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acquire more resistance to antibacterial
agents, such as antibiotics.[5] Biofilms can
withstand very high doses of antibiotics
and give rise to more chronic and even
severe infections compared to planktonic
bacteria. Pathogenic biofilms have become
a great threat to the environment and
human health.[6,7] For example, in the oral
cavity, bacteria biofilms are present on the
surface of teeth, caries, cavities, infected
root canal walls, and oral mucosa. They
induce various intractable dental and oral
diseases.[8,9] Hence, it is essential to identify novel compounds that can effectively
inhibit biofilms but not produce bacterial
drug resistance.[7,10]
Since 2004, graphene and graphene-based materials have
been regarded as promising nanomaterials in various areas.[11–15]
Graphene oxide (GO) nanosheets, as an important derivative
of graphene, have attracted more and more attention in the
field of biomedicine owing to their good biocompatibility and
excellent antibacterial activity. As is known, GO can effectively
inhibit or even kill gram-positive and gram-negative bacteria,
such as Escherichia coli, Bacillus subtilis, Staphylococcus aureus,
Porphyromonas gingivalis, and Fusobacterium nucleatum.[16–18]
GO nanosheets even can promote the death of fungi.[19–21]
There are two widely accepted antibacterial mechanisms of GO
nanosheets: physical damage and oxidative stress. The sharp
edge of GO, similar to a knife, can directly damage bacterial
membranes, leading to the death of the bacteria. GO with large
surface areas can penetrate into and extract large amounts of
phospholipids from cell membranes because of the strong dispersion interactions between GO and lipid molecules.[22] Oxidative stress mediated by or not mediated by reactive oxygen
species (ROS) can interfere with the bacterial metabolism and
disrupt essential cellular functions, eventually leading to cellular inactivation or even cell death.[23] These antibacterial
mechanisms of GO nanosheets do not usually cause bacterial
drug resistance.[17,22,24–29] Although GO appears to be toxic to
some kinds of planktonic microorganism,[17,22,24,26,28] no studies
to date have focused on the impact of GO on complex microbial
communities, namely, biofilms. In fact, bacterial biofilms play
a critical role in clinical infections and diseases that affect various tissues and structure, such as the skin, teeth, lung, heart,
kidney, and nervous system.[30] Therefore, it is important for the
potential applications of GO to study its anti-biofilm properties.
In this study, we constructed a biofilm model using typical
cariogenic Streptococcus mutans to investigate the effect of GO

Bacterial biofilms play a critical role in dental pathogenic mechanisms due
to their ability to tolerate many traditional antibacterial agents. Thus, it is
crucial to find effective methods to inhibit the occurrence and development of
biofilms. Recently, graphene oxide (GO) nanosheets have become a promising
antibacterial nanomaterial for use in various applications. This study focuses
on the effect of GO nanosheets on the development of Streptococcus mutans
biofilms. It is found that GO nanosheets are highly effective at inhibiting the
formation of bacterial biofilms at concentrations ranging from low to high
in early development stages. After GO treatment, the ratio of living cells in
the biofilm decreases significantly, and the biofilm structure is destroyed. In
contrast, GO has a minimal effect on mature biofilms.

Bacterial biofilms are organized communities of numerous
bacteria adhered on biotic or abiotic surfaces.[1] Within a biofilm, bacteria live in clusters that are encapsulated in a matrix
composed of extracellular polymeric substances (EPS).[2] EPS
primarily consist of polysaccharides, proteins, and nucleic
acids.[3,4] This specific structure allows biofilm bacteria to
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Figure 1. Characterization of graphene oxide. A) Atomic force microscopy images, B) FT-IR spectrum, and C) Raman spectrum of GO.

nanosheets on the development of bacterial biofilms. S. mutans,
a gram-positive and facultative anaerobic bacterium, is an
important component of oral biofilm and causes dental caries,
apical infections, and periodontitis.[8,31] Herein, we evaluated
the anti-biofilm activity of GO nanosheets at different concentrations and different biofilm formation stages. We applied
the crystal violet (CV) staining assay and colony forming units
(CFU) counting method, live/dead fluorescent staining, and
EPS staining observation by confocal laser scanning micro
scopy (CLSM), and scanning electron microscopy (SEM) were
used to examine the effect of this antibacterial material against
S. mutans biofilms.
The modified Hummers method was used to synthesize graphene oxide nanosheets according to our previous work.[16,17,22]
Due to their large numbers of oxygen functional groups
(hydroxyl, carboxyl, and epoxide groups) (Figure 1B), GO
nanosheets were well dispersed in the water as a brown colloidal
suspension. Atomic force microscopy (AFM) showed that the
thickness of the GO nanosheets was ≈0.6 nm and that the lateral dimensions of GO ranged from nanometers to micrometers
(Figure 1A). The characteristic Raman spectrum of GO exhibited a sharp G peak at ≈1588 cm−1, D peak at ≈1350 cm−1, and
symmetric 2D peak at ≈2677 cm−1. Furthermore, the intensity
ratio of the D and G bands (ID/IG) was 1.06 (Figure 1C).[16] These
characterizations indicated that single-layer GO nanosheets had
been successfully synthesized.[32]
The adhesion of bacteria on a substrate is a key step in biofilm formation. CV staining was used to investigate the effect of
GO on the adhesion of S. mutans by evaluating cell number in
biofilms, including both live and dead cells. During the initial
stage (0 h), we added GO nanosheets to the bacterial suspension to form the biofilm. After 24 h, the results showed that the
biomass of the biofilms decreased significantly with an increase
in the GO concentration (Figure 2A). When the biofilm was
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treated with 5, 10, 20, 40, and 80 µg mL−1 GO nanosheets, its
biomass decreased to 56.4 ± 20.8%, 31.7 ± 11.2%, 17.8 ± 0.9%,
12.9 ± 1.4%, and 11.0 ± 1.1% of that of the control group, respectively. When the GO nanosheets were added to the biofilm that
had grown for 2 h (Figure 2B), the biomass of biofilm was
significant increased. They were 83.3 ± 10.5%, 71.6 ± 10.8%,
64.0 ± 10.2%, 50.7 ± 5.7%, and 39.6 ± 3.5%, respectively. However, after 4 h of biofilm development, high concentrations of
GO nanosheets (≥20 µg mL−1) induced a significant decrease
in the cell number. When the biofilm formation time was 6 h
(Figure 2D), there were no significant differences between the
control and GO-treated groups. These results demonstrated
the effect of GO on the biomass of biofilm was time- and
dose-dependent. Because the biomass is the weight of a living
organism, it can indicate the number of bacteria in the biofilm.
Therefore, GO possibly decreased the adhesion of bacteria, thus
inhibiting biofilm formation in the early stages. Once the biofilm had matured, GO almost had no effect on it.
We further applied the traditional CFU counting method
to directly assess the number of adherent bacteria in the
S. mutans biofilm. At the beginning of biofilm formation (0 h),
the number of bacteria in biofilms exposed to GO nanosheets
(5, 10, 20, 40, and 80 µg mL−1) decreased by 79.57 ± 3.6%,
99.39 ± 0.1%, 99.48 ± 0.1%, 99.99 ± 0%, and 99.99 ± 0% compared to control group, respectively (Figure 3A). The effect of
GO on the biofilm after 2 h of growth was the same as that in
the initial stage (Figure 3B). After 4 h of biofilm growth, the
number of bacteria in biofilms treated with GO (≥10 µg mL−1)
still decreased significantly (Figure 3C). However, after 6 h of
biofilm formation, there were no differences in the number
of bacteria in the biofilms between the control and GO-treated
groups, regardless of the concentration of GO (Figure 3D).
These results also showed that GO hindered the adhesion of
S. mutans, thus inhibiting biofilm formation in the early stages.
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Figure 2. Biofilm biomass measurements by the crystal violet assay. GO nanosheet treatment was induced after A) 0, B) 2, C) 4, and D) 6 h of biofilm
development without interference. Bacteria treated with isotonic saline were used as the control. After staining, the biomass of bacterial biofilm
cells after exposure to 5–80 µg mL−1 of GO nanosheets was determined by the ratio of the OD590 nm of the GO-treated sample to that of the control
(* means p-value < 0.05).

Additionally, we observed the condition of the bacteria in
biofilms using the live/dead fluorescent staining assay. In
this method, viable bacteria were stained green and nonviable

bacteria were stained red. At the beginning of bacterial biofilm formation, the ratio of viable cells (green fluorescent
portion) decreased with the increase in GO concentration

Figure 3. Biofilm cells survival measurements by traditional CFU counting. Bacteria treated with isotonic saline were used as the control. Different
concentrations (5–80 µg mL−1) of GO nanosheets was added after A) 0, B) 2, C) 4, and D) 6 h of biofilm development without inference (* indicates
p-value < 0.05).
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Figure 4. A–L) Representative Live/Dead fluorescent staining images. Biofilms formed on coverglass slides were stained by the Live/Dead BacLight
Bacterial Viability kit and observed by CLSM. At specific times (0, 2, 4, and 6 h) after the start of biofilm formation, GO nanosheets at different concentrations (20, 80 µg mL−1) were added to the bacterial biofilm suspension. Then, additional coincubation was applied for another 24 h.

(0, 20, and 80 µg mL−1) (Figure 4A–C). In addition, we found
that the biofilm lost much of its density after the treatment
with GO (Figure 4C). When GO nanosheets were exposed
to a biofilm culture after 2 or 4 h of biofilm development
without GO, relatively low concentrations (e.g., 20 µg mL−1)
decreased the ratio of viable cells less (Figure 4E,H). The structure of biofilms loosened slightly after the treatment with GO
nanosheets (Figure 4D–I). With relatively high concentration
(e.g., 80 µg mL−1) treatments, both the ratio of viable cells and
biofilm density decreased significantly (Figure 4F,I). However,
after 6 h of biofilm growth, the bacteria and structure of the
biofilms both were not affected by GO, regardless of GO concentration (Figure 4J–L).

SEM was employed to reveal the changes in the morphology
of S. mutans biofilms treated with GO nanosheets in different
concentrations. GO nanosheets were introduced at the beginning of biofilm formation. After a 24 h coincubation with
GO nanosheets, with an increase in the concentration of GO
(0–80 µg mL−1), the density of bacterial biofilms decreased and
more small clusters of bacteria and short S. mutans chains were
separated from the biofilm (Figure 5A–C). Interestingly, after
the exposure to high concentration of GO (80 µg mL−1), some
bacterial cell membranes lost their integrity (Figure 5F, white
arrows).
Compared to previous reports, GO nanosheets destroyed the
cell wall and membrane and made the cytoplasm leak out.[16,22]

Figure 5. SEM images of S. mutans biofilms. Biofilm coincubation with GO nanosheet dispersions (20 and 80 µg mL−1) for 24 h as the experimental
groups: B,C) magnification: 1.00k×, scale bar = 50 µm; E,F) magnification: 10.0k×, scale bar = 5 µm and incubation with saline solution for 24 h as the
control: A) magnification: 1.00k×, scale bar = 50 µm; D) magnification: 10.0k×, scale bar = 5 µm).
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Figure 6. A–C) Representative EPS fluorescent staining images. Biofilms formed on coverglass slides were stained by ConA–fluorescein and DAPI and
observed by confocal laser scanning microscopy. When biofilm formation began, GO nanosheets at different concentrations (20 and 80 µg mL−1) were
added to the bacterial biofilm suspension. Then, additional coincubation was applied for 24 h (scale bar = 75 µm).

The extent of damage depended on the bacterial cell characteristics, especially the cell wall and membrane structure and
stiffness. In the case of S. mutans cells in planktonic form,
less membrane damages occurred than in P. gingivalis and
F. nucleatum in our previous research.[16] In biofilms, S. mutans
cells suffered slightly less conspicuous damage. To some
extent, this showed that bacterial biofilms are more resistant to
physical damage.
EPS secreted by the biofilm play an important protective role
in the attachment process and resistance against antimicrobials. Herein, EPS staining was performed to reveal the change
in the matrix of S. mutans biofilms treated with GO nanosheets
at different concentrations. As shown Figure 6, both the bacterial cells and EPS in the biofilm largely decreased in number
after the GO nanosheet (0–80 µg mL−1) treatment at the beginning of biofilm formation. The structure of the bacterial biofilm
loosened severely compared to that of the control. This result
was also observed in SEM images (Figure 5). The EPS form a
scaffold to maintain the 3D architecture of the biofilm and facilitate the adhesion to surfaces and cohesion in the biofilm.[33]
Once the EPS are reduced or destroyed, the biofilm will be
damaged, as seen from the decreased number of bacterial cells
and loosened structure. Hence, the influence of GO nanosheets
on biofilm formation is not only directly killing cells but also
destroying the EPS secreted by bacteria at the beginning of biofilm formation. Additionally, the EPS in biofilms are composed
of proteins, DNA, RNA, and polysaccharides.[33] The polysaccharide bio-macromolecules make the EPS highly viscous, which
can efficiently reduce the transport of nanomaterials and their
contact with the cells in biofilm.[34,35] Thus, GO was much less
toxic to the biofilm after 6 h of biofilm growth.
To summarize, the initial attachment, maturation, detachment, and return to planktonic growth mode compose the
regular steps of the bacterial biofilm growth cycle.[36] The initial
attachment of bacteria to surfaces is critical to biofilm formation.[37] The attachment of bacteria to surfaces is a very complex
process with many variable factors, including the properties
of the substrate (e.g., roughness and hydrophobicity), properties of the bulk fluid (flow velocity, pH, temperature, cations,
and antimicrobial agents), and properties of the bacterial cells
(cell surface hydrophobicity, fimbriae, flagella, and EPS).[3] It is
notable that polysaccharides produced by bacterial cells, as the
primary component of the EPS, play an important role in the
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attachment process.[4] In our study, compared to the control,
GO-treated biofilms exhibited disintegrated structures, more
inactive bacteria, and less EPS in the early stages. The influence
of GO addition on a developing biofilm was mainly through
inhibiting the growth and properties (e.g., the EPS secreted) of
the bacterial cells (Figure 7; 0–4 h). Furthermore, GO came into
contact with bacterial cells prior to biofilm formation at concentrations ranging from low to high during the initial stage of
biofilm formation. In other words, GO nanosheets prevented
the adhesion of bacteria to the surface mainly by killing bacteria, especially at 0 h. Our previous studies with planktonic
S. mutans exposed to GO concentrations ranging from 20 to
80 µg mL−1 showed that GO is toxic to bacteria.[16] In this study,
we found that at high concentrations of GO (80 µg mL−1), the
membranes of S. mutans in the biofilm lost their integrity,
suggesting that high concentrations of GO may damage the
bacterial cell membrane, causing bacterial death and inhibiting
the formation of the biofilm. At low concentration of GO
(20 µg mL−1), the destruction of the bacterial cell membrane in
the biofilm was not obvious, suggesting that low concentrations
of GO may operate by other antibacterial mechanisms to inhibit
biofilm formation. Previous studies showed that GO could not
only destroy bacterial cell membranes directly by means of its

Figure 7. The inhibition effect of GO on biofilm formation.
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edge-like structure[16,17] but also kill the bacteria by stimulating
oxidative stress. It has been noted that ROS produced by GO
can damage the bacterial respiratory chain and induce bacterial apoptosis.[38] Moreover, observation by electron microscopy
revealed that GO could adsorb bacteria and envelop them to
prevent bacteria in the outside environment from obtaining
nutrition, leading to bacterial death.[16,17,39] At present, there is
still controversy about the specific antibacterial mechanism of
GO. In this study, how GO (especially low concentration GO) is
able to kill bacteria cells and inhibit biofilm formation requires
further study. The reason for the decline in the number of bacterial cells embedded in attached biofilm at 2 and 4 h was that
the EPS secreted by the bacteria in biofilm were not sufficiently
tight to hinder the transportation of GO or its interaction with
bacteria. Without a doubt, the EPS secreted by GO-treated bacteria cells were less than that secreted by normal cells (Figures 5
and 6), which was another reason why biofilm formation was
inhibited. GO exhibits a sheet-like structure that couples with
cells to form an encapsulating inorganic functional layer,[40,41]
which possibly affects the ability of the bacteria to secrete EPS.
However, bacteria in mature biofilms (6 h) are less sensitive to the presence of GO nanosheets than cells at early biofilm stages (0, 2, and 4 h) (Figures 3 and 4), similar to previous
reports of biofilm resistance to antimicrobials.[35] The EPS of
the mature biofilm matrix can hinder the penetration of some
antimicrobial agents.[5,35,42] Herein, the EPS secreted by the
S. mutans biofilm may play a critical role in mitigating the toxic
effect of GO after 6 h of biofilm growth.
The surface of GO nanosheets is rich in carboxyl, hydroxyl,
and other oxygen-containing groups, which leads to its negative
charge. The existence of a large quantity of negatively charged
EPS[43,44] in the mature biofilm (after 6 h) can resist encapsulation by GO to a certain extent, which is one of the probable reasons why mature biofilms are insensitive to GO. Other studies
have shown that bacteria can affect the physical structure of
GO. For example, GO was shown to be converted by bacteria
into reductive GO (bacterially reductive GO, BRGO). BRGO
has stronger antibacterial activity and inhibits bacterial adhesion.[45] In this study, GO showed its best anti-biofilm effect at
the beginning (0 h) of biofilm formation. We presume that GO
could come into direct contact with the bacteria when the EPS
were not secreted, thus killing the bacterial cells. At the same
time, GO was transformed into BRGO, thereby further inhibiting bacterial adhesion and biofilm formation.
When it is utilized to inhibit bacterial biofilms in this study
at a relatively high concentration (80 µg mL−1), GO played a
critical role in decreasing bacterial biofilm growth. However, it
is noteworthy that GO is toxic to mammal cells in addition to its
antibacterial properties.[32,39,46] The different assertions about
the cytotoxicity of GO might be related to the methods and processes for producing GO as well as the intermediates that could
still be present after different experimental methods.[17,47,48]
Nevertheless, when GO nanosheets are used in an application
for inhibiting bacterial biofilm development, the procedures
and conditions should be chosen carefully.
In conclusion, by taking advantage of the excellent antibacterial properties of GO nanosheets, we studied the influence
of GO nanosheets on S. mutans biofilms for the first time. We
found that GO nanosheets could effectively inhibit biofilm
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formation at a broad range of concentrations during the early
stages of bacterial biofilm formation. Biofilms treated by GO
nanosheets displayed disintegrated structures, more inactive
bacteria, and less EPS. However, in the case of mature biofilms, GO had no effect on them. These findings are similar
to previous investigation with other antimicrobial agents. However, how GO nanosheets prevent bacteria from secreting EPS
remains unclear and should be addressed in the future.

Experimental Section
Preparation and Characterization of Graphene Oxide: The modified
Hummers method was utilized to prepare GO nanosheets from natural
graphite as described in previous work.[16,17] The morphology and size
of GO were detected and analyzed by AFM (Nanoscope IIIa, USA). The
functional groups on the GO surface were investigated using Fourier
transform infrared spectroscopy (FT-IR, Thermo, USA). The carbon
structure of the GO nanosheets was measured by Raman spectroscopy
(XPLORA INV).
Bacterial Strains and Culture Conditions: The oral pathogen S. mutans
(UA159) was obtained from the Shanghai Key Laboratory of Stomatology,
Ninth People’s Hospital, Shanghai Jiao Tong University School of
Medicine (Shanghai, P. R. China). S. mutans was cultivated in brain
heart infusion (BHI) broth and BHI agar. The culture temperature was
maintained at 37 °C. Bacteria were incubated in an anaerobic system
(N2 80%; H2 10%; CO2 10%).
Bacterial Biofilm Formation: S. mutans was harvested during the
exponential growth phase. The bacterial suspension (OD600 nm ≈ 0.6)
and BHI culture were mixed in a ratio of 1:9 (v/v) with 2% sucrose
included, which was used in subsequent experiment. S. mutans biofilms
were developed simultaneously on the polystyrene bottom of 96-well
microtiter plates and coverglass slides as follows.
Bacterial Biofilm Formation—Biofilm Formation in 96-Well Microtiter
Plates: Round-bottom 96-well microtiter plates (Corning, USA)
containing 100 µL of isotonic saline per well were inoculated with
100 µL of S. mutans suspension. In each group, a specific dose of GO
nanosheets was added at different concentrations (final concentration
of 0, 5, 10, 20, 40, and 80 µg mL−1) at specific times (0, 2, 4, and 6 h)
after the beginning of biofilm formation. After a 24 h coincubation in
the anaerobic system without agitation, a thin biofilm was found on the
bottom of each well.
Bacterial Biofilm Formation—Biofilm Formation on Coverglass Slides:
First, the coverglass slides (22 × 22 mm2) were placed in each well of
a 6-well microtiter plates. In each group, 1 mL of isotonic saline was
mixed with 1 mL of bacteria suspension, then the mixture was added to
one well to ensure the liquid covered the slides thoroughly. At specific
times (0, 2, 4, and 6 h) after biofilm development began, different doses
of GO nanosheets were induced in wells so that the final concentrations
were 0, 5, 10, 20, 40, and 80 µg mL−1. After a 24 h coincubation in the
anaerobic system without agitation, biofilms were found on the surface
of the coverglass slide.
Crystal Violet Staining Assay: The biomass of bacterial biofilm was
assessed by CV staining assay.[49] Following biofilm formation on the
bottom of 96-well microtiter plates, the plate was washed with PBS three
times. Each well was air-dried and stained by 200 µL of 1% (w/v) crystal
violet at room temperature for 20 min. After washing the unabsorbed
dye with PBS (phosphate buffered saline) another three times and airdrying again, light purple biofilms were seen on the bottom of the wells.
Finally, 200 µL of 95% ethanol was added to each well to destain the
purple substance, and the plate was shaken for 5 min. To quantify the
amount of biofilm, a microtiter plate reader (Bio-Rad, USA) was used
to measure the optical density of each well at 590 nm (OD590 nm). All
measurements were carried out at least three times.
Colony Forming Units Counting Method: S. mutans biofilms were
grown on the surfaces of coverglass slides. After a 24 h coincubation,
the coverglass slides were washed with PBS three times and the slides
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were transported to new wells. Sterile saline (2 mL) was added to each
slide, then the biofilms on the surface of slides were scraped off using
a sterile cell scraper. After ensuring that the biofilm was well dissolved
and distributed in saline, the bacterial suspension was selected and the
traditional CFU counting procedure was applied. All measurements were
carried out at least three times.
Live/Dead Fluorescent Staining: Bacterial biofilms were grown on
the surfaces of the coverglass slides. GO nanosheets were added at
different concentrations at specific times. After coincubation with
GO, the planktonic bacterial suspensions were washed with PBS three
times. A Live/Dead BacLight Bacterial Viability kit (Molecular Probes,
USA), which is mixture of SYTO 9, a green fluorescent live-cell stain and
propidium iodide (PI), a red fluorescent dead-cell stain, was utilized.
The same volumes of SYTO 9 and PI solutions were added to one
clean microcentrifuge tube. The 1.5 µL of the dye solution was diluted
into 500 µL of ddH2O and 50 µL of the resulting solution was trapped
on each coverglass slide. After 15 min of staining in the dark at room
temperature, the coverglass slides with stained bacterial biofilms were
observed by CLSM (Leica TCS SP2, Germany). The excitation/emission of
two dyes was 488/500–550 nm for SYTO 9, and 488/590–680 nm for PI.
Scanning Electron Microscopy: After the formation of the S. mutans
biofilms on coverglass slides with or without the GO nanosheet treatment,
the slides were washed gently three times using PBS. The biofilms were
then fixed with 2% glutaraldehyde for 2 h at 4 °C. Then, the biofilms were
dehydrated via a series of ethanol solution (30%, 50%, 70%, 80%, 90%,
and 95% for 10 min), then 100% ethanol was applied for 30 min. Because
the biofilm samples on coverglass slides were not very conductive, it was
essential to coat gold onto the biofilm surface. After coating, the samples
were mounted on a material holder. Scanning electron microscopy (Philip,
Netherlands) was used to reveal the surface and structure of the biofilm.
In addition, the morphology of the S. mutans cells changed after the
treatment of the GO nanosheets. The magnification of the images ranged
from 200× to 10 000×. Three fields were obtained at each magnification at
different locations on each slide.
EPS Fluorescent Staining: Bacterial biofilms were formed on
the surfaces of coverglass slides. After the formation of S. mutans
biofilms with or without the GO nanosheet treatment, the slides were
rinsed gently three times using PBS. Concanavalin A–fluorescein
conjugates (Invitrogen, USA) selectively bind to α-mannopyranosyl
and α-glucopyranosyl residues, which are characteristics of EPS.
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) is a nucleic acid
dye that can bind to DNA in bacterial cells. The DAPI was diluted to
a concentration of 1 µg mL−1 with ddH2O and 50 µL of the solution
was trapped on each coverglass slide. After 15 min of staining in the
dark at room temperature, the biofilms were rinsed with PBS gently
and stained by 50 µL of concanavalin A–fluorescein conjugate solution
(50 µg mL−1) for another 15 min. Stained bacterial biofilm were observed
by CLSM. EPS were labeled with green fluorescent concanavalin A
(Con-A)–fluorescein conjugates, and bacterial cells were labeled with
blue fluorescent DAPI. The excitation/emission of the two dyes were
494/518 nm for ConA–fluorescein and 458/461 nm for DAPI.
Statistical Analysis: Data were presented as the mean ± standard
deviation. The values of the experimental groups were compared
to those of the control groups. One-way analysis of variance using
Dunnett’s test was performed to determine the significant differences
between the samples and nontreated controls. Differences were
considered to be statistically significant if the p-value < 0.05. Significant
changes are indicated using asterisks in figures.
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