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Introduction: This study aimed to examine the anti-biofilm activity and mechanism of gallic acid (GA), kaempferol-7-O-glucoside
(K7G) and apigenin-7-O-glucoside (A7G) against Staphylococcus aureus and Escherichia coli.

Methods: The antibacterial activity of the natural compounds was determined by serial dilution method. The inhibitory activity of
natural compounds on biofilms was determined by crystal violet staining method. The effects and mechanisms of natural compounds
on bacterial biofilms were analyzed by atomic force microscopy.

Results: In our study, compared with GA and K7G, A7G was found to exhibit the strongest anti-biofilm and antibacterial activities.
The minimum biofilm inhibitory concentration (MBIC) of A7G against S. aureus and E. coli was 0.20 mg/mL and 0.10 mg/mL,
respectively. The inhibition rates of 1/2 MIC of A7G on biofilms of S. aureus and E. coli were 88.9%, and 83.2% respectively.
Moreover, atomic force microscope (AFM) images showed the three-dimensional biofilm morphology of S. aureus and E. coli, and the
results indicated that A7G was highly effective in biofilm inhibition.

Discussion: It was found that the inhibition of A7G on biofilm was achieved through inhibiting on exopolysaccharides (EPS), quorum
sensing (QS), and cell surface hydrophobicity (CSH). A7G exerted strong anti-biofilm activities by inhibiting EPS production, QS, and
CSH. Hence, A7G, as a natural substance, could be a promising novel antibacterial and anti-biofilm agent for control of biofilm in food
industry.
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Introduction

Food safety is closely related to public health and has received increasing attention from researchers in recent years.
Food-borne spoilage and new food-borne diseases caused by pathogens are one of the major food safety challenges.'
A potential cause of microbial contamination in food is via their presence in biofilms either on the raw material** or
formed during processing in a food production environment.*> Bacterial biofilms are amorphous and dynamic mono- or
multi-microbial structures attached to living or non-living surfaces.® To develop biofilm, microbial communities
encased in a layer of exopolysaccharides (EPS), adhered to biotic or abiotic surfaces.”'® The typical biofilm formation
begins with the adhesion of planktonic bacteria, followed by cell growth and EPS production.'' Biofilm formation of
microbial communities is influenced by QS. It has been reported that QS plays a central role in bacterial social life.'*'?

Besides, the ability of bacteria attached to the interface is directly related to biofilm formation. Cell surface
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hydrophobicity, appears to be an important factor in bacterial adhesion.'*'> Therefore, EPS production, \quorum sensing
system and the ability of bacteria to adhere to surfaces all affect the formation of biofilm.

Staphylococcus aureus is a common foodborne pathogen. As a typical representative of the QS system of Gram-positive
bacteria, its Accessory gene regulator (Agr) QS system regulates the secretion of virulence and the formation of biofilm
through a two-component system. Pathogenic Escherichia coli regulates virulence secretion and cell colonization through QS
system, causing intestinal metabolism and immune imbalance, leading to bacterial diarrhea, dysentery and other diseases.
Escherichia coli can regulate the biofilm formation ability of bacteria and the synthesis of virulence factors through QS
system, so as to promote the pathogen to overcome the host immune system, spread virulence factors and cause infectious
diarrhea and acute enteritis. EPS allows the bacteria in the biofilm to gather together and play a stabilizing and protective role.
EPS can affect water content, density, adsorption properties, porosity, charge and other properties in biofilms, so EPS can
directly affect the environment necessary for bacterial life."® The proportion of components in EPS is closely related to the
type of biofilm."” In S. aureus, EPS includes polysaccharides, proteins, glycoproteins, glycolipids and so on.

To minimize the risk of contamination from S. aureus and E. coli, many synthetic additives are used in industrial food
processing. However, consumers might be worried about being exposed to synthetic chemicals in their daily diet and the
potential side effects of some synthetic additives, such as sodium benzoate, potassium sorbate and phosphoric acid.'®=°
Therefore, from this perspective, the search for novel, safer and more effective strategies for controlling food pathogens
in food processing plants remains a very relevant issue.”'** Natural antimicrobial agents are a potentially interesting
solution for treatment and prevention of biofilm formation on the surface of food and processing surfaces, particularly the
extracts from edible plant tissues because these extracts are considered almost non-toxic. Our previous study® showed
the inhibitive activity of phenolics of peony flowers in the eluent fraction of silica gel column chromatography (PPF-
ESGCC) on bacterial biofilm was high, and phenolics were mainly composed of apigenin-7-O-glucoside (A7QG), gallic
acid (GA) and kaempferol-7-O-glucoside (K7G). However, the information how the phenolics in PPF-ESGCC contribute
to anti-biofilm activity and the action mechanism of phenolics needs further study.

Therefore, in this study, the antibacterial activities and anti-biofilm activities of A7G, GA and K7G were compared,
and the substance with the strongest anti-biofilm activity was selected. Then the inhibitory mechanism of sub-minimum
inhibitory concentration (sub-MIC) of the substance with the strongest anti-biofilm activity was studied.

Materials and Methods

Materials

Apigenin-7-O-glucoside (A7G, 98%), gallic acid (GA, 98%) and kaempferol-7-O-glucoside (K7G, 98%) were purchased
from Shanghai Yuanye Co., Ltd, China. Escherichia coli ATCC 25922 (GIM1.559) and Staphylococcus aureus ATCC
6538 (GIM1.142) were purchased from Guangdong Microbial Species Preservation Center, China. Chromobacterium
violaceum CV026 was purchased from Spanish Type Culture Collection (CECT-5999).

Determination of Minimum Inhibitory Concentration (MICs)

Determination of MICs was carried out according to previous report.”> A7G, GA and K7G were added to the wells of
a sterile 96-well plate, and serially diluted in LB broth, and their concentrations ranged from 0.14 to 6.84mg/mL. And
then each well was inoculated 2% of bacterial suspension (10° cfu/mL), while the culture medium without the bacterial
suspension was used as control, and cultured at 37°C for 24 h. The samples were taken at 600 nm at every two hours
using a microplate reader (Molecular Devices, M5, USA) to measure the absorbance. MIC refers to the lowest
concentration that inhibits bacterial growth after 24 hours of incubation at 37 °C.

Determination of Growth Inhibitory Activity of Apigenin-7-O-Glucoside (A7G)

The growth rates of Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 6538 treated with 1/2 MIC of A7G
and untreated Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 6538 were determined®® (Yang et al
2016). Briefly, LB broth with and without 1/2 MIC of A7G were incubated at 37°C for 24 h. Then, the samples were
taken every two hours for measuring the absorbance at 600 nm with a microplate reader (Molecular Devices, M5, USA).
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Biofilm Formation Inhibition Assay

Bacterial biofilm inhibition rate was measured using the 24-well plate method.?>*® The lowest sample concentration at
which the bacterial biofilm inhibition rate was 100% was defined as the minimum concentration on biofilm inhibition
(MBIC). Once inoculated with 10 pL of bacterial cultures (10° cfu/mL), LB broth with altered concentrations of A7G,
GA and K7G was incubated at normal room temperature for 24 hours. Deionized water was used to remove the lightly
attached cells after incubation while the cells stacked on the wall were tainted for 10 minutes with 0.3% crystal violet
solution. The excessive stains were removed with deionized water, after which an addition of 1 mL of 95% ethanol was
applied to melt the crystal violet and then incubated at normal room temperature for 30 minutes, and its absorption was
measured at 595 nm. To determine the inhibition rate, the formula below was employed (Eq. (1)):

Rateof Inhibition(%) = 100% x (4595 of control — Asgs of the sample) /4595 of control

Quantification of Violacein Production

Because Chromobacterium violaceum CV026 is a mature indicator to evaluate the QS inhibitory activity of natural
components against bacteria, CV026 was used to determine the quorum-sensing inhibitory activity of A7G.?’ Since most
Gram-negative bacteria have N-Acyl homoserine lactone (AHL) quorum-sensing system, the use of CV026 to evaluate
the quorum-sensing inhibitory activity of A7G has certain universality. CV026 was grown in 10 mL LB in test tubes with
different A7G levels, C6-HSL was introduced and then grown 24 hours in 200 rpm shakers at 37°C. The 1 mL of
material was put into a centrifugal tube (5 mL), and centrifuged at 13,000 rpm / min for 10 minutes. Afterwards the
supernatant was discarded and 500 unL. DMSO was applied to the pellet, and then a vortex shaker aided in dissolving the
violacein. The mixture was eventually centrifuged, and its absorbance values were measured at 585 nm for the super-
natant containing violacein.?®

Exopolysaccharides (EPS) Production Inhibition Assay

The inhibition rate of EPS production in A7G was determined according to the method defined by Huston.*® Inoculated
with 1% bacterial cultures (10° cfu/mL), the LB broth with and without different concentrations of A7G was incubated at
37°C for 24 hours. After incubation, 1 mL of the mixture was centrifuged for 10 min (15,000 rpm, 4 °C), then the
supernatant (0.22 um) was filtered. The associated proteins in the supernatant were removed, using the Sevag method.**
After removing the Sevag reagent, four volumes frozen ethanol was added to the water phase and stored at 4°C for 24
hours to precipitate the EPS. The precipitated EPS were centrifuged at 15,000 rpm (4°C) for 10 min, and the supernatant
was discarded. Deionized water (1 mL) was added to dissolve the EPS. The EPS content was calculated at 490 nm using
phenol-sulfuric acid procedure with glucose as the reference. The standard curve equation was computed as y=0.0581x
+0.0913 (R?= 0.9969). The inhibition rate for the EPS was calculated using the following equation (Eq.(2)):

Inhibition rate(%) = 100% x (Total carbohydrate content of control—
Total carbohydrate content of the sample) /
Total carbohydrate contentof control

Cell Surface Hydrophobicity (CSH) Assay

The cell surface hydrophobicity was measured as published previously by Zhang et al.>' Briefly, for each strain tested, 4 mL of
cell suspension was placed into a clean glass tube and centrifuged for 10 min (15,000 rpm, 4°C). Sediments were washed twice
by PBS (pH = 7.0) and overlaid with 1 mL of toluene. The samples were vortexed thoroughly for 3 min and then the phases
were allowed to separate. The aqueous phase was removed and was measured to determine the cell density in the phase. Each
strain was tested in triplicate. The relative CSH was calculated according to the following equation (Eq. (3)):

CSH(%) = 100% x (ODggoof the control — ODg after toluene overlay) /ODggp of the control
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Atomic Force Microscope (AFM) Analysis of Bacterial Biofilm

The preparation of bacterial biofilms was carried out according to the method of Nithya.>*>> The specific procedure was
as follows: 1 mL of LB broth with different concentrations of apigenin-7-O-glucoside (1/10 MIC to 1/2 MIC) was added
to the sterile 24-well plates containing sterile silicon chip (5 mmx5 mm), and 1% of bacterial cultures was inoculated at
37 °C for 24 h. After incubation, the silicon chips were rinsed 3 times with 0.9% NacCl solution to remove planktonic
cells on the silicon chips, and finally the biofilms were observed by AFM (MuLtimode 8, Germany).

Statistical Analysis

The experiments were repeated at least three times. Data is expressed as mean = SD (n = 3). ANOVA and Tukey’s
Single-way Test (SPSS 22) was used to determine significant differences. Differences were deemed significant at
P <0.05.

Results and Discussion

MICs and MBICs of A7G, GA and K7G

In our study, MICs of A7G, GA and K7G were determined, and the results are shown in Table 1. The MIC of A7G for
E. coli and S. aureus are 0.14 mg/mL, and 0.28 mg/mL, respectively, and the MIC of A7G was lower than that of GA and
K7G. Hence, A7G exhibited stronger antibacterial activities.

In addition, the MBICs of A7G, GA and K7G were also determined. The MBIC of A7G for E. coli and S. aureus are
0.10 mg/mL, and 0.20 mg/mL, respectively, and the value is lower than the MBICs of K7G and GA. Among three
compounds, GA with a MBIC (2.50 mg/mL) for S. aureus exhibited the weakest anti-biofilm activities. Therefore, A7G
exhibited the strongest anti-biofilm activities and A7G was chosen for following experiment.

In our previous study, the phenolics extracted from peony flowers can effectively inhibit biofilm formation, and
phenolics are mainly composed of apigenin-7-O-glucoside (A7G), gallic acid (GA) and kaempferol-7-O-glucoside
(K7G). However, the information how these phenolics contribute to the anti-biofilm activity were not evaluated. In
Table 1, the MIC of A7G is consistent with the experimental results of Cottigli et al.** GA with a MIC (2 mg/mL) for
E. coli and S. aureus®>*® and K7G with a MIC (2 mg/mL) for E. coli and S. aureus were consistent with our results.
Moreover, MBIC of GA is lower than that of previous reports that the MBIC of GA for S. aureus was 4 mg/mL,*® and
there is few reports about MBIC of A7G and K7G. In this paper, the MBIC of A7G and K7G were studied, and the
results indicated that A7G possessed more effective anti-microbial and anti-biofilm activities against S. aureus and
E. coli, compared to GA and K7G. Hence, A7G was chosen for subsequent experiment.

Effect of A7G on Bacterial Growth

In order to evaluate whether the inhibitory effect of A7G on bacterial biofilm is through inhibiting the growth of bacteria,
the effect of A7G on the growth of bacteria was studied. As shown in Figure 1, after incubation at 37°C for 12 h, the
growth of E. coli and S. aureus treated with and without 1/2 MIC of A7G was stable, which showed that 1/2 MIC of A7G
had no effect on the growth of E. coli and S. aureus, and it was consistent with previous reports.***’

It was found that the inhibitory effect of A7G on bacterial biofilm is not through inhibiting the growth of bacteria

(Figure 1). Hence, sub-MICs of A7G were selected for the following experiment.*®*°

Table | MICs and MBICs of A7G, GA and K7G (Unit: mg/mL)

Components E. coli S. aureus

MIC MBIC MIC MBIC
A7G 0.14 0.10 0.28 0.20
GA 2.00 1.50 4.00 2.50
K7G 1.71 1.00 342 2.00
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Figure | Effect of A7G on bacterial growth and biofilm formation of E. coli and S. aureus at different concentrations. (A) Effect on bacterial growth of E. coli, (B) effect on
bacterial growth of S. aureus, (C) effect on biofilm formation Bars labeled with different letters indicated significant differences at P < 0.05.

Inhibitory Effect of Sub-MICs of A7G on Biofilm Formation
The results of different sub-MICs of A7G which influenced biofilm formation activities of E. coli and S. aureus is
showed in Figure 1. For S. aureus and E. coli, 1/2 MIC of A7G had better inhibitory effect on biofilm formation at
88.9%, and 83.2%, and as the concentration of A7G increased, the biofilm inhibition rate also increased. The results
indicated that A7G had a strong anti-biofilm activity against S. aureus and E. coli.

Inhibition Mechanism of A7G on Biofilm Formation

Quorum Sensing (QS) Inhibition

In order to evaluate the inhibition mechanism of A7G on bacterial biofilm, the effect of A7G on QS was studied
(Figure 2). In Figure 2A, sub-MICs of A7G have no effect on the growth of CV026. The results indicated that the
inhibitory effect of sub-MICs of A7G on the bacterial quorum sensing is not produced by inhibiting the growth of
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Figure 2 The inhibitory effect of A7G on Quorum sensing of CV026. (A) Effect of A7G on CV026 growth; (B) inhibition on violacein production of CV026 by A7G. Bars
labeled with different letters indicated significant differences at P < 0.05.
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Figure 3 Inhibition of A7G (1/10, 1/5, and 1/2 MIC) on EPS production of E. coli and S. aureus. Bars labeled with different letters (a, b, c or A, B, C) indicated significant
differences at P < 0.05.

CV026. Figure 2B showed that with A7G concentration changing from 1/10 MIC to 1/2 MIC, the inhibition on violacein
production increased significantly (P < 0.05) and reached 81.50% at the 1/2 MIC of A7G.

CV026 and E. coli have similar N-Acyl homoserine lactone (AHL) mediated quorum-induction system,*’ meanwhile,
cv026 and Staphylococcus aureus and Escherichia coli all have Autoinducer 2 (Al-2) mediated quorum-induction

B ol
&2 s aureus

a A

1/10 MIC 1/5 MIC 172 MIC

Concentration

Figure 4 Effect of sub-MICs of A7G (1/10 MIC, 1/5 MIC, 1/2 MIC) on cell surface hydrophobicity. Bars labeled with different letters (a, b, ¢ or A, B, C) indicated significant
differences at P < 0.05.
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Figure 5 Three-dimensional topography, deflection image, AFM topography, and height line profile of S. aureus biofilm. (A) 3-D topography of biofilm without A7G, (B) deflection
image of biofilm without A7G, (C) AFM topography of biofilm without A7G, (D) height profile of biofilm without A7G, (E) 3-D topography of biofilm treated by A7G at 1/10 MIC, (F)
deflection image of biofilm treated by A7G at 1/10 MIC, (G) AFM topography of biofilm treated by A7G at 1/10 MIC, (H) height profile of biofilm treated by A7G at 1/10 MIC, (1)
3-D topography of biofilm treated by A7G at 1/5 MIC, (J) deflection image of biofilm treated by A7G at I/5 MIC, (K) AFM topography of biofilm treated by A7G at 1/5 MIC, (L) height
profile of biofilm treated by A7G at 1/5 MIC, (M) 3-D topography of biofilm treated by A7G at 1/2 MIC, (N) deflection image of biofilm treated by A7G at 1/2 MIC, (O) AFM
topography of biofilm treated by A7G at 1/2 MIC, (P) height profile of biofilm treated by A7G at 1/2 MIC. All the images show an area of 1x1 pmZ

system.***" A7G showed significant inhibitory activity against QS of quorum-sensing indicator bacterium CV026, so
A7G may have certain inhibitory effects on quorum-sensing of Escherichia coli and Staphylococcus aureus.

Biofilm development processes are regulated by QS,**** and there is increasing evidence that QS plays a crucial role
in the maturation of biofilms.** A7G was shown to have a considerable influence on bacterial QS (Figure 2). The results
suggested that A7G could effectively inhibit the production of violacein. In the same manner as in the studies by Yin
et al*® and by Choo et al,*® the results indicated that phenolics can inhibit violacein production. Vikram et al*” studied the
suppression of bacterial cell—cell signalling, biofilm formation and type III secretion system by citrus flavonoids, and
they also found a potential modulation of bacterial cell-cell communication, E. coli O157:H7 biofilm and V. harveyi
virulence, by flavonoids especially naringenin, and apigenin. Therefore, A7G can be a potential quorum sensing inhibitor
(QSI) to influence biofilm formation.

Inhibition of EPS Production
As shown in Figure 3, the EPS production of E. coli and S. aureus decreased significantly (P < 0.05) in the presence of A7G.
And at a concentration of 1/2 MIC A7G, the EPS of S. aureus and E. coli was inhibited by 74.5% and 71.2%, respectively.
It has been proved that EPS plays an important role in the maintenance of biofilm structure.'®*® Biofilms are mainly
composed of extracellular polymers secreted by microorganisms and themselves, and the main components of extracellular
polymers are polysaccharide protein complexes. In the process of biofilm formation, ESPs play an important role, such as the
adhesion of microorganisms on the carrier surface, the aggregation between microorganisms, and the maintenance of biofilm
structure.*® In addition, the overproduction of EPS results in the change of biofilm structure, which is related to the increase of
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Figure 6 Three-dimensional topography, deflection image, AFM topography, and height line profile of E. coli biofilm. (A) 3-D topography of biofilm without A7G, (B)
deflection image of biofilm without A7G, (C) AFM topography of biofilm without A7G, (D) height profile of biofilm without A7G, (E) 3-D topography of biofilm treated by
A7G at 1/10 MIC, (F) deflection image of biofilm treated by A7G at /10 MIC, (G) AFM topography of biofilm treated by A7G at 1/10 MIC, (H) height profile of biofilm
treated by A7G at |I/10 MIC, (1) 3-D topography of biofilm treated by A7G at 1/5 MIC, (J) deflection image of biofilm treated by A7G at I/5 MIC, (K) AFM topography of
biofilm treated by A7G at |/5 MIC, (L) height profile of biofilm treated by A7G at |/5 MIC, (M) 3-D topography of biofilm treated by A7G at 1/2 MIC, (N) deflection image
of biofilm treated by A7G at 1/2 MIC, (O) AFM topography of biofilm treated by A7G at /2 MIC, (P) height profile of biofilm treated by A7G at /2 MIC. All the images
show an area of x| pm?.

cell resistance to osmotic pressure and oxidative stress. In the present study, the total amount of biofilm EPS was also reduced
with the increasement of A7G concentration (Figure 3). Moola et al reported that phenolics disrupted biofilms by extracting the
polysaccharides, which are essential for the biofilm formation. It is likely that E. coli and S. aureus biofilms are also disrupted
through similar mechanisms. To the best of our knowledge, this is the first report about the effect of A7G on EPS production.

Effect of A7G on Cell Surface Hydrophobicity

To explore how AG inhibits biofilm formation, the effect of A7G on cell surface hydrophobicity was investigated.
Figure 4 shows that a high and statistically significant decrease (P < 0.05) occurred in percentages of cell surface
hydrophobicity with the increasing of A7G concentrations.

Cell surface hydrophobicity (CSH) is identified as an important virulence factors that have significant roles in the
pathogenesis of S. aureus and E. coli. Previous studies*” have shown positive correlation between CSH and adhesion of
S. aureus and E. coli. The adhesion of S. aureus and E. coli is an initial and critical step in biofilm formation. The present
study showed the ability of A7G to influence CSH of S. aureus and E. coli in a dose-dependent manner (Figure 4). In the
studies of Nithyanand et al>® and Polaquini et al,”' their results obtained in the hydrophobicity assays showed a decrease
in the CSH of the two strains after the treatment by bacteriostats. The results indicated that lower hydrophobicity resulted
in less bacterial adhesion and less biofilm. Thus, A7G can inhibit biofilm formation through reducing CSH.
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Table 2 The Average Height of E. coli and S. aureus
Biofilm at Different Concentrations of A7G (0, 1/10, 1/

5, and 1/2 MIC)
Samples Average Height (nm)
S. aureus E. coli
Control 60.00 + 26.28 52.00 + 2.20
1/10 MIC 11.40 + 3.39 11.70 + 3.60
1/5 MIC 5.31 £0.32 6.52 £ 0.51
1/2 MIC 3.34 + 0.65 243 £ 0.34

Atomic Force Microscope (AFM) Analysis of Bacterial Biofilm
The attachment of S. aureus and E. coli cells to abiotic substrate and the cell-to-cell attachment in the biofilms were examined
by AFM. The AFM images reveal differences in surface morphology, as shown in Figures 5 and 6. Figures 5 and 6 show
three-dimensional topography, deflection image, AFM topography, and line profile of height, which is indicated in topo-
graphy, and the control groups show higher thickness of biofilm. Compared to other groups, the control groups have 60.00 +
26.28 nm of average height for S. aureus biofilm and 52.00 + 2.208 nm of average height for E. coli biofilm (Table 2). In
Figures 5B and 6B, it appears that cells are aggregated with EPS. Moreover, in Figure 5D, the line profile indicated some of
single bacteria attached to the substrate, showing 60—-80 nm height, and in Figure 5D, it produced its highest peak (83 nm).

To remove the biofilm on the silicon, we applied different concentrations of A7G (1/10, 1/5, and 1/2 MIC) in the
process of incubation. Figures 5F-N and 6F-N show that the number of bacteria on the silicon is fewer than the control
groups. As the concentrations of A7G increased, it was found that less number of bacterial cells attached to the surface.
This phenomenon might be attributed to extracellular polymers which were inhibited during incubation, and the loss of
extracellular polymers on bacterial surface induced detachment of bacteria from the silicon.>

The images obtained by AFM, shown in Figures 5 and 6, confirm the use of AFM as a tool for the visualisation of biofilm.
The images clearly show how A7G inhibits the formation of S. aureus and E. coli biofilm at concentrations of 1/10, 1/5, and 1/2
MIC. Bonez et al reported the similar AFM results of biofilm which treated with different concentrations of A22 compound.>

In China, peony is a new food raw material, so A7G isolated from peony may have high safety. The results suggest
that A7G, as a natural and safe substance, could be potentially used to control the food contaminations caused by
pathogenic bacteria, thus providing an effective natural antibiofilm alternative for food industry.
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