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ABSTRACT: Graphene oxide (GO) is a widely used antimicrobial and antibiofouling material in surface modification. Although
the antibacterial mechanisms of GO have been thoroughly elucidated, the dynamics of bacterial attachment on GO surfaces under
environmentally relevant conditions remain largely unknown. In this study, quartz crystal microbalance with dissipation monitoring
(QCM-D) was used to examine the dynamic attachment processes of a model organism Pseudomonas aeruginosa PAO1 onto GO
surface under different ionic strengths (1−600 mM NaCl). Our results show the highest bacterial attachment at moderate ionic
strengths (200−400 mM). The quantitative model of QCM-D reveals that the enhanced bacterial attachment is attributed to the
higher contact area between bacterial cells and GO surface. The extended Derjaguin−Landau−Verwey−Overbeek (XDLVO) theory
and atomic force microscopy (AFM) analysis were employed to reveal the mechanisms of the bacteria−GO interactions under
different ionic strengths. The strong electrostatic and steric repulsion at low ionic strengths (1−100 mM) was found to hinder the
bacteria−GO interaction, while the limited polymer bridging caused by the collapse of biopolymer layers reduced cell attachment at
a high ionic strength (600 mM). These findings advance our understanding of the ionic strength-dependent bacteria−GO
interaction and provide implications to further improve the antibiofouling performance of GO-modified surfaces.
KEYWORDS: biofouling, graphene oxide, ionic strength, bacterial adhesion, electrostatic repulsion, steric interaction

■ INTRODUCTION
Graphene oxide (GO), the oxygen-functionalized graphene, is
one of the most promising graphene-based materials in large-
scale production and commercialization.1−3 Owing to the
unique properties, including two-dimensional nature, electrical
conductivity, mechanical strength, and antimicrobial activity,
GO and its chemically modified derivatives hold great
prospects in a myriad of applications ranging from water
purification to biomedical engineering.4−7 The surfaces
modified with GO exhibit enhanced antibacterial properties
and inhibitory effects on biofilm formation via direct physical
damages and reactive oxygen species (ROS)-mediated
oxidative stress, thus improving antibiofouling and biocidal
performance.8−10

Although the antibacterial activities of GO have been largely
elucidated, the attachment of bacteria onto GO surface
remains contentious. The direct contact between bacterial

cells and GO is a prerequisite for GO’s antibacterial activities.
Nonetheless, enhanced bacterial attachment compromises the
bactericidal efficacy and causes severe fouling. Previous atomic
force microscopy (AFM)-based studies revealed that the
bacteria−GO interaction was predominantly repulsive due to
the electrostatic and steric repulsion between deprotonated
carboxylate groups in GO and the negatively charged cell
surface.11,12 On the other hand, the enhanced bacterial
attachment to GO-coated organic and inorganic surfaces via
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hydrophobic interaction has been demonstrated.13−15 These
contradictory conclusions are mainly derived from the various
parameters influencing the interfacial behaviors. It has been
recognized that the chemical properties of the background
electrolyte such as ionic strength govern the extent and
mechanisms of bacterial attachment to surfaces.16−18 More-
over, the lack of real-time and quantitative analysis of the
bacterial deposition dynamics on GO surface also leads to
divergent results from different investigators.12,19,20 As
bacterial attachment onto GO is critical in determining GO’s
antibiofouling and antibacterial performance, it is crucial to
reveal the effect of solution chemistry on the dynamic bacterial
attachment processes on GO surface and develop a
comprehensive understanding of bacteria−GO interaction.

In this study, we aim to unravel the effect of ionic strength
on the dynamic attachment of a model biofouling bacterium,
Pseudomonas aeruginosa PAO1, on the GO surface. P.
aeruginosa PAO1 is ubiquitous in a wide variety of environ-
ments, which have been found to be prevalent in water
treatment systems and clinical settings.21−24 Quartz crystal
microbalance with dissipation monitoring (QCM-D) and
confocal laser scanning microscopy (CLSM) were used to
monitor the dynamic attachment process. The bacterial
adhesion behavior on the GO surface was interpreted by
extended Derjaguin−Landau−Verwey−Overbeek (XDLVO)
theory. Atomic force microscopy (AFM) analysis was further
used to investigate the adhesion force of bacteria onto the GO
surface, as well as the role of surface biopolymers. Taken
together, this study provides a fundamental understanding of
the bacterial attachment onto the GO surface under different
ionic strengths.

■ MATERIALS AND METHODS
Preparation and Characterization of GO. The GO

powder (purity > 99.5 wt %) was purchased from Time nano
Chengdu Organic Chemicals Co. Ltd. The thickness and the
lateral size of GO nanosheets are 0.55−1.2 nm and 0.5−3 μm,
respectively. GO suspension (0.5 mg mL−1) was prepared and
dispersed in methanol by ultrasonic treatment in a water bath
for 30 min. The detailed characterization of GO is shown in
Figures S1−S4.

Bacteria and Culture Condition. P. aeruginosa PAO1 and
the Δpel-Δpsl mutant were provided by Prof. Liang Yang
(Southern University of Science and Technology, China).
Strains were maintained as glycerol stocks (LB broth
containing 20% (v/v) glycerol) at −80 °C. Briefly, cultures
were grown in LB broth with shaking at 200 rpm. After
cultivation at 30 °C overnight, the cells were collected at the
stationary phase, washed three times with 0.9% NaCl solution,
and then resuspended in the different electrolyte solutions (1,
45, 100, 200, 400, and 600 mM NaCl) to a final optical density
(OD600) of 0.2. The NaCl solutions have been sterilized by
autoclaving before use. An OD600 of 0.2 corresponded to 2.53
± 0.46 × 108 cells mL−1. The pH of cell suspension was
adjusted to 7.0 using a dilute NaOH or HCl solution. All of the
operations were carried out under sterile conditions in the
laminar flow cabinet. After 12 h incubation in the electrolytes
with different ionic strengths, the bacterial viability was
assessed via the Live/Dead BacLight viability kit. The bacterial
EPS was extracted using the cation-exchange resin method and
then quantified via colorimetric methods.25,26 The ionic
strengths had a negligible influence on the cell viability and
EPS content (Figure S5 and Table S1).

QCM-D Measurements. QCM-D system (Q-Sense,
Gothenburg, Sweden) was used to investigate the bacterial
attachment kinetics on sensors by recording dissipation values
and the frequency shift (3rd, 5th, 7th, and 9th harmonics).27

Specifically, the AT-cut 5 MHz gold-coated quartz crystals
(QSX301, Q-sense, Sweden) were used in this experiment. A
solution composed of 30% hydrogen peroxide, ammonia, and
deionized water (1:1:5 ratio) was used to clean the sensors at
75 °C for 5 min. Afterward, the sensors were rinsed with
ultrapure water and dried under a nitrogen gas stream. The
gold-plated sensors were spin-coated with GO (0.5 mg mL−1)
at 6000 rpm to obtain a thin layer.28,29 The GO-coated sensor
was examined by SEM and AFM to confirm that GO was
uniformly covered on the surface (Figures S6 and S7). The
sterile NaCl solution without bacteria was introduced into the
QCM-D chamber until the baseline was stabilized for at least 4
h. To monitor bacterial attachment under a well-defined and
constant condition, the bacterial suspension was then
continuously fed with a flow rate of 100 μL min−1. At four
different overtones (n = 3, 5, 7, and 9), the shifts of frequency
(Δf, Hz) and energy dissipation (ΔD) were monitored for 10
h.

Raman Spectroscopy. Raman spectra were acquired from
a confocal Raman microscopy equipped with a 600 g mm−1

grating and a 532 nm laser (Horiba LabRAM HR 800). Raman
mapping was performed to confirm the completeness of GO
coating on QCM-D sensors. For each Raman mapping
measurement, 497 spectra were collected within an elliptical
area of 40 μm × 50 μm. The acquisition time for each
spectrum was 8 s. The Raman mapping images at 1600 cm−1

demonstrated that the gold-plated sensors were completely
covered by GO before and after QCM-D experiments (Figure
S8).

Modeling of QCM-D Data. QCM-D quantitative model
was used to further analyze the mechanical properties of P.
aeruginosa PAO1 attachment on the GO surface,30 including
the bacterial contact elasticity (κc), contact damping (ξc),
density of adhering bacteria (Np), and contact region (rc). The
bacterial cells were approximated as spherical particles with a
radius of 1 μm and a mass of 1.348 g cm−3.30

When bacteria adhere to the sensor, the QCM-D signal is
interpreted according to eqs 1 to 3, which bind the complex
shifts Δf* in the resonance frequency Δf n and dissipation ΔΓn.
The shifts Δf* are related to complex load impedance ΔZL*,
which includes imaginary and real parts as follows

* = +f f i (1)

= *f
f

Z
ZIm( )n

q

F
L

(2)

= = *f n
D

f

Z
Z

2
Re( )n n

F F

q
L

(3)

where f F and Zq are the fundamental frequency (5 MHz) and
load impedance (8.8 × 106 kg m−2 s−1) of the quartz crystal,
respectively; n is the overtone number; and Im(ΔZL*) and
Re(ΔZL*) represent the imaginary and real parts of ΔZL*,
respectively.

According to the equivalent circuit, the total Δf total* is
determined by parallel connected loads of oscillating particle
and contact region
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where Δf p* and Δfc* are the impedance of free oscillating
bacteria loads and contact region, respectively (see the
Supporting Information for details).

To obtain the best data fit, the minimized deviation (d)
between the recorded data of QCM-D (Δf iexp and ΔΓi

exp) and
the model-predicted values (Δf imodel and ΔΓi

model) is calculated
as follows

=

+

d f f( )

( )

i
i i

i
i i

exp model 2

exp model 2

(5)

where 95% confidence intervals were constructed by Monte
Carlo simulation.31

Confocal Laser Scanning Microscopy (CLSM) Meas-
urement. During bacterial attachment processes, the sensors
were collected and observed by CLSM (Fluoview FV-1000,
Olympus, Germany) to evaluate the number of cells attached
on the GO surface. The bacteria on the GO-coated sensor
were stained using SYTO 9 and detected by excitation at 488
nm and emission at 500 nm. Seven images were taken for each
ionic strength condition, and the number of cells was estimated
using IMARIS software.32

AFM Analysis. The adhesion force between bacteria and
GO was measured using a triangular-shaped standard AFM
cantilever (MLCT-O10, Bruker), which was modified with 10-
μm-radius silica beads (Bangs Laboratories). The silica beads
were cleaned with ultrapure water and then attached to
triangular-shaped tipless cantilevers by UV-curable glue
(Adhesive 63, Norland Products) using an AFM micro-
manipulator.33 The AFM cantilevers with silica beads were

exposed to ultraviolet light for 30 min and then washed with
ultrapure water. The washed AFM probe was successively
immersed in a poly-L-lysine (PLL) solution (0.01%) and a
bacterial suspension (OD600 = 1.0) for 1 min each to
immobilize bacterial cells on the PLL functionalized AFM
cantilevers.34 The GO-coated substratum was prepared by
dropping the GO suspension onto the glass sheet and then
dried in an oven at 120 °C. The GO coating was characterized
by SEM and AFM to ensure that the substratum was
completely covered by GO (Figures S6 and S7). A MultiMode
8 AFM system with a NanoScope V controller (Bruker) was
employed to obtain the force curves of bacteria. The NaCl
solutions with different ionic strengths were adjusted to a pH
of 7.0 using dilute NaOH or HCl solutions and then injected
into the AFM fluid cell. All force curves were determined in the
contact mode in NaCl solutions. The force curves were carried
out at a scan rate of 1 Hz. The ramp size and trigger threshold
were set to 1 μm and 2 nN, respectively. The contact time was
0 s. The adhesive energy (Eadh) was calculated by integrating
the area below the x-axis and above the retraction curves.35

Extended Derjaguin−Landau−Verwey−Overbeek
(XDLVO) Analysis. The extended DLVO theory was used
to describe the cell−GO interaction at various ionic strengths
(see the Supporting Information for details). The total
XDLVO interaction energy (WXDLVO) is the sum of the
Lifshitz−van der Waals, electrostatic, and Lewis acid−base
interaction energies. The zeta potentials of GO and bacterial
cells at different ionic strengths were measured at pH = 7 using
a Zetasizer analyzer (Nano ZEN 3600, Malvern, U.K.). The
contact angle of GO and bacterial cells was measured by the
sessile drop technique using a Drop Shape Analyzer DSA100
(Krüss GmbH, Germany).36 Water, formamide, and diiodo-
methane were used as probe liquids to determine surface
tension components. The surface tension components for P.
aeruginosa PAO1 and GO are summarized in Table S2.

Figure 1. QCM-D frequency and dissipation shifts versus time for P. aeruginosa PAO1 attachment process at the ionic strengths of 1 mM (A), 45
mM (B), 100 mM (C), 200 mM (D), 400 mM (E), and 600 mM (F). Frequency shift and dissipation shift using QCM-D data for 3rd, 5th, 7th,
and 9th overtones.
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Steric Interaction Analysis. XDLVO and steric models
were employed to explain the AFM force measurements. The
difference between AFM approaching force and the predicted
XDLVO force was fitted to the steric model. According to the
previous report by Butt et al.,37 the interaction force (Fst) is
associated with the force per unit area of the AFM tip surface,
which is given as follows

=F k TaL50 e h L
st B 0

3/2 (2 / )0 (6)

where kB is the Boltzmann constant (1.38 × 10−23 J K−1), T is
the temperature (298 K), L0 is the thickness of the bacterial
surface biopolymer brush (nm), a is the radius of the silica
bead,38 Γ is the grafting density of the biopolymer layer, and h
is the distance between the AFM tip and the GO surface. For
each ionic strength, more than 35 approaching curves were
collected to fit the steric model.

The steric interaction energy (Wsteric) between the bacterial
surface and GO surface can be obtained as follows39,40

=
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where R is the radius of bacteria (0.5 μm) and S is the mean
distance between anchoring sites on the cell surface (nm) that
can be calculated by grafting density (Γ) according to the
following equation40

S
1

2 (8)

Statistics Analysis. Statistical significance analysis was
performed using the Student’s t test, and P < 0.05 indicates a
significant difference within the 95% confidence interval.

■ RESULTS
Dynamics of Cell Attachment on GO Surface. QCM-D

was used to assay the cell attachment dynamics onto the GO

surface under different ionic strengths. After the injection of
bacterial cells, dissipation (ΔD) increases during the cell
attachment phase, while frequency shift (Δf) differs as a
function of ionic strength, especially at the third overtone
(Δf 3) (Figures 1 and S9). A two-stage attachment is observed
based on Δf 3 at the ionic strengths of 45−200 mM. In the first
stage, the Δf 3 values increase and reach the peak (Figure 1).
The positive Δf is caused by the oscillation of a soft and thick
bacterial layer on the GO surface, which counterbalances the
added inertia.41,42 The significantly increased Δf and ΔD
indicate the substantial bacterial attachment at moderate ionic
strengths (200−400 mM). The duration of the soft bacterial
layer is prolonged with the increase of ionic strength from 45
to 400 mM. In the second stage, the frequency decreases to a
negative value (Figure 1), suggesting the transition of the
attached bacterial layer from soft to rigid. Different from the
moderate ionic strengths (45−400 mM), the Δf values
decrease upon the cell attachment at the ionic strength of 1
and 600 mM, which indicates the development of a rigid
bacterial layer on the GO surface.

The cell densities on QCM-D sensors were analyzed by
microscopic observation (Figures 2 and S10). Upon the
introduction of bacterial cells, a rapid bacterial attachment was
observed for the moderate ionic strengths (45−400 mM)
(Figure S10). The surface cell densities then decreased and
gradually approached certain values. The dynamics of surface
cell densities at moderate ionic strengths (45−400 mM) are
consistent with the observed changes in Δf, which shows an
initial increase followed by a gradual decrease (Figures 1 and
S10). After 10 h bacterial attachment, the surface cell densities
are higher with increasing ionic strengths (from 1 to 400 mM)
and reach a maximum at the ionic strength of 200 and 400
mM. Remarkably, the surface cell density at the ionic strength
of 600 mM is significantly lower than those at 200 and 400
mM. Therefore, the QCM-D measurements reveal a non-
monotonic effect of ionic strength on bacterial attachment to
the GO surface.

Mechanical Properties of the Attached Bacteria. To
further characterize the interaction between bacteria and the
GO surface, the recorded data (Δf and ΔD) at 10 h were fitted

Figure 2. CLSM images of P. aeruginosa PAO1 after 9.5 h of cell attachment on GO surface at 1 mM (A), 45 mM (B), 100 mM (C), 200 mM (D),
400 mM (E), and 600 mM (F). Surface cell density is calculated by CLSM imaging analyses (G). The scale bar is 20 μm. The different letters
above each column represent statistical significance (P < 0.05, ANOVA).
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to the quantitative model of QCM-D. The linear dependence
between Δf and the overtone number (Figure S11A−F) and
the deviation of observed Δf values from the freely oscillating
sphere model prediction (solid line in Figure S11) indicate the
importance of contact elasticity in bacterial attachment,
especially at the ionic strengths of 200 and 400 mM. The
bandwidth shift (ΔΓ) is correlated with n(1/2) at the ionic
strengths of 1−100 and 600 mM (Figure S11G−I,L),
suggestive of a viscous dissipation (Figure S12). These results
can be further demonstrated by contact elasticity (κc) and
contact damping (ξc). The bacterial attachment at ionic
strengths of 200 and 400 mM demonstrates the highest κc and
contact radius (rc). Since κc is mainly determined by the work
of adhesion between bacteria and GO surfaces,30 the highest κc
and rc values at 200 and 400 mM suggest a strong bacteria−
GO interaction at the moderate ionic strength. The observed
cell densities are positively correlated with rc (P < 0.05)
(Figure 3), indicating a higher contact radius contributing to

more cell adhesion. Although the surface cell densities
calculated from the model fitting are lower than the CLSM
result (Table 1), the trend of predicted surface cell densities
(Np) is consistent with the microscope data (Figures 2 and
S13). This discrepancy in surface cell densities was observed in
previous studies, which demonstrated that QCM-D only senses
strongly attached cells on sensor surfaces.30,43,44 It indicates
that a large fraction of attached cells observed by microscopy
loosely contacted with the GO surface.

Effect of Ionic Strength on Adhesion and Biopolymer
Conformation. AFM analysis was performed to reveal the
adhesive energy between bacteria and GO surfaces. The peak
adhesion force (Fpeak) during retraction of P. aeruginosa PAO1
away from the GO surface increases significantly with

increasing ionic strength from 1 to 200 mM and remains
constant when the ionic strengths are higher than 200 mM
(Figures 4A and S14−S16). The rupture distance (LR) in the
retraction process significantly increases with the increase in
ionic strength, approaching a maximum (569.23 ± 190.44 nm)
at 100 mM (Figures 4B and S16), and decreases when the
ionic strength is higher than 100 mM. Compared with those at
moderate ionic strengths, the reduced rupture distance
contributes to a significantly lower adhesive energy at 600
mM (Figure 4C), which is consistent with the reduced surface
cell density.

The long rupture distance and sawtooth-shaped force curves
implicate the critical role of surface biopolymers in bacterial
adhesion. The difference between AFM approaching force and
the predicted XDLVO force was fitted to the steric model to
elucidate the role of ionic strength on biopolymer
conformation. The average thickness of the extended bacterial
cell-surface biomolecules decreases with the increase of ionic
strength (Figure 4D), while the grafting density exhibits an
opposite trend (Figure 4E). The ionic strength-dependent
changes in the brush thickness and grafting density are absent
for the polysaccharide-deficient mutant strain (Δpel-Δpsl)
(Figure S17), which highlighted the contribution of surface
biopolymers in steric interaction. The collapsed biopolymer
layer on the cell surface, caused by the electrostatic
stabilization and hydration effect,45−49 reduces the binding
sites for polymer bridging and results in a shorter rupture
distance at the ionic strength of 600 mM (Figure 4B).
Moreover, the extended brush layer at 1−100 mM NaCl also
corresponds to short rupture distances (Figure 4B), suggesting
that the polymer bridging at low ionic strengths is prevented
by the strong electrostatic repulsion (Figure S18).

Interaction Energy between P. aeruginosa PAO1 and
GO. As the presence of bacterial biopolymer causes steric
hindrance between bacteria and GO surface, the combined
influence of steric repulsion and XDLVO interactions on
bacterial attachment was investigated (Figure 5). The
negatively charged bacterial cells and GO give rise to a
repulsive electrostatic energy barrier, which reduces with
increasing ionic strength due to compression of the electro-
static double layer (Figures S18 and S19). Meanwhile, the
repulsive hydration effects exhibit an opposite trend, showing
increased hydration repulsion at high ionic strength (Figure
S18). With the same van der Waals attraction at different ionic
strengths, the XDLVO interactions at 1−45 mM are mainly
repulsive (Figure 5A). The steric repulsion is monotonically
decreased with increasing ionic strength owing to the collapsed
biopolymer layer at a high ionic strength (Figure 5B).
Consequently, the total interaction energy profile based on
XDLVO and steric interactions shows the existence of the

Figure 3. Linear correlation between surface cell densities and contact
region at different ionic strengths. The gray shaded area denotes the
95% confidence interval.

Table 1. Fitted Parameters for P. aeruginosa PAO1 Attachment on Graphene Oxide Surface at Different Ionic Strengthsa

fitted parameters

ionic strength (mM) κc(N m−1) ξc(10−8 Pa·m·s) Np(105 cm−2) rc (nm) db

1 7.03 (7.01, 7.04) 119.84 (113.66, 128.13) 1.05 (1.00, 1.09) 297.63 (297.33, 297.85) 175.51
45 5.53 (5.52, 5.55) 92.24 (88.54, 95.65) 1.75 (1.71, 1.80) 274.86 (274.67, 275.05) 130.20

100 7.52 (7.43, 7.60) 58.83 (55.37, 62.44) 1.87 (1.79, 1.96) 304.36 (303.25, 305.44) 160.00
200 12.52 (7.48, 17.39) 27.41 (21.74, 31.75) 3.16 (2.61, 4.13) 360.85 (303.82, 402.60) 172.63
400 19.17 (18.52, 19.88) 18.56 (17.9, 19.13) 2.91 (2.91, 2.91) 415.83 (411.11, 420.89) 106.39
600 9.56 (9.56, 9.56) 468.91 (442.69, 495.86) 0.78 (0.76, 0.79) 329.84 (329.81, 329.86) 58.03

a95% confidence region of parameters is given in parentheses. bd, deviation between experimental data and predicted values.
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primary minimum at the ionic strengths of 45−600 mM
(Figure 5C). The reduced electrostatic and steric repulsion
increases the depth of the primary minimum at high ionic
strength.

The repulsive energy barrier and shallow primary minimum
at the ionic strength of 1−100 mM prevent bacterial cells from
attaching to GO surface, which agrees well with the observed
reduced cell density (Figure 2). Meanwhile, the deep primary
minimum at 600 mM does not result in an enhanced bacterial
attachment. The discrepancy is likely to be attributed to the
lower adhesive energy, leading to the weak and unstable
bacterial adhesion on the GO surface. Therefore, the strong
electrostatic and steric repulsions prevent bacterial cells from
contacting the GO surface at a low ionic strength, while the

weak adhesive energy induces reversible attachment and easy
detachment at a high ionic strength.

■ DISCUSSION
GO-enabled surface modification is one promising strategy to
combat the biofouling problem. Our results show that the
attachment process of P. aeruginosa PAO1 on the GO-coated
surface is significantly influenced by the ionic strength of the
background electrolyte. The cell density increases with the rise
of ionic strength from 1 to 400 mM. But an unexpected
decrease in the surface cell density is observed at the ionic
strength of 600 mM, whose ionic strength is equivalent to
seawater (Figure 2). The enhanced bacterial attachment with

Figure 4. Average peak adhesion force (A) of P. aeruginosa PAO1 cells on the GO surface. Mean rupture separation (B) at which adhesion forces
vanish. The average adhesive energy between bacteria and GO surfaces (C). Box plots of polymer thickness (D) and grafting density (E) for P.
aeruginosa PAO1. Small squares and dots indicate the average values and outliers in the data. The different letters above each column represent
statistical significance (P < 0.05, ANOVA).

Figure 5. XDLVO energy (A), steric energy (B), and total interaction energy (C) between bacteria and GO surface as a function of separation
distance at different ionic strengths.
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increased salt concentration at low ionic strengths (1−200
mM) has been demonstrated in previous studies.18,50,51

Increasing ionic strength was found to lower the energy
barrier and deepen the primary energy minimum via reducing
electrostatic and steric repulsion.52−54 Moreover, our AFM
analyses reveal the adhesive energy between bacteria and GO
surfaces increases with ionic strength from 1 to 400 mM. The
strong adhesive energy strengthens the initial bacteria−GO
interaction to yield irreversible attachment.

Further analyses reveal that the reduced cell attachment at
600 mM is attributed to the lower adhesive energy. Previous
studies reported that polymer bridging can occur between the
hydrophobic biomolecules such as proteinaceous adhesins of
the bacteria and hydrophobic graphemic basal planes in
GO.13,55,56 The thickness of the bacterial surface biopolymer
brush is found to decrease with increasing ionic strength
(Figure 4D). The ionic strength-induced conformational
change limits the polymer bridging between the bacteria and
the GO surface, which results in the decrease of the bacterial
adhesion capacity with low contact elasticity (kc) and contact
radius (rc) at a high ionic strength (Table 1). This result is
consistent with the findings of previous study that the
biomolecules conformation was significantly decreased at a
high ionic strength.17,49,57

Overall, the bacterial attachment on the GO surface is
mediated by the XDLVO and steric interactions, both of which
are highly dependent on ionic strength. Different strategies can
be adopted to enhance antibiofouling performance in different
application scenarios. In environments with ionic strengths
below 45 mM or above 600 mM, the bacteria−GO interaction
is featured by a weak adhesive bond. Physical cleanings such as
backwashing and flushing can be employed to remove the
attached cells. Meanwhile, the deep primary attractive well and
strong adhesive energy induce irreversible attachment in
environments with moderate ionic strength (e.g., human
body fluids). The increased oxidation degree of GO can
introduce more oxygen-containing moieties to enhance
electrostatic and hydration repulsion between bacteria and
GO.58,59 Grafting of polymer brushes on GO surface is also a
promising alternative to generate strong steric repulsion to
prevent bacterial cells from reaching the GO surface.60,61

Moreover, surface functionalization with antibacterial agents
like silver nanoparticles and quaternary ammonium com-
pounds can be employed to prolong the antibiofouling life of
GO surfaces by inhibiting biofilm formation.62

■ ENVIRONMENTAL IMPLICATION
This work integrates QCM-D, XDLVO theory, and AFM
analysis to explore the bacterial attachment to GO surfaces.
Our result demonstrates that the bacterial attachment on the
GO surface is significantly influenced by ionic strength. The
cell densities increase with increasing ionic strength (1−400
mM) and then decrease with a further increase in the ionic
strength (600 mM). The weak bacteria−GO interaction at a
low ionic strength is mainly driven by electrostatic and steric
repulsion, while the low adhesive energy contributes to the
reduced bacterial attachment at a high ionic strength. These
findings highlight the significance of the ionic strength on
bacterial attachment on GO surface, providing a mechanistic
understanding of ionic strength-dependent bacteria−GO
interactions. Moreover, our results provide an important
scientific foundation for the optimization of the antifouling
properties of GO in practical applications. Future efforts are

needed to characterize other parameters in bacteria−GO
interfacial interactions, such as ionic species, pH, presence of
dissolved organic matter, and fluid flow shear.
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