualized stained biofilms by CLSM to investi-
gate the effect of CHE on the viability of cells encased in
biofilms. Live cells were stained with SYTO 9 (green),
and PI (red) stained dead cells (Fig. 7). CHE had a dra-
matically detrimental impact on cell viability within bio-
films and caused significant dispersion of cells within
the biofilm matrix. The control samples untreated with
CHE stained entirely in fluorescent green, reflecting intact
cytomembranes or cell walls in live bacteria. By com-
parison, the experimental samples treated with CHE and
showed a large percentage of fluorescent red with a small
proportion of fluorescent green, demonstrating extensive
bacterial damage. With 8 MIC CHE, images were almost
entirely red, though there were patches that remained
green, suggesting that some cells in these biofilms were
still intact and viable.

CHE eradicated efficiently preformed biofilms

We used a crystal violet staining assay and ESEM to confirm
the biofilm-eradicating potential of CHE at different concen-
trations. The biofilm biomass of S. aureus mono- and dual-
species was significantly reduced by treatment with CHE at
32 MIC (p<0.001), while a similar result was achieved at
16 MIC in mono-species group of S. lugdunensis (p <0.001)
(Fig. 8a). Effects observed at other CHE dosage levels con-
firmed this dose—response correlation (Fig. 8b—d). These
results were consistent with those obtained using CVSA.
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Fig.4 Chelerythrine inhibited
the biofilm formation of mono-
and dual-species of S. aureus
ATCC 25,923 and S. lugdun-
ensis ATCC 700,328 on slides.
The biofilms of dual-species
formed on glass slides were
inhibited by chelerythrine of
different concentrations (0, 1/8
MIC, 1/4 MIC and 1/2 MIC).
a, d, g Samples stained with
crystal violet were observed

by optical microscopy at the
magnification of 40 X (scale
bar: 2.5 pm). b, e, h CLSM
images. (scale bar: 10 pm) (c, f,
i) Photographs of environmental
scanning electron microscope
(ESEM, magnification of
10,000 %, scale bar: 10 pm)

172 MIC

S. aureus 0 1/8 MIC 1/4 MIC

Dual-species
G

1/8 MIC

Fig.5 Representative CLSM images assessing diffusion of gatifloxa-
cin within dual-species of S. aureus ATCC 25,923 and S. lugdunen-
sis ATCC 700,328 biofilms formed in the presence of chelerythrine.
After dual-species biofilms were grown for 24 h supplemented with-

gatifloxacin was added into the medium, respectively. Following
5-h gatifloxacin diffusion, the biofilms were visualized using CLSM
(scale bar: 10 pm). Biofilms were stained with SYTO 9 for biofilms
(green) and the intrinsic fuorescence of gatifloxacin (blue)

out or with chelerythrine of different concentration, 0.08 mg mL ™!
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Fig.6 CLSM images of biofilm

composition (scale bar: 10 pm).
Three fluorescent markers
(SYPRO Ruby, WGA, and
DAPI) were used to stain pro-
teins, carbohydrates and eDNA
of biofilm matrices, respec-
tively. a CLSM images were
examined at 63 X magnification.
b The relative fluorescence
intensity of each treatment
group was calculated and plot-
ted against that in untreated
group using KS 400 version

3.0 software. Bars represent

the standard deviation (N=6),
**P<0.01; *** p<0.001

Fig.7 Inactivation of cheler-
ythrine against dual-species of
S. aureus ATCC 25,923 and

S. lugdunensis ATCC 700,328
within biofilms by CLSM (scale
bar: 10 pm). Cells treated with
chelerythrine at 0, 2 MIC, 4
MIC and 8 MIC, respectively
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Discussion

As an alternative antibiotic treatment, natural products are
associated with lower antibiotic resistance than conventional
drugs, and they are widely used in clinical settings. The
current study investigated the antibacterial and antibiofilm
effects of CHE, aiming to examine its antibiofilm effects
against a commonly observed combination of bacterial
species. CHE exhibited strong antibacterial effects against
mixed cultures of S. aureus and S. lugdunensis, with an MIC
value of 8 pg/mL. This is lower than a previous report that
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estimated its MIC at 0.156 mg/mL against S. aureus ATCC
25,923 and methicillin-resistant S. aureus (He et al. 2018).
By comparison, Shen et al. reported that permeability of S.
aureus ATCC 3101 cells was enhanced with exposure to
0.31 mg/mL cinnamaldehyde (its MIC) (Shen et al. 2015).
Surface colonization or adhesion, the initial stage of bio-
film formation, enables planktonic microbial cells to attach
the surfaces of medical devices. Our results showed that,
in the adhesion stage, the antibiofilm effect of CHE on S.
aureus and S. lugdunensis was to inhibit adhesion (Fig. 2).
A CHE concentration of 4 pg/mL suppressed the adhesion of
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S. aureus and S. lugdunensis. In contrast, a previous report
showed that a zerumbone concentration of 128 pg/mL sup-
pressed the adhesion of S. aureus ATCC 29,213 by 12.1%
(Shin and Eom 2019).

We also investigated the inhibitory effects of CHE against
S. aureus-S. lugdunensis biofilms by CVSA, ESEM, and
CLSM. These methods showed a significant decrease of bio-
film population following exposure to 1/4 MIC (2 pg/mL)
CHE. In addition, CVSA revealed that CHE at 1/4 MIC was
able to significantly suppress biofilm formation (Fig. 4g).
Analogously, a previous study by Xu et al., showed that sub-
MIC and MIC doses of punicalagin were also able to repress
biofilm formation of S. aureus ATCC 29,213 (Xu et al.
2017). However, the biofilm of S. aureus was inhibited when
the concentration of punicalagin was larger than 1/32 x MIC
(7.8 pg/mL), while CHE inhibited dual-species biofilms at
1/2 MIC (4 pg/mL). We additionally demonstrated a clear
increase in the diffusion of gatifloxacin within dual-species
biofilms in the presence of 1/4 or 1/2 MIC CHE, suggest-
ing that CHE increased biofilm permeability. Moreover, we
used CLSM combined with three different fluorescent dyes
to observe the matrix levels of biofilms exposed to CHE.
The results suggested that 1/2 MIC CHE sharply inhibited
biofilm formation via effects on polysaccharides, proteins,
and eDNA (Fig. 6). These antibiofilm effects exhibited
dose-dependency within 24 h of exposure, indicating that
the three different matrix components strongly influenced
biofilm development. Previous studies have also evaluated
biofilm composition by performing CLSM image analysis on
pathogens, including S. aureus and Candida albicans (Shin
and Eom 2019).

In our study, CLSM images additionally showed the dam-
age of cells encased within dual-species biofilms by CHE
(Fig. 7). The rate of red/green fluorescence in dual-species
culture treated with 4 MIC CHE was slightly higher than that
of 2 MIC, indicating that the inactivating effect was dose-
dependent. Interestingly, although biofilm cells exposed to
8 MIC CHE showed significant cell membrane damage, the
existence of live cells located inside biofilm clusters suggests
an important role of the three-dimensional organization of
biofilms. This phenomenon is most likely due to reduced
access of CHE to the bacteria. Similar CLSM assessment of
antimicrobial effects on biofilms was conducted by Li et al.
with dual-species biofilms of Streptococcus mutans ATCC
700,610 and Streptococcus sanguinis ATCC 10,556 (Li et al.
2014). The study suggested that nicotine causes damage to
cells in dual-species biofilms.

Mature biofilm is associated with increased antibiotic
resistance, and becomes difficult to remove (Salehzadeh
et al. 2016; Montazeri et al. 2019). After verifying the anti-
biofilm activities of CHE, we evaluated its potential to eradi-
cate biofilms. We found that CHE could eradicate ~90% of
24-h mature dual-culture biofilm at concentrations of 256 pg/

mL (Fig. 8a). Meanwhile, In ESEM experiments (Fig. 8d)
observing the influences of CHE on preformed flow-cell bio-
films, we observed that 32 MIC efficiently reduced biofilms
to either a monolayer of cells or a few attached cells, which
was consistent with our CVSA results. In contrast, Shin et al.
reported that in the case of preformed dual-species biofilms
of Candida albicans ATCC 14,053 and Staphylococcus
aureus ATCC 29,213, zerumbone only reduced antibiofilm
activity by 39.4% compared with the control at concentra-
tions of 500 pg/mL (Shin and Eom 2019).

In conclusion, our results indicate that CHE can inhibit
the growth of dual-species biofilms formed by S. aureus and
S. lugdunensis, and that CHE can also contribute to the bac-
tericidal effect of other antibiotics on robust biofilm bacteria
via its capacity to promote cell permeability. We note the
following limitation of this study that is only a preliminary
investigation, and further in vivo and clinical studies should
be undertaken to verify the therapeutic beneficial effects of
CHE on treatment of polymicrobial infections.
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