
RESEARCH ARTICLE

Influences of graphene oxide on biofilm formation
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Abstract In this study, we evaluated the influences of
graphene oxide (GO) on biofilm formation. Escherichia coli
MG1655 and Bacillus subtilis 168 were used as models for
Gram-negative and Gram-positive bacteria. The growth pro-
files and viability assays indicated that GO exhibited a high
antibacterial activity, of which the negative effects on bacteria
growth raised with the increasing GO concentration. The an-
tibacterial activity of GO was mainly attributed to the mem-
brane stress and ROS-independent oxidative stress. Moreover,
it was worthy to note that the biofilm formation was enhanced
in the presence of GO at low dosage whereas inhibited in the
high-concentration GO environment. These results could be
explained by the roles of the dead cells, which were
inactivated by GO. When the concentration of GO was limit-
ed, only a part of the cells would be inactivated, which may
then serve as a protection barrier as well as the necessary
nutrient to the remaining living cells for the formation of bio-
film. In contrast, with a sufficient presence of GO, almost all
cells can be inactivated completely and thus the formation of
biofilm could no longer be triggered. Overall, the present
work provides significant new insights on the influence of

carbon nanomaterials towards biofilm formation, which has
far-reaching implications in the field of biofouling and mem-
brane bioreactor.
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Introduction

Graphene oxide (GO), one of the most important graphene
derivatives, has attracted great attention in the scientific
communities due to its remarkable physicochemical prop-
erties (Xia et al. 2015). With the rapidly increasing produc-
tion and application, large quantities of GO are released into
aquatic environment, including surface water and ground-
water (Sotirelis and Chrysikopoulos 2015). Consequently,
significant researches have been conducted on the fate,
transport, and behavior of the released GO. Chowdhury
et al. (2013) studied the colloidal properties and stability
of GO in various synthetic and natural waters. Sotirelis
and Chrysikopoulos (2015) investigated the deposition
and attachment of GO nanoparticles onto quartz sand.
Similar to other carbon nanomaterials, GO is toxic to human
and bacterial cells (Ding et al. 2005, Manna et al. 2005).
Various bacteria, such as Pseudomonas aeruginosa,
Escherichia coli, and Staphylococcus aureus, could be
inactivated by GO via membrane stress and oxidative stress
(Akhavan and Ghaderi 2010, Gurunathan et al. 2012).
Therefore, the released GO would be a potential threat to
ecology, and it is an urgent and important subject to explore
the adverse impacts of GO on aquatic ecosystems.
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Bacteria mainly exist as planktonic isolated cells or sessile
communities in aquatic ecosystems, and most bacteria live at-
tached to different surfaces by forming microbial consortia re-
ferred to as biofilm (Costerton et al. 1999, Schembri et al. 2003).
In general, bacterial biomass in various environments is consti-
tuted by biofilm, a protected mode of growth, which allows sur-
vival in a hostile environment (Costerton et al. 1999). Moreover,
many beneficial applications of biofilm have been reported, such
as degradation of organic contaminants (Jewell et al. 2016), in
situ remediation of natural water and sediment (Lv et al. 2017,
Reid et al. 2016), and as biocontrol agents in certain plants
(Rudrappa et al. 2008). However, there are also some negative
effects of biofilm, such as sources of antibiotic-resistant bacteria
(Blaustein et al. 2015), causing biofouling of pipes and mem-
brane reactors (Bar-Zeev et al. 2015) and contaminating drinking
water (Liu et al. 2016). In consideration of the ubiquity and
multiple roles of biofilm in aquatic environment, it is significant
to understand the possible impacts of GO on biofilm.

Although several studies have been conducted on the
biotoxicity of GO, they mainly focused on the planktonic
isolated bacteria (Musico et al. 2014, Perreault et al. 2015).
In general, most planktonic-isolated bacteria could attach to
solid surfaces to form biofilm (Costerton et al. 1999).
Therefore, the released GO would first encounter planktonic
cells and take part in the formation of biofilm. Moreover,
bacteria in biofilm often exhibit resistance in an adverse envi-
ronment (Greendyke and Byrd 2008), implying that toxic sub-
stances might have different effects on biofilm. Rodrigues and
Elimelech (2010) studied the effects of single-walled carbon
nanotube on bacterial growth and biofilm formation. GO is
associated with different structure and properties between
single-walled carbon nanotube; thus, the toxic and inactiva-
tion mechanism of GO on biofilm could be different.
Nonetheless, the existing literature on environmental behavior
of GO on biofilm formation remains limited.

Herein, the main objective of this work was to investigate
the influence of GO on the formation of biofilm. Escherichia
coliMG1655 and Bacillus subtilis 168 were selected as model
bacteria of Gram-negative bacteria and Gram-positive bacte-
ria, respectively. The growth profiles and viability assays were
performed to evaluate the antibacterial activity of GO.
Besides, the oxidative stress and the roles of dead cells were
analyzed to explore the antibacterial mechanisms of GO. This
work could provide meaningful insights on the cytotoxicity
behavior of GO in natural and engineered aquatic systems.

Materials and methods

Preparation and characterization of GO

Graphite oxide was synthesized by the oxidation of graphite
powder (50 mesh, Aladdin) following a modified Hummers

method (Hummers Jr and Offeman 1958, Sun et al. 2015).
Briefly, graphite (0.5 g) and NaNO3 (0.5 g) were mixed with
23 mL concentrated sulfuric acid in a 100-mL round-bottom
flask at 0 °C in an ice-water bath. KMnO4 (3 g) was slowly
added into the suspension with constant stirring to keep the
temperature under 20 °C. Then, the flask was put into a ther-
mostat water bath and the temperature was maintained at
35 °C for 1 h. After that, deionized water (40 mL) was added,
and the temperature was raised to 90 °C and held for 30 min.
Subsequently, 100 mL of deionized water was added to ter-
minate the reaction, followed by the addition of 5 mLH2O2 (v/
v, 30%). Finally, the suspension was centrifuged at 5000 rpm
for 15 min, and the supernatant was decanted. The precipitate
was washed with deionized water until the pH was neutral
(~ 7.0) and then lyophilized to obtain GO powder. The obtain-
ed GO was re-suspended with deionized water and treated
with ultrasonication for 30 min to get GO dispersions.
Scanning electron microscopy (SEM) was performed to deter-
mine physical morphology of GO. The chemical structure and
properties were characterized via UV, EDS, FTIR, and Raman
analysis.

Bacterial strains and culture conditions

In this study, E. coliMG1655 (E. coli, obtained from The Coli
Genetic Stock Center, Yale University), and B. subtilis 168
(B. subtilis, acquired from Prof. Li Li’s Lab, Shandong
University) were selected as typical Gram-negative bacteria
and Gram-positive bacteria, respectively. For the cultivation
of both bacteria, Luria-Bertani (LB) media was used as eutro-
phic conditions, and minimal M63 supplemented with 0.2%
(w/v) glucose was applied as oligotrophic conditions. Besides,
the cultivation temperature was 37 °C for E. coli and 30 °C for
B. subtilis.

Cell growth and biofilm formation assays

The growth profiles and viability experiments of both bacteria
were carried out with different dosages of GO to evaluate the
antibacterial activity of GO. For growth profiles, the optical
density (OD) at 600 nm was recorded at different time inter-
vals with a UV-2000 spectrophotometer (UNICO, USA). For
viability experiments, the bacterial suspensions with different
concentrations of GOwere incubated at 200 rpm for 2 h. After
that, the suspensions were spread on agar plates and incubated
for 24 h. Then, the numbers of bacteria colonies were counted
to calculate the viability.

Biofilm formation assays were operated according to re-
ported methods (Jackson et al. 2002, Radzig et al. 2013).
Briefly, overnight bacteria cultures (20 μL) were inoculated
1:100 into 24-well polystyrene plates, which contained 2 mL
medium solution with different concentrations of GO (0, 10,
20, 40, 80, 160 mg/L). All the plates were incubated at 90 rpm

2854 Environ Sci Pollut Res (2018) 25:2853–2860



for 48 h. Then, the plates were carefully washed by phosphate
buffer saline (PBS, pH = 7.4) to remove planktonic cells. The
attached cells were stained with 2 mL crystal violet (0.1%) for
15 min. After staining, the wells were washed three times with
PBS. Finally, 2 mL ethanol was added, and OD600 was mea-
sured to quantify the attached cells. All experiments were
repeated at least in triplicate, and the error bars represent the
standard deviations calculated for each independent
experiment.

Biofilm formation in the presence of dead cells

Biofilm biomass with the addition of dead cells wasmonitored
to evaluate the role of dead cells during biofilm formation.
The experiments were carried out according to the method
described by Rodrigues and Elimelech (2010). Briefly, both
E. coli and B. subtilis were overnight cultured in 50 mL M63
media containing 0.2% glucose (m/v). The cells were washed
thrice with 20 mL PBS by centrifugation at 6000 rpm for
10 min and then re-suspended by adding 20 mL M63 media
without glucose. Cell re-suspension (2 mL) was taken and
analyzed with plate count method to quantify the number of
cells. The rest of the cells were inactivated via autoclave treat-
ment at 120 °C for 20 min, and the dilution-plate method was
applied in triplicate to ensure the death of all cells. Then, the
inactivated cells were diluted with M63 media to obtain dif-
ferent concentrations of dead cells for biofilm assay. Each
dead cell dilution (2 mL) was added into wells of a 24-well
plate, and the wells containing 2 mL M63 without dead cells
were also performed as control. Overnight bacteria cultures
(20 μL) were then inoculated in all wells, and the plate was
cultivated for 48 h. The biofilm formation was measured with
the same method in the BCell growth and biofilm formation
assays^. All experiments were repeated four times.

Detection of superoxide anion (O2
·−)

The possibility of superoxide anion (O2
·−) production was

assessed following the method by the reduction of XTT (2,
3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide, Sigma) (Sutherland and Learmonth 1997).
XTT solution (0.4 mM) and GO dispersion (40 mg/L) were
prepared with PBS. Then, XTT solution (10 mL) was mixed
with GO dispersion (10 mL), and the mixture was placed in
dark for 5 h. Samples were collected and filtered through
0.45-μm nylon membranes. The absorbance of filtered solu-
tions was measured at 470 nm to detect XTT-formazan, which
was generated from the reaction of O2

·− and XTT.

GSH oxidation and quantification

The GO-mediated glutathione (GSH) oxidation was moni-
tored according to a modified method (Pasquini et al. 2013).

Briefly, bicarbonate buffer (50 mM, pH = 8.6) was applied to
prepare GSH solution (0.8 mM) and GO dispersions (10, 20,
40, 80, 160 mg/L). Each GO dispersion was mixed with the
same volume of GSH solution, and then the mixtures were
placed in a shaker at 150 rpm for 2 h. After incubation,
Ellman’s reagents were added to yield a yellow product
(Ellman 1959). The mixtures were filtered through 0.45-μm
nylon membranes to remove GO, and the absorbance at
412 nm was measured to determine the amount of non-
oxidized GSH. GSH solution without GOwas used as control.
All experiments were repeated three times, and the loss of
GSH was calculated by the following formula:

Loss of GSH %ð Þ ¼ Ac−Aeð Þ=Ac ð1Þ

where Ac and Ae are absorbance of control and experimental
samples at 412 nm, respectively.

Results and discussion

Characterization of GO

In this study, SEMwas carried out to evaluate the morphology
and structure of the prepared GO. As shown in Fig. 1a, GO
was composed of multilayer structure, which is similar with
that reported in other studies (Zhao et al. 2011). In addition,
carbon and oxygenwere the main component elements of GO,
and the oxygen concentration was 28.83% atomic percent
(Atomic%) (Table S1), which was according with the typical
GO produced with Hummers methods (Hummers Jr and
Offeman 1958). In UV-Vis spectra, a main absorbance peak
was detected at ~ 230 nm, which was attributed to the π-π*
transitions of C=C bond. Besides, a shoulder appeared at
~ 300 nm due to the n-π* transitions of C=O. The two signals
were commonly considered as the typical characteristic ab-
sorption peaks of GO (Kumar et al. 2014, Zhang et al. 2010).

The chemical properties of GO were also confirmed by
Raman and FTIR spectroscopy. In the Raman spectrum (Fig.
1c), the G band at ~ 1580 cm−1 is associated with the bond
stretching of sp2 carbon pairs in a graphitic 2D hexagonal
lattice (Zhao et al. 2011). The D band at ~ 1350 cm−1 was
attributed to the starching vibrations of sp3 carbon atoms, in-
dicating the defects and disorder of GO (Sun et al. 2015). A
weak and broad 2D peak was also observed at ~ 2700 cm−1,
which was correlated with the number of graphene layers (Eda
and Chhowalla 2010). For FTIR analysis, the characteristic
signals of GO were observed and compared to the previous
research (Chen et al. 2013): the signals at ~ 1720 and
~ 1220 cm−1 were attributed to the stretching vibration of
C=O and C–O bond, indicating the presence of oxygen-
containing functional groups in graphene oxide. In addition,
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the peak at ~ 1620 cm−1 was related to the skeletal vibration of
C=C from unoxidized sp2 CC bonds (Marcano et al. 2010).

Influence of GO on biofilm formation

E. coli and B. subtilis were used as the model Gram-negative
bacteria and Gram-positive bacteria to evaluate antibacterial
activity of GO. Both bacteria were incubated with different
concentration of GO in LBmedium for 24 h. As shown in Fig.
S1, GO could inhibit the cell growth, and the inhibition was
enhanced with the increasing GO concentration. The cell via-
bility under the short-term exposure to GO was also measured
and shown in Fig. S2. About 70% of E. coli and 80% of
B. subtilis survived after treatment with 10 mg/L GO.
Similar to the results of growth profiles, GO at high concen-
tration exhibited much stronger cytotoxicity, and the cell in-
activation percentage of E. coli and B. subtilis with 160 mg/L
GO was up to about 90 and 70%, respectively. Moreover, the
fluorescence images after live/dead cell staining (Fig. S4)
showed that little dead cells were detected in the control
groups without GO addition. Lots of dead cells were observed
at low GO concentration, and the amount of dead cells in-
creased with the increasing GO concentration. These results
were consisted with those in viability assay. Therefore, GO
exhibits excellent antibacterial activity, which is in agreement
with previous studies (Liu et al. 2011).

In aquatic ecosystem, most bacteria (more than 99%)
attach to different surfaces and exist as complex microbial
structures, namely, biofilms (Radzig et al. 2013,
Rodrigues and Elimelech 2010). When GO is discharged
into aquatic ecosystem, it could be adsorbed on the

surface of bacteria and contribute to the formation of bio-
film. Therefore, it is necessary and meaningful to evaluate
the impacts of GO on biofilm formation. In this study, LB
media and minimal M63 supplemented with 0.2% (w/v)
glucose were applied to simulate the eutrophic and oligo-
trophic conditions in natural environment, respectively.
The biofilm formation of E. coli and B. subtilis was eval-
uated after 48 h of exposure to GO at different dosage
(Fig. 2). In the eutrophic environment, the biofilm forma-
tion of E. coli was obviously enhanced in the presence of
GO at 10 mg/L (P < 0.05). When GO concentration in-
creased to 20 and 40 mg/L, the E. coli biofilm biomass
were similar to those without GO addition. However, the
formation of biofilm was obviously inhibited with higher-
concentration GO addition at 80 and 160 mg/L (P < 0.05).
Compared to the control without GO addition, the biofilm
formation of B. subtilis was promoted with 10 mg/L GO,
and biofilm biomass decreased with the increasing GO
content. With higher GO concentration (160 mg/L), much
less biofilm was detected (P < 0.001), indicating that bio-
film formation was obviously inhibited under high GO
stress. Besides, Gram-positive B. subtilis exhibited higher
resistance as compared to the Gram-negative E. coli,
which was in accordance with cell viability assay (Fig.
S2). The differential toxicity of GO on E. coli and
B. subtilis might be attributed to the structural difference
in cell wall of Gram-positive and Gram-negative bacteria
(Krishnamoorthy et al. 2012). Gram-positive bacteria
have a much thicker peptidoglycan layer (about 20–
80 nm) than that of Gram-negative species (7–8 nm)
(Fayaz et al. 2010). In the oligotrophic environment, the

Fig. 1 Characterization of
graphene oxide. SEM image (a).
UV-Vis spectra (b). Raman
spectrum (c). FTIR spectrum (d)
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influences of GO on the biofilm formation of E. coli and
B. subtilis were similar but not quite obvious (Fig. S3),
which might be due to the restricted cell growth and ac-
tivity in the oligotrophic environment. It is interesting that
GO may enhance the biofilm product at lower concentra-
tions and inhibit biofilm formation at higher concentra-
tions, whereas it was also found that GO could inhibit
and even kill suspended bacteria (Figs. S1, S2, and S4).
In suspension, most cells were in contact with GO directly
and were inhibited under GO exposure. However, GO
could directly interact with part of cells during biofilm
formation, which may protect other cells from being in
contact with GO (Rodrigues and Elimelech 2010).
Hence, the cells in direct contact with GO might play an
important role in the formation of biofilm.

The role of dead cells during biofilm formation

Membrane stress, induced by extremely sharp edges of nano-
sheets, was one of the main antibacterial mechanisms of GO
(Liu et al. 2011). Previous studies have shown that GO could
damage the cell membrane with the extremely sharp edges
through direct contact with bacteria, leading to the efflux of
cytoplasmic materials, such as proteins and RNA (Akhavan
and Ghaderi 2010, Kang et al. 2008). The cell not in contact
with GO might utilize the released cytoplasmic materials as
nutrients for growth and thus enhance the formation of biofilm
(Rodrigues and Elimelech 2010). To prove this hypothesis, we
evaluated the biofilm formation in the presence of dead cells at
different dosages. As shown in Fig. 3, more biofilm can be
detected in the presence of higher-concentration dead cells.

Fig. 2 Effects of graphene oxide on biofilm formation of E. coli (a) and
B. subtilis (b). Overnight bacteria cultures were inoculated at 1% in 24-
well plates containing 2 mL LB medium with different concentrations of
graphene oxide. The wells without graphene oxide were set as control
groups. All the plates were incubated at 90 rpm for 48 h. The cultivation
temperature was 37 °C for E. coli and 30 °C for B. subtilis. The biofilm

formation was detected with crystal violet staining, and the absorbance
was measured at 600 nm. All experiments were conducted in triplicate,
and the error bars represent the standard deviations calculated for each
independent experiment. The differences of data comparing to control
groups were determined with t tests with P < 0.05 (*) as a significant
difference and P < 0.001 (**) as a highly significant difference

Fig. 3 Biofilm formation of E. coli (a) and B. subtilis (b) in the presence
of different dilutions of dead cells. Overnight bacteria cultures were
inoculated in 24-well plates containing 2 mL M63 medium with
different dilutions of dead cells. The wells without dead cells addition
were set as control groups. All experiments were repeated four times, and

the error bars represent the standard deviations calculated for each
independent experiment. The differences of data comparing to control
groups were determined with t-tests with P < 0.05 (*) as a significant
difference and P < 0.001 (**) as a highly significant difference
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For E. coli, biofilm formation without dead cell addition was
quantified as 0.34 ± 0.02 (OD600) and was regarded as the
control. The biofilm biomass increased to 0.39 ± 0.01 when
dilution of dead cells was 100. Compared with the control at
1.42 ± 0.15, the biofilm formation of B. subtiliswas obviously
improved to 2.21 ± 0.12 in the presence of dead cells without
dilution. Both increases were verified as significant for E. coli
and highly significant for B. subtilis through a significant
analysis, suggesting that the addition of dead cells could pro-
mote the formation of biofilm. These results indicated that
certain amount of dead cells could be utilized as nutrients
and enhance the formation of biofilm, which were consistent
with other studies (Rodrigues and Elimelech 2010).

In addition, direct GO-bacteria contact is necessary to in-
duce membrane stress, leading to physical damages on cell
membranes (Vecitis et al. 2010). In bacterial suspensions, cells

and GO were well dispersed and in contact with each other
directly, resulting in growth inhibition or death of bacteria.
During the formation of biofilm, cells and GO existed as ag-
gregates or precipitates. When exposed to low concentrations
of GO, the cells in direct contact with GO can form a protec-
tive barrier to prevent other cells from contacting with GO,
resulting in the normal biofilm formation of the cells not in
contact with GO.Moreover, dead cells could provide nutrients
for live cells to further promote the cell growth. When GO
concentrations were high (80–160 mg/L), most bacteria were
inactivated (Fig. S2), leading to less biofilm formation. These
could explain that biofilm formation was enhanced with low
GO concentrations and inhibited in the presence of high-
concentration GO.

Oxidative stress mediated by GO

Besides membrane stress mediated by direct contact, ox-
idative stress is also considered as one of the main anti-
bacterial mechanisms of carbon nanomaterials (Lyon et al.
2008). In general, oxidative stress against cells arises by
two paths: reactive oxygen species (ROS)-mediated oxi-
dative stress and ROS-independent oxidative stress (Liu
et al. 2011). The former is attributed to the generation of
elevated ROS levels by carbon nanomaterials while the
latter is induced by ROS-independent oxidative stress,
which could disturb or oxidize a vital cellular structure
or component to disrupt the routine cellular function
(Pasquini et al. 2013). Based upon the similar structural
and physiochemical properties with other carbon
nanomaterials, GO might induce ROS-independent oxida-
tive stress, resulting in the inactivation of cells.

Superoxide anion (O2
·−), the main ROS mediated by car-

bon nanomaterials, was first evaluated using XTT as a color-
imetric probe (Hsieh and Jafvert 2015). XTT can be reduced
by superoxide anion to generate XTT-formazan, which is a
soluble yellow compound with characteristic absorption at
470 nm (Sutherland and Learmonth 1997). As shown in
Fig. 4a, no noticeable absorption was detected at 470 nm dur-
ing the 5-h reaction, implying that no O2

·− is generated.
Therefore, ROS-mediated oxidative stress might play a minor
role in the antibacterial activity of GO. In addition, the ROS-
independent oxidative stress was investigated with GSH as an
indicator. GSH, an antioxidant in bacteria, could diminish ox-
idative damages to cells induced by oxidative stress (Pompella
et al. 2003). Hence, the loss of GSH is usually applied to
quantify the ROS-independent oxidative stress towards bacte-
rial cells. About 25% of GSH was oxidized in the presence of
10 mg/L GO, and the loss of oxidation increased with the
increasing GO concentrations (Fig. 4b). These results sug-
gested that GO could induce the ROS-independent oxidative
stress, which contributed to the antibacterial activity of GO.

Fig. 4 Oxidative stress mediated by graphene oxide. a Production of O2
·−. b

Oxidation of GSH. The yields of O2
·−were detected using the method by the

reduction of XTT. The absorbance at 470 nm was measured to detect XTT-
formazan. The content of GSHwas detected using Ellman’s reagents, and the
absorbance at 412 nm was measured to determine the amount of non-
oxidized GSH. All experiments were conducted at least in triplicate, and
the error bars represent the standard deviations calculated for each
independent experiment. The difference between the loss of GSH of
different graphene oxide concentrations was verified as highly significant
by one-way ANOVA analysis with P < 0.001
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Mechanism of GO on biofilm formation

In general, a biofilm forms through several stages, including
the development, maturation, and disassembly of the bacterial
community (Vlamakis et al. 2013). In the initial phase, disso-
ciative cells would aggregate or attach onto the surface of
solid, and then further develop to form mature biofilm.
According to the results above mentioned, we proposed the
possible mechanism of GO on biofilm formation (Fig. 5).
When releasing into aquatic environment, GO would first dis-
perse in solution and encounter with bacteria. Due to the eco-
logical adaption of individual member, planktonic cells aggre-
gate together to generate biofilm via cellular plasticity (Li
et al. 2017). Exposed to GO, bacteria cells would be inhibited
or killed via the membrane stress and oxidative stress induced
by GO, which results in dead cells.When the amount of GO is
low, only part of cells make contact with GO directly and
deposit with the aggregation of GO, which form a protective
barrier to prevent the other cells from contacting with GO.
Meanwhile, the dead cells also promote the growth of live
cells as nutriment. Then, the live cells chain and bundle with
each other to produce more mature biofilms. However, nearly
all bacteria were inactivated under high GO stress, leading to
negligible live cells to form biofilm at the initiation stage.
Thus, the biofilm formation was inhibited in the presence of
high-concentration GO.

Conclusions

In this study, we evaluated the biofilm formation of both Gram-
negative bacteria and Gram-positive bacteria in the presence of
GO. GO exhibited a high antibacterial activity via membrane
stress and ROS-independent oxidative stress. However, biofilm

formation was enhanced with the addition of low-concentration
GO and inhibited when exposed to high-concentration GO.
This may be due to the fact that only a part of living cells was
killed by a limited concentration of GO, and the dead cells
could serve as a protection barrier and nutrient to the rest for
biofilm formation, whereas nearly all cells were inactivated
under overwhelming GO stress, leading to negligible biofilm
formation in the high-concentration GO environment.
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