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Abstract: Staphylococcus aureus, particularly drug-resistant strains, poses significant challenges in
healthcare due to its ability to form biofilms, which confer increased resistance to antibiotics and im-
mune responses. Building on previous knowledge that several flavonoids exhibit antibiofilm activity,
this study sought to identify a novel flavonoid capable of effectively inhibiting biofilm formation
and virulence factor production in S. aureus strains including MRSA. Among the 19 flavonoid-like
compounds tested, 3,2′-dihydroxyflavone (3,2′-DHF) was identified for the first time as inhibiting
biofilm formation and virulence factors in S. aureus with an MIC 75 µg/mL. The antibiofilm activity
was further confirmed by microscopic methods. Notably, 3,2′-DHF at 5 µg/mL was effective in
inhibiting both mono- and polymicrobial biofilms involving S. aureus and Candida albicans, a common
co-pathogen. 3,2′-DHF reduces hemolytic activity, slime production, and the expression of key
virulence factors such as hemolysin gene hla and nuclease gene nuc1 in S. aureus. These findings high-
light the potential of 3,2′-DHF as a novel antibiofilm and antivirulence agent against both bacterial
and fungal biofilms, offering a promising alternative to traditional antibiotics in the treatment of
biofilm-associated infections.
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1. Introduction

Staphylococcus aureus is a principal pathogen in nosocomial and community-acquired
infections, renowned for its ability to form biofilms. These biofilms substantially enhance
bacterial resistance to antimicrobial therapies and the host immune system, complicating
treatment strategies and contributing to chronic infections [1]. Traditional antibiotics are
often ineffective against drug-resistant S. aureus such as methicillin and vancomycin, re-
sistant S. aureus strains (MRSA and VRSA) as well as biofilm-associated infections due to
the inherent resistance conferred by the biofilm matrix [2]. Furthermore, its ability to affect
a wide range of tissues is due to its arsenal of virulence factors, which include adhesins,
alpha-toxin (Hla), enterotoxins, enzymes, and staphyloxanthin [3]. These virulence factors
are regulated by global regulatory systems such as the Agr system, SarA (staphylococ-
cal accessory regulator), and the SaeRS two-component system [3]. The expression of
these virulence factors makes S. aureus a versatile and formidable pathogen, complicating
treatments, especially in the presence of antibiotic resistance. Therefore, innovative ap-
proaches that can diminish biofilm formation and virulence factor production are crucial
for advancing clinical therapeutics.

Flavonoids are a diverse group of plant-derived polyphenolic compounds known
for their potent antibacterial and anti-inflammatory properties. Flavonoids have also
previously demonstrated considerable promise as antibiofilm agents against S. aureus
strains. Research across multiple studies has highlighted their dual role in inhibiting
biofilm formation and reducing virulence without affecting bacterial viability, offering a
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strategic advantage over traditional antibiotics by potentially reducing the likelihood of
resistance development. Recently, several reviews introduced the anti-virulence potentials
of plant flavonoids against S. aureus [4–6]. For example, several flavonoids including
apigenin, kaempferol, luteolin, and quercetin have been shown to significantly diminish
S. aureus biofilm formation and hemolytic activity [7–10]. Recently, our research has focused
on the antibiofilm properties of various flavonoids against Vibrio species [11].

Building on previous works, the present study aimed to evaluate the antibiofilm ef-
fects of 19 flavonoid-like compounds encompassing flavones (apigenin, 7-hydroxyflavone,
chrysin, 6-hydroxyflavone, 6-aminoflavone, 7,2-dihydroxyflavone, and quercetin), flavonols
(epicatechin, catechin, and fisetin), flavonones (flavanone and naringin), and isoflavonoids
(daidzein and genistein) on S. aureus including MRSA strains and to explore the underly-
ing mechanisms responsible for these effects. After the initial screening, the novel active
3,2′-dihydroxyflavone (3,2′-DHF) was selected, and its activity was then compared with
gentamicin in S. aureus. Its antibiofilm activity was also investigated against mixed biofilms
of S. aureus and C. albicans. Live imaging microscopy, scanning electron microscopy, slime
production, hemolytic activity, and qRT-PCR were used to investigate how 3,2′-DHF affects
biofilm formation and toxin production in S. aureus.

2. Results
2.1. Antimicrobial and Antibiofilm Activity of Various Flavonoids against S. aureus

The biofilm inhibitory capabilities of 19 flavonoid-like compounds against the S. aureus
MSSA 6538 strain were initially tested at concentrations of 20 and 100 µg/mL, as detailed in
Figure 1. At 100 µg/mL, 3,2′-dihydroxyflavone (3,2′-DHF) (5), curcumin (6), quercetin (16),
and fisetin (19) reduced S. aureus biofilm formation by over 90%. Additionally, the mini-
mum inhibitory concentrations (MICs) of these effective compounds were determined to
gauge their antibacterial activity. Specifically, 3,2′-dihydroxyflavone (3,2′-DHF), curcumin,
quercetin, and fisetin completely inhibited the planktonic cell growth of S. aureus at con-
centrations of 75, 50, 400, and 200 µg/mL, respectively (Table 1). The findings suggest that
the antibiofilm effects of 3,2′-dihydroxyflavone and curcumin are predominantly due to
their antibacterial properties, whereas quercetin’s biofilm inhibition at sub-MIC levels is
not solely dependent on growth inhibition. Although the antibiofilm activities of curcumin,
quercetin, and fisetin have been previously documented [7–10], this study marks the first
report of the antimicrobial and antibiofilm activity of 3,2′-DHF against S. aureus. Conse-
quently, 3,2′-DHF was chosen for further investigation for its antibiofilm and antivirulence
activities and compared with the activities of antibiotic gentamicin.
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The antimicrobial and antibiofilm activities of 3,2′-DHF were explored in more detail
using additional S. aureus strains. 3,2′-DHF demonstrated a dose-dependent inhibition
of planktonic cell growth, with an MIC of 50–75 µg/mL observed across all of the tested
strains including MSSA 6538, MSSA 25923, MRSA 33591, and MRSA MW2 (Figure S1). A
time-kill kinetic study was conducted to evaluate the bacteriostatic or bactericidal effects
of 3,2′-DHF against S. aureus. The results indicated that 3,2′-DHF acts in a bacteriostatic
manner, maintaining 106 cells with 200 µg/mL of 3,2′-DHF treatment after 24 h (Figure 2A).

While the antibacterial activities of 3,2′-DHF were consistent across four S. aureus
strains, its antibiofilm effects varied. 3,2′-DHF dose-dependently inhibited biofilm forma-
tion in the MSSA 6538 and MRSA MW2 strains, akin to the effects of gentamicin, attributable
to its inhibition of planktonic growth (Figure 2A–D). However, for the MSSA 25923 and
MRSA 33591 strains, 3,2′-DHF at sub-MIC levels (5–10 µg/mL) significantly increased
biofilm formation, whereas near-MIC levels (50–100 µg/mL) reduced it (Figure 2E,F). These
observations align with prior studies indicating that many antimicrobial agents can induce
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microbial biofilm formation at sub-MICs as part of a microbial defense mechanism [12],
although the specific underlying mechanisms remain to be elucidated.
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Figure 2. Effects of 3,2′-DHF on the S. aureus biofilm and planktonic cell growth. CFU measurement
with 3,2′-DHF (A). Biofilm inhibition of S. aureus ATCC 6538 with 3,2′-DHF (B) and gentamicin (C) in
96-well polystyrene plates after 24 h culture. Biofilm inhibition of MRSA MW2 (D), MSSA 25923
(E), and MRSA 33591 (F). * p < 0.05 vs. non-treated controls (none). Bar graphs represent biofilm
formation, while line graphs depict cell growth (B–F).

2.2. Observation of the Antibiofilm Effects of 3,2′-DHF

The antibiofilm potentials of 3,2′-DHF and gentamicin were assessed using live microscopy
and SEM. Both 2D and 3D microscopic imaging revealed that 3,2′-DHF at concentrations of 50
or 100 µg/mL significantly prevented biofilm formation compared to the dense biofilms in the
untreated control, similar to the effects seen with gentamicin at 20 or 50 µg/mL (Figure 3A).
SEM analysis further confirmed the antibiofilm activities of both 3,2′-DHF and gentamicin,
showing a reduced number of cells in the treated samples compared to the untreated control,
while not affecting the morphology of S. aureus cells (Figure 3B).
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2.3. Antibiofilm Effect of 3,2′-DHF on Dual Biofilms of S. aureus and C. albicans

S. aureus and C. albicans often form polymicrobial biofilms that display increased
resistance to antimicrobial agents [13]. Our group recently found the antibiofilm activity
of 3,2′-DHF against Candida albicans strains. Building on this, we assessed the inhibitory
efficacy of 3,2′-DHF against mixed biofilms of S. aureus and C. albicans. Consistent with our
expectations, 3,2′-DHF at concentrations above 5 µg/mL dose-dependently inhibited the
biofilm formation of both species (Figure 4A).
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Figure 4. Effects of 3,2′-DHF on dual biofilms of S. aureus and C. albicans. Biofilm formation by S.
aureus ATCC 6538 and C. albicans DAY185 with 3,2′-DHF in 96-well polystyrene plates after 24 h
culture. C.a. and S.a. represent C. albicans and S. aureus, respectively. N represents none treated
contrrol (A). Live microscopy 2D and 3D images of S. aureus and C. albicans (B). SEM images of dual
biofilms treated with 3,2′-DHF (C). The black, red, and yellow scale bar represent 100, 10, and 3 µm,
respectively. * p < 0.05 vs. non-treated controls (none).

As expected, 2D and 3D microscopic analysis showed that 3,2′-DHF (5–50 µg/mL)
inhibited the dual biofilms of S. aureus and C. albicans (Figure 4B), and SEM analysis further
confirmed the inhibitory impact of 3,2′-DHF on dual biofilm formation (Figure 4C). The
untreated control displayed large C. albicans hyphal filaments intertwined with dense
clusters of smaller S. aureus cells within the biofilm matrix. Treatment with 3,2′-DHF at
5–20 µg/mL effectively eliminated noticeable hyphal filaments, although some S. aureus
cells remained visible. Increasing the concentration of 3,2′-DHF to 50 µg/mL effectively
eliminated most cells from both species. This suggests that the S. aureus biofilm exhibited
greater resistance to 3,2′-DHF compared to the C. albicans biofilm.

2.4. Effects of 3,2′-DHF on Slime Production and Hemolytic Activity in S. aureus

S. aureus produces slime, which is pivotal for its biofilm formation and is closely
associated with its pathogenicity [14]. Hence, the effect of 3,2′-DHF on slime production in
MSSA 6538 was investigated. 3,2′-DHF inhibited slime production in a dose-dependent
manner; notably, concentrations of 50 or 100 µg/mL completely abolished slime production,
primarily through the inhibition of bacterial growth (Figure 5A).
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Figure 5. Effect of 3,2′-DHF on S. aureus virulence factors. Slime production (A). Black color indicates
slime production on the Congo Red agar plates. Hemolytic activity of 3,2′-DHF (B) and gentamicin (C).
The effect of 3,2′-DHF (50 µg/mL) on the gene expression in S. aureus ATCC 6538. 16s rRNA was
the housekeeping gene (D). * p < 0.05 vs. untreated controls (none). The white scale bar represents
500 µm.

Hemolytic activity, driven by alpha-hemolysin, is a key virulence factor in S. aureus [15].
Alpha-toxin, encoded by the hla gene, has the capability to lyse red blood cells. We evaluated
the effects of 3,2′-DHF and gentamicin on the hemolytic ability of MSSA 6538. 3,2′-DHF
was found to dose-dependently inhibit hemolytic activity, with concentrations as low as
5 µg/mL reducing the activity by more than 79% (Figure 5B). In contrast, gentamicin
displayed a biphasic effect on hemolytic activity, indicating a variable response at different
concentrations (Figure 5C).

2.5. Differential Gene Expression Induced by 3,2′-DHF in S. aureus

To study the mechanisms of the antibiofilm and antivirulence effects of 3,2′-DHF on
S. aureus, qRT-PCR was performed to assess the expressions of 11 biofilm- and toxin-related
genes as well as the global regulatory genes in S. aureus MSSA 6538 cells. Treatment with
3,2′-DHF at a concentration of 50 µg/mL led to a significant downregulation of hla (alpha-
toxin) and nuc1 (staphylococcal nuclease) while the expression levels of the other genes
(agrA, aur, icaA, RNAIII, saeR, sarA, sigB, and spa) remained unchanged (Figure 5D). Notably,
the suppression of hla expression by 3-fold is consistent with the observed reduction in
hemolytic activity (Figure 5B), highlighting the specific antivirulence action of 3,2′-DHF.

3. Discussion

The current study reports on the antimicrobial and antibiofilm effects of various
flavonoids against S. aureus, and partially revealed the mechanisms of the most active
compound 3,2′-DHF. While the antimicrobial and antibiofilm activities of flavonoids have
been widely reported, this is the first report of 3,2′-DHF’s effect on S. aureus and on dual-
species biofilms with C. albicans.

3,2′-DHF was found in the climbing plant Marsdenia tinctoria [16]. Previously, its
beneficial effects have been reported on skin regeneration [17] and embryonic stem cell
proliferation [18,19]. Additionally, a combination of quercetin and 3,2′-DHF has been used



Int. J. Mol. Sci. 2024, 25, 8059 7 of 11

to enhance the proliferation and differentiation of porcine muscle stem cells in cultured meat
processes [20], and the antioxidant properties of hydroxyflavones are well-documented [21].

3,2′-DHF exhibited an MIC of 75 µg/mL and at sub-inhibitory concentrations (5–
20 µg/mL), exerted antibiofilm and anti-hemolysis activities against S. aureus (Figures 2
and 5). The antibiofilm activity was partly due to the antimicrobial effect as well as
the repression of hemolysin gene hla and nuclease gene nuc1 in S. aureus (Figure 5D).
Alpha-hemolysin (Hla) plays a positive role in biofilm formation by S. aureus [22], and
previously, other flavonoids repressed the gene expression of hla and biofilm formation in
S. aureus [7,15]. Hence, the current results support the previous findings. While S. aureus
nuclease nuc1 positively modulated biofilm formation and dispersal [23,24], 3,2′-DHF
repressed the expression of nuc1 (Figure 5D). This result suggests that biofilm reduction by
3,2′-DHF is less associated with nuc1.

Previously, several flavonoids such as quercetin [10] myricetin, hesperetin, scutellarein
and phloretin [9,25] as well as naringenin [26,27] have displayed antibiofilm activity against
S. aureus. The antimicrobial mechanism of flavonoids is closely related to cell membrane
integrity in both Gram-negative and Gram-positive bacteria, although it remains controver-
sial [28]. In the case of 3,2′-DHF, it exhibited bacteriostatic activity rather than bactericidal
(Figure 2A) and there was no change in the cell membrane integrity after treatment with
3,2′-DHF (Figure 3B). Hence, it may not target the cell membrane, and identifying the key
target genes or proteins in the future is important.

Among the 19 flavonoids tested, 3,2′-DHF, quercetin, and fisetin at 100 µg/mL demon-
strated a complete inhibition of S. aureus, despite exhibiting weak antimicrobial activity
(Figure 1). 3,2′-DHF, quercetin, and fisetin share similar structures including the hydroxyl
group at the C3 position on the C-ring (Figure 1), which may be crucial to their antibiofilm
activity. Recently, 3,2′-DHF also showed antimicrobial and antibiofilm activities against Vib-
rio spp. and Salmonella typhimurium [11], and even the C. albicans strain (Figure 4). Further
investigation into compounds similar to 3,2′-DHF could lead to improved broad-spectrum
antimicrobial activities.

3,2′-DHF inhibits slime production (Figure 5A), hemolytic activity (Figure 5B), and
the expression of virulence factor genes (α-hemolysin hla and nuclease nuc1) (Figure 5D).
Slime production by coagulase-negative S. aureus is considered as a virulence factor since
slime enhances colonization and biofilm formation [29]. α-Hemolysin is a major toxin
that causes blood hemolysis [30] and is known to upregulate the biofilm formation of
S. aureus [22]. Additionally, the staphylococcal nuclease Nuc1 is a virulence factor that
positively influences biofilm formation by modulating eDNA in the biofilm matrix [23].
Current results partially elucidate how 3,2′-DHF inhibits S. aureus biofilm formation and
support the previous findings. Furthermore, 3,2′-DHF could also serve as a tool to reduce
the pathogenesis of S. aureus.

4. Materials and Methods
4.1. Bacterial Strains, Growth Conditions, and Chemicals

This study utilized four S. aureus strains: two methicillin-sensitive S. aureus strains
(MSSA; ATCC 6538 and ATCC 25923) and two MRSA strains (MRSA 33591 and MW2).
All S. aureus strains were cultured in Luria-Bertani (LB) broth while two MRSA strains
were cultured in LB additionally supplemented with 0.2% glucose at 37 ◦C. A fluconazole-
resistant C. albicans DAY185 was cultured in potato dextrose broth (PDB) medium. Strains
were acquired from the American Type Culture Collection (Manassas, VA, USA).

Nineteen flavonoids are shown in Figure 1, and gentamicin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) was used to dissolve
the compounds and 0.1% (v/v) DMSO was used as a control, which had no effects on
planktonic cell growth or biofilm formation. For planktonic cell growth assay, cell turbidity
and colony-forming units (CFUs) were measured after culturing S. aureus cells in 96-well
plates with or without flavonoids for 24 h. For the minimum inhibitory concentration
(MIC) assay, the overnight culture of S. aureus was diluted (OD600 = 0.1 corresponding
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to ~107 CFU) in LB medium with or without each flavonoid and cultured for 24 h before
determining the cell growth. The MIC is the concentration where no planktonic cell growth
was observed. The assay results were derived from at least two independent cultures
conducted in triplicate.

4.2. Microtiter Dish Biofilm Formation Assay

The overnight culture of S. aureus was diluted (~107 cells) in LB from two MSSA
strains and LB with 0.2% glucose medium for two MRSA strains with flavonoids (0, 5,
10, 20, 50, or 100 µg/mL) or gentamicin (0, 5, 10, 20, or 50 µg/mL). Samples of 300 µL
were then placed into 96-well polystyrene plates (SPL Life Sciences, Pocheon, Republic of
Korea) and incubated without agitation for 24 h at 37 ◦C. Post-incubation, planktonic cell
growth was assessed by measuring optical density at 620 nm (OD620) using a Multiskan EX
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). To quantify the biofilm
formation, the supernatant containing planktonic cells was discarded, and the plates were
washed three times with distilled water. Biofilm cells were dyed with crystal violet (0.1%)
for 20 min, rinsed with distilled water, and the stain was solubilized in 95% ethanol. The
optical densities of the solution were measured at 570 nm (OD570) using the Multiskan EX
microplate reader. Results are presented as the means derived from at least six repetitions
across two independent cultures [31].

4.3. Time–Kill Kinetics Assay

The bactericidal or bacteriostatic effects of 3,2′-DHF were assessed with minor modifi-
cations [32]. An overnight culture of S. aureus was inoculated (~107 cells) into 2 mL tubes
with or without 3,2′-DHF at 100 µg/mL or 200 µg/mL. The samples were then incubated
at 37 ◦C with shaking at 250 rpm. At 0, 6, and 24 h, 100 µL samples were taken, serially
diluted, and spread on LB agar plates, which were then incubated at 37 ◦C. Colony-forming
units (CFUs) were counted post-incubation, and the results were reported as CFU/mL.

4.4. Biofilm Visualization by Live Microscopy and SEM

To observe the antibiofilm activity of 3,2′-DHF against S. aureus, biofilms of S. aureus
MSSA 6538 were produced as above in 96-well plates for 24 h with 3,2′-DHF (0, 20, 50,
or 100 µg/mL) or gentamicin (0, 20, or 50 µg/mL) at 37 ◦C. Subsequent to incubation,
planktonic cells were removed by washing the wells three times with PBS buffer (pH 7.4).
The biofilms were then imaged using the iRiS Digital Cell Imaging System (Logos BioSys-
tems, Anyang, Korea). The captured images of the biofilms were processed into 2D and 3D
color-coded visual representations using ImageJ 1.53k software [33].

The SEM study was conducted according to an established procedure [33]. Briefly,
300µL of diluted S. aureus cells (~107 cells CFU/mL) with 3,2′-DHF (0, 20, 50 or 100 µg/mL)
or gentamicin (0, 20, or 50 µg/mL) were dispensed into 96-well plates, each containing
a sterile nylon filter membrane (0.4 × 0.4 mm). The plates were incubated for 24 h at
37 ◦C without agitation. After incubation, the biofilms that had formed on the membranes
were fixed with a mixture of 2% formaldehyde and 2.5% glutaraldehyde for 24 h. The
biofilms were then dehydrated in a gradient series of ethanol concentrations. Following
critical-point drying using an HCP-2 apparatus (Hitachi, Tokyo, Japan) and platinum
sputter-coating, the samples were examined under an S-4800 scanning electron microscope
(Hitachi, Tokyo, Japan) at 15 kV.

4.5. Biofilm Assay of Dual Species of S. aureus and C. albicans

To assess multispecies biofilm formation, we employed a method previously outlined
in [34]. Briefly, S. aureus cells (5 × 106 CFU/mL) and C. albicans cells (5 × 103 CFU/mL)
were co-inoculated into a mixed culture medium (LB/PDB = 1:1) in 96-well plates. The
mixed cultures were then treated with 3,2′-DHF (0, 5, 10, 20, or 50 µg/mL) and incubated
under static conditions at 37 ◦C for 24 h. Post-incubation, biofilm formation was assessed
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as previously described. Results are presented as the means derived from at least six
repetitions across two independent cultures.

4.6. Slime Production Assay

Colony morphologies and slime production assays were conducted using Congo Red
agar (CRA), as previously described [33]. The CRA consisted of brain-heart infusion broth
(37 g/L), sucrose (36 g/L), agar (15 g/L), and Congo Red (0.8 g/L). Overnight cultures
of S. aureus MSSA 6538 cells (10 µL) were dropped on CRA plates with 3,2′-DHF (0, 20,
50, or 100 µg/mL) and incubated for 24 h at 37 ◦C before imaging. The experiments were
performed in duplicate. Black-colored colonies indicate substantial slime production, while
pale-colored colonies signify an absence of slime.

4.7. Hemolytic Activity Assay

The anti-hemolytic activity of 3,2′-DHF or gentamicin was evaluated [33]. Briefly, 2 mL
of diluted S. aureus cells (~107 cells CFU/mL) in 14 mL tubes were treated with 3,2′-DHF
(0, 20, 50 or 100 µg/mL) or gentamicin (0, 20, or 50 µg/mL) for 24 h with 250 rpm shaking.
In parallel, sheep blood was centrifuged for 5 min at 4000 rpm, and the blood cells were
washed three times with PBS buffer and diluted in PBS to a final concentration of 3.3% (v/v).
Subsequently, 300 µL of the S. aureus culture was added to 1 mL aliquots of the diluted
sheep blood and incubated with shaking at 250 rpm for 1 h at 37 ◦C. After incubation,
the cells were pelleted by centrifugation for 10 min at 12,000 rpm, the supernatants were
collected, and the optical densities of these supernatants were measured at 543 nm.

4.8. RNA Isolation and qRT-PCR

To assess changes in gene expression, a modified version of the previous transcriptomic
assay was utilized [33]. S. aureus cells (~107 cells CFU/mL) were inoculated into 25 mL LB
medium in a 250 mL flask and incubated for 3 h at 37 ◦C with 250 rpm shaking. After this
initial incubation, the culture was treated with or without 3,2′-DHF (50 µg/mL) at an optical
density of 1.0 (OD600) and incubated for an additional 3 h. To preserve RNA integrity, cells
were treated with an RNase inhibitor (RNAlater, Ambion, TX, USA) before being collected
by centrifugation at 12,000 rpm for 10 min. For cell lysis, glass beads (150–212 µm, Sigma-
Aldrich, ~10 times the volume of the cell pellet) were added to the lysis buffer. The mixture
was then vigorously vortexed for 50 s and chilled on ice for 50 s between each vortex, then
repeated twelve times to ensure thorough cell disruption. Following lysis, the supernatant
was collected by centrifugation for 10 min at 13,000 rpm, and the total RNA was isolated
using the Qiagen RNeasy MiniKit (Valencia, CA, USA). qRT-PCR was implemented using
the SYBR™ Green qPCR Master Mix (Applied Biosystems, Foster City, CA, USA), the ABI
StepOne Real-Time PCR System (Applied Biosystems), and primer sequences are listed in
Table S1. Cycle threshold (Ct) values were obtained, and the 2−∆∆CT method was utilized
to calculate the change in relative gene expression. 16S rRNA was used as an endogenous
control, and the analysis was conducted with data from two independent cultures and four
reactions per gene.

4.9. Statistical Analysis

All experiments were conducted using two independent cultures with two or three
replicates each, and the results are presented as means ± standard deviations (SDs). Sta-
tistical significance was calculated using the Student’s t-test, with differences considered
significant at p < 0.05.

5. Conclusions

The current findings suggest that 3,2′-DHF could be effective in treating S. aureus-
associated skin infections due to its antimicrobial, antibiofilm, and antivirulence activities.
Notably, 3,2′-DHF showed broad antibiofilm potential against S. aureus and C. albicans.
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Further molecular studies to identify its targets (genes or proteins), along with in vivo and
toxicological studies, are necessary to confirm its efficacy and safety in clinical settings.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25158059/s1.

Author Contributions: Conceptualization, J.-H.L. and J.L.; Methodology, I.P., Y.-G.K. and J.-H.L.;
Validation, J.-H.L., Y.-G.K. and J.L.; Formal analysis, I.P., Y.-G.K. and J.-H.L.; Investigation, I.P., Y.-G.K.
and J.-H.L.; Resources, J.L.; Data curation, I.P.; Writing—original draft, J.L.; Writing—review and
editing, Y.-G.K., J.-H.L. and J.L.; Visualization, I.P.; Supervision, J.-H.L. and J.L.; Project administration,
J.-H.L. and J.L.; Funding acquisition, Y.-G.K. and J.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) funded
by the Korean government (MSIT) (2022R1C1C2006146 to Y.-G. Kim and 2021R1A2C1008368 to
J. Lee).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Moormeier, D.E.; Bayles, K.W. Staphylococcus aureus biofilm: A complex developmental organism. Mol. Microbiol. 2017, 104, 365–

376. [CrossRef] [PubMed]
2. Craft, K.M.; Nguyen, J.M.; Berg, L.J.; Townsend, S.D. Methicillin-resistant Staphylococcus aureus (MRSA): Antibiotic-resistance and

the biofilm phenotype. J. Med. Chem. Comm. 2019, 10, 1231–1241. [CrossRef] [PubMed]
3. Cheung, G.Y.; Bae, J.S.; Otto, M. Pathogenicity and virulence of Staphylococcus aureus. Virulence 2021, 12, 547–569. [CrossRef]

[PubMed]
4. Carevic, T.; Stojkovic, D.; Ivanov, M. Plant flavonoids as reservoirs of therapeutics against microbial virulence traits: A compre-

hensive review update. Curr. Pharm. Des. 2023, 29, 914–927. [CrossRef] [PubMed]
5. Biharee, A.; Sharma, A.; Kumar, A.; Jaitak, V. Antimicrobial flavonoids as a potential substitute for overcoming antimicrobial

resistance. Fitoterapia 2020, 146, 104720. [CrossRef] [PubMed]
6. Guzzo, F.; Scognamiglio, M.; Fiorentino, A.; Buommino, E.; D’Abrosca, B. Plant derived natural products against Pseudomonas

aeruginosa and Staphylococcus aureus: Antibiofilm activity and molecular mechanisms. Molecules 2020, 25, 5024. [CrossRef]
[PubMed]

7. Cho, H.S.; Lee, J.-H.; Cho, M.H.; Lee, J. Red wines and flavonoids diminish Staphylococcus aureus virulence with anti-biofilm and
anti-hemolytic activities. Biofouling 2015, 31, 1–11. [CrossRef] [PubMed]

8. Manner, S.; Skogman, M.; Goeres, D.; Vuorela, P.; Fallarero, A. Systematic exploration of natural and synthetic flavonoids for the
inhibition of Staphylococcus aureus biofilms. Int. J. Mol. Sci. 2013, 14, 19434–19451. [CrossRef] [PubMed]

9. Lopes, L.A.A.; dos Santos Rodrigues, J.B.; Magnani, M.; de Souza, E.L.; de Siqueira-Júnior, J.P. Inhibitory effects of flavonoids on
biofilm formation by Staphylococcus aureus that overexpresses efflux protein genes. Microb. Pathog. 2017, 107, 193–197. [CrossRef]

10. Lee, J.-H.; Park, J.-H.; Cho, H.S.; Joo, S.W.; Cho, M.H.; Lee, J. Anti-biofilm activities of quercetin and tannic acid against
Staphylococcus aureus. Biofouling 2013, 29, 491–499. [CrossRef]

11. Faleye, O.S.; Lee, J.-H.; Lee, J. Selected flavonoids exhibit antibiofilm and antibacterial effects against Vibrio by disrupting
membrane integrity, virulence and metabolic activities. Biofilm 2023, 6, 100165. [CrossRef] [PubMed]

12. Silva, E.; Teixeira, J.A.; Pereira, M.O.; Rocha, C.M.; Sousa, A.M. Evolving biofilm inhibition and eradication in clinical settings
through plant-based antibiofilm agents. Phytomedicine 2023, 119, 154973. [CrossRef] [PubMed]

13. Harriott, M.M.; Noverr, M.C. Candida albicans and Staphylococcus aureus form polymicrobial biofilms: Effects on antimicrobial
resistance. Antimicrob. Agents Chemother. 2009, 53, 3914–3922. [CrossRef]

14. Podbielska, A.; Galkowska, H.; Stelmach, E.; Mlynarczyk, G.; Olszewski, W.L. Slime production by Staphylococcus aureus and
Staphylococcus epidermidis strains isolated from patients with diabetic foot ulcers. Arch. Immunol. Ther. Exp. 2010, 58, 321–324.
[CrossRef] [PubMed]

15. Wang, T.; Zhang, P.; Lv, H.; Deng, X.; Wang, J. A natural dietary flavone myricetin as an α-hemolysin inhibitor for controlling
Staphylococcus aureus infection. Front. Cell Infect. Microbiol. 2020, 10, 330. [CrossRef]

16. Mohd Nasuha, N.A.; Choo, Y.-M. A new flavone from Malaysia Borneo Marsdenia tinctoria. Nat. Prod. Res. 2016, 30, 1532–1536.
[CrossRef]

https://www.mdpi.com/article/10.3390/ijms25158059/s1
https://www.mdpi.com/article/10.3390/ijms25158059/s1
https://doi.org/10.1111/mmi.13634
https://www.ncbi.nlm.nih.gov/pubmed/28142193
https://doi.org/10.1039/C9MD00044E
https://www.ncbi.nlm.nih.gov/pubmed/31534648
https://doi.org/10.1080/21505594.2021.1878688
https://www.ncbi.nlm.nih.gov/pubmed/33522395
https://doi.org/10.2174/1381612829666230413085029
https://www.ncbi.nlm.nih.gov/pubmed/37069709
https://doi.org/10.1016/j.fitote.2020.104720
https://www.ncbi.nlm.nih.gov/pubmed/32910994
https://doi.org/10.3390/molecules25215024
https://www.ncbi.nlm.nih.gov/pubmed/33138250
https://doi.org/10.1080/08927014.2014.991319
https://www.ncbi.nlm.nih.gov/pubmed/25535776
https://doi.org/10.3390/ijms141019434
https://www.ncbi.nlm.nih.gov/pubmed/24071942
https://doi.org/10.1016/j.micpath.2017.03.033
https://doi.org/10.1080/08927014.2013.788692
https://doi.org/10.1016/j.bioflm.2023.100165
https://www.ncbi.nlm.nih.gov/pubmed/38034415
https://doi.org/10.1016/j.phymed.2023.154973
https://www.ncbi.nlm.nih.gov/pubmed/37499434
https://doi.org/10.1128/AAC.00657-09
https://doi.org/10.1007/s00005-010-0079-9
https://www.ncbi.nlm.nih.gov/pubmed/20502972
https://doi.org/10.3389/fcimb.2020.00330
https://doi.org/10.1080/14786419.2015.1118629


Int. J. Mol. Sci. 2024, 25, 8059 11 of 11

17. Kim, S.; Shin, Y.; Choi, Y.; Lim, K.-M.; Jeong, Y.; Dayem, A.A.; Lee, Y.; An, J.; Song, K.; Jang, S.B. Improved wound healing and
skin regeneration ability of 3,2′-Dihydroxyflavone-treated mesenchymal stem cell-derived extracellular vesicles. Int. J. Mol. Sci.
2023, 24, 6964. [CrossRef]

18. Han, D.; Kim, H.J.; Choi, H.Y.; Kim, B.; Yang, G.; Han, J.; Dayem, A.A.; Lee, H.-R.; Kim, J.H.; Lee, K.-M. 3,2′-Dihydroxyflavone-
treated pluripotent stem cells show enhanced proliferation, pluripotency marker expression, and neuroprotective properties. Cell
Transplant. 2015, 24, 1511–1532. [CrossRef]

19. Kim, K.; Abdal Dayem, A.; Gil, M.; Yang, G.-M.; Lee, S.B.; Kwon, O.-H.; Choi, S.; Kang, G.-H.; Lim, K.M.; Kim, D. 3,2′-
Dihydroxyflavone improves the proliferation and survival of human pluripotent stem cells and their differentiation into
hematopoietic progenitor cells. J. Clin. Med. 2020, 9, 669. [CrossRef]

20. Guo, Y.; Ding, S.-J.; Ding, X.; Liu, Z.; Wang, J.-L.; Chen, Y.; Liu, P.-P.; Li, H.-X.; Zhou, G.-H.; Tang, C.-B. Effects of selected
flavonoids on cell proliferation and differentiation of porcine muscle stem cells for cultured meat production. Food Res. Int. 2022,
160, 111459. [CrossRef]

21. Cotelle, N.; Bernier, J.-L.; Catteau, J.-P.; Pommery, J.; Wallet, J.-C.; Gaydou, E.M. Medicine Antioxidant properties of hydroxy-
flavones. Free Radic. Biol. Med. 1996, 20, 35–43. [CrossRef] [PubMed]

22. Caiazza, N.C.; O’Toole, G.A. Alpha-toxin is required for biofilm formation by Staphylococcus aureus. J. Bacteriol. 2003, 185, 3214–3217.
[CrossRef] [PubMed]

23. Yu, J.; Jiang, F.; Zhang, F.; Hamushan, M.; Du, J.; Mao, Y.; Wang, Q.; Han, P.; Tang, J.; Shen, H. Thermonucleases contribute to
Staphylococcus aureus biofilm formation in implant-associated infections—A redundant and complementary story. Front. Microbiol.
2021, 12, 687888. [CrossRef] [PubMed]

24. Kaplan, J.B.; Horswill, A.R. Micrococcal nuclease regulates biofilm formation and dispersal in methicillin-resistant Staphylococcus
aureus USA300. Msphere 2024, 9, e00126-24. [CrossRef] [PubMed]
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