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ABSTRACT: Understanding the interactions of graphene oxide (GO)
with biological membranes is crucial for the evaluation of GO’s health
and environmental impacts, its bactericidal activity, and to advance
graphene-based biological and environmental applications. In an effort to
understand graphene-induced bacterial inactivation, we studied the
interaction of GO with bacterial (Escherichia coli) cell membranes using
atomic force microscopy (AFM). Toward this goal, we devised a
polydopamine-assisted experimental protocol to functionalize an AFM
probe with GO nanosheets, and used AFM-based force spectroscopy to
measure cell membrane−GO interaction forces. Our results show that
GO−cell interactions are predominantly repulsive, with only sporadic
adhesion forces being measured upon probe pull-off, which we attribute
to lipopolysaccharide bridging. We provide evidence of the acellular
oxidation of glutathione by GO, underscoring the role of oxidative pathways in GO-mediated bacterial cell inactivation. Our force
spectroscopy results suggest that physicochemical interactions do not underlie the primary mode of action of GO in bacteria.

■ INTRODUCTION

Graphene is a monolayer-thick nanomaterial composed of
hexagonally arranged carbon atoms. Since its first isolation from
graphite in 2004, graphene has become the focus of numerous
studies due to its unique physical properties, notably its
mechanical strength1 and electrical conductivity.2 A common,
low-cost preparation procedure of graphene materials involves
the chemical reduction of graphene oxide (GO), with the latter
being produced by oxidation of bulk graphite in the presence of
strong oxidants.3,4

Interest in GO arises not only from its role as an inexpensive
precursor of graphene, but also due to its distinct
physicochemical properties. GO possesses hydrophilic func-
tional groups (epoxide and hydroxyl groups on the surface and
carboxylates at the periphery) as well as hydrophobic graphenic
regions that enable it to engage in hydrophobic interactions
while remaining dispersed in water and polar solvents.5,6 In
addition, owing to its nanoscale thickness, GO possesses a
higher specific surface area than most other nanomaterials,
enabling it to be used as an adsorbent or catalyst.5 The
amphiphilic character of GO has resulted in potential
biomedical applications, such as a delivery device for small
water-insoluble drugs.5

Recent studies have shown that GO and reduced GO exhibit
toxicity toward both Gram-positive (Staphylococcus aureus) and
Gram-negative (Escherichia coli) bacteria.7,8 This property of
GO can be used to fabricate antibacterial and biofilm-resistant

surfaces, such as membranes for water purification,9 polymeric
films for biomedical devices,10,11 and antimicrobial fabric
materials.12 GO-based membranes for water purification have
also been reported recently.13−15 Although the applications of
GO are numerous, potential adverse health and environmental
effects may also occur from cell exposure.5,16,17 GO is both
soluble in water and falls under the range of respirable
materials.18 Consequently, exposure to GO and its interaction
with living organisms are likely to become a major concern. Yet,
there is currently little, and often contradictory, information
about the toxicity of GO and graphene-like nanomaterials.19 In
particular, a molecular level understanding of cell membrane−
GO interactions leading to cell uptake or cell damage is
lacking.5

A recent study combining molecular dynamics simulations
with fluorescence and electron imaging techniques18 reported
that cell uptake of graphene occurs spontaneously in three
different mammalian cell types, and is driven by spontaneous
piercing of the membrane by nanosheet asperities, followed by
hydrophobic interactions between the basal regions of graphene
and the hydrophobic inner region of the plasma membrane.
Another experimental-computational study20 suggested that
graphene and GO induce cell damage in E. coli by extracting
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phospholipid molecules from the outer cell membrane.
Oxidative stress has also been invoked to explain GO-induced
cell damage,17 either by generation of reactive oxygen species
(e.g., the superoxide anion, O2

.−),21 or through direct oxidation
of cellular components by GO.22

In this study, we examine the physicochemical interactions of
GO with bacterial cells. Specifically, we measure the interaction
forces between a probe functionalized with GO and model
Gram-negative bacteria (E. coli) using atomic force microscopy
(AFM). We report a method to functionalize AFM probes with
GO, which, together with immobilization of E. coli cells on a
surface, allows for cell−GO forces to be measured. We find that
the interaction forces between a GO-functionalized AFM probe
and the outer cell membrane of E. coli are mainly repulsive, with
only sporadic adhesive forces being observed in the pull-off
force curves. We discuss our findings in the context of bacterial
cytotoxicity of GO.

■ MATERIALS AND METHODS
Fabrication of Bacterial Lawns. Escherichia coli (strain

MV1190(λ-pir)(pJBA116)) cells were immobilized on glass
slides coated with poly-L-lysine (MW = 150−300 kDa),
adapting a protocol from the literature.23 Cell suspensions
were prepared by inoculating 25 mL of Luria-Bertani (LB)
broth with cell colonies grown on agar plates, and incubated
overnight at 37 °C. The cell suspension was diluted 1:25 with
fresh LB, and cells in exponential growth phase (OD600 nm ≈ 1,
109 cells/mL) were harvested after further incubation for 2 h at
37 °C, centrifuged to a pellet at 5000g for 1 min, and
resuspended in PBS buffer (pH 7.4, 1:5 dilution). Cell
centrifugation and resuspension was repeated thrice, with the
final cell resuspension being done in diluted PBS supplemented
with 1 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC, Thermo Scientific) and 2 mg/mL N-hydroxysuccini-
mide (NHS, Sigma-Aldrich). Activation for 15 min with EDC
and NHS converts the carboxylic groups on the cell surface into
amine-reactive succinimidyl esters.23,24 Finally, a 10 μL drop of
the cell suspension with EDC−NHS was placed on a small (∼1
cm2) glass slide coupon coated with poly-L-lysine (PLL) (Poly-
prep, Sigma-Aldrich). Cells are immobilized on the surface by
an amine-coupling reaction between the succinimidyl esters on
the outer cell membrane and primary amines on the PLL
coating the glass slide. We imaged the immobilized cells by
AFM, and assessed their viability by epifluorescence micros-
copy, as explained in the Supporting Information.
AFM Probe Functionalization with Graphene Oxide.

We produced GO following a modified Hummers’ method.25

The average GO sheet surface area and thickness were
measured by scanning electron microscopy (SEM) and
tapping-mode AFM, and determined to be 0.65 μm2 and 1.4
nm, respectively (Figure S1, Supporting Information). XPS
characterization (Figure S2, Supporting Information) showed
the presence of hydroxyl, epoxide and carboxyl functional
groups in GO nanosheets. Details of the GO synthesis and
characterization can be found in the Supporting Information.
Force measurements were carried out using silicon nitride

cantilevers (SNL, Bruker, nominal k = 0.24 N/m) that were
functionalized with GO, as described in Figure 1. The surface
functionalization is assisted by the deposition of polydopamine
on the AFM probe. Under slightly alkaline conditions,
dopamine forms a supramolecular aggregate known as
polydopamine (PDA)26,27 on the AFM probe surface that
serves as a scaffold for the adsorption of GO nanosheets. A

PDA film was formed on the AFM probe by immersing the
probe in a solution containing 2 mg/mL of dopamine
hydrochloride (Sigma-Aldrich) in 10 mM Tris (Trizma HCl,
Sigma-Aldrich), pH 8.5. Over the course of the immersion the
solution turned brown due to aggregation of dopamine
monomers. After immersion in PDA solution for 15 min
under agitation, the cantilever was rinsed with deionized water
and transferred to a dispersion of GO (500 μg/mL) for 15 min,
followed by rinsing with deionized water to removed loosely
adsorbed sheets. Cantilevers were dried at room temperature
under vacuum until use.
In addition to measurements performed with GO-function-

alized probes (PDA-GO, hereinafter), we performed control
experiments using PDA-coated and unmodified silicon canti-
levers (hereinafter PDA and Si, respectively). All cantilevers
were cleaned in a UV/ozone chamber before modification. All
AFM probes were imaged by SEM after the experiments and
inspected for defects, cracks, or evidence of contamination.

AFM Force Measurements. Previous studies have shown
the versatility of AFM in examining the mechanical properties
of cells exposed to carbon-based nanomaterials.28,29 In this
work, we determine GO−cell membrane forces using AFM.
Force measurements were made in PBS buffer (1:5 dilution),
pH 7.4, using a Dimension Icon AFM (Bruker). Prior to the
force measurements we determined the cantilever deflection
sensitivity and calibrated the spring constant using the thermal
noise method. We observed in preliminary experiments that
imaging the bacterial lawn to identify cells for force
measurements resulted in functionalized probe damage or
contamination. To circumvent AFM imaging, we used the
indentation of soft materials (such as E. coli) to identify
measurements performed on cell membranes from those made
on the bare PLL slide. The indentation is defined as the
separation (in nm) between the onset of the compliance region
(i.e., the point at which the approach force becomes finite due
to tip−sample contact) and the maximum force in the approach
curve. As shown below, force curves with an indentation >20
nm denoted measurements on individual cells, whereas those
exhibiting a smaller indentation were measured on the PLL
coating (which were not considered further in this work). At

Figure 1. Schematic of the AFM probe functionalization with
graphene oxide. (a) Immersion of the AFM cantilever in an aqueous
solution of dopamine results in deposition of a thin adherent film of
polydopamine on the probe surface. (b) Subsequent immersion in an
aqueous dispersion of graphene oxide results in immobilization of the
nanomaterial on the probe surface. The components of the
functionalized probe surface are depicted in (c), where polydopamine
is described as a supramolecular aggregate of dopamine monomers, as
recently proposed.27
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least 10 cell-probe force measurements (ramp size = 1 μm,
trigger force = 2 nN) were performed with Si, PDA and PDA-
GO probes. Further information about our force spectroscopy
experimental protocol may be found in the Supporting
Information.
Quantification of GO-Mediated Oxidative Stress.

Reduced glutathione (0.4 mM) was exposed to GO (50 μg/
mL) in 50 mM bicarbonate buffer (pH 8.6). The amount of
nonoxidized glutathione was quantified spectrophotometrically
using Ellman’s reagent, 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB). After exposure to GO for 0−240 min, the reaction
mixture was filtered through a 0.45 μm filter to remove GO
sheets and 900 μL of the filtered reaction mixture were added
to 1.57 mL Tris−HCl buffer (pH 8.3) to which 30 μL of 100
mM DTNB was added. The amount of thiol remaining in the
reaction was quantified by measuring the absorbance at 412
nm, using an extinction coefficient of 14 150 M−1 cm−1.

■ RESULTS AND DISCUSSION

Cell Immobilization and AFM Imaging. Immobilization
of cells without significant alteration in their morphology and
surface properties is essential in force spectroscopy. We
adapted a protocol from the literature23 to form bacterial cell
lawns suitable for cell−probe force measurements. An AFM
image of a representative bacterial cell lawn is shown in Figure
2a. The cell dimensions (∼1 × ∼3 μm) are in agreement with
the size of E. coli.30,31 E. coli cells are immobilized on a PLL-
coated glass slide by amine coupling. The immobilization is also
assisted by electrostatic interactions between the negatively
charged E. coli and the positively charged PLL surface. We
performed the immobilization and experiments in PBS buffer at

1:5 dilution to diminish charge screening and prevent cell−cell
aggregation. We verified that the immobilization protocol does
not significantly affect the cell viability. Figure 2c shows an
epifluorescence micrograph of the cells after Live/Dead
staining. As shown in Figure 2b, approximately 80% of the
cells remain viable (i.e., exhibit green fluorescence) following
immobilization. We note that the EDC−NHS immobilization
does not alter the surface properties of the cell membrane
exposed to the AFM probe, given that succinimidyl esters have
a half-life on the order of minutes at pH 7.4.24,32−34

Polydopamine Enables Probe Functionalization with
GO. Figures 3 and S3 (Supporting Information) present SEM
micrographs of Si, PDA, and PDA-GO AFM probes. In each
case, the surface of the pyramidal probes exhibits distinct
features: the Si probe surface (Figures 3c and S3d, Supporting
Information) is smooth and featureless, whereas the PDA-
coated tip (Figures 3b and S3c, Supporting Information) shows
the presence of PDA agglomerates. Unlike the Si and PDA
systems, the surface of the PDA-GO probe shows the presence
of GO sheets, as manifested by the tile-like dark features in
Figures 3a and S3a, Supporting Information, and rougher
surface features in Figure S3b (Supporting Information).
Attachment of GO sheets to the polydopamine-coated surface
is due to hydrogen bond interactions between carbonyl and
hydroxyl groups abundant in both PDA and GO, and π−π
interactions between catechol groups in PDA and graphenic
domains in GO.35

We verified that the self-adherent film of PDA is necessary
for the functionalization: in its absence GO does not adhere to
the probe Si surface (Figure S3d, Supporting Information). We
surmise that, in addition to favorable interactions for GO
attachment, the PDA film screens the electrostatic repulsive
forces between negatively charged GO (electrophoretic
mobility of −4.11 ± 0.29 × 10−8 m2 V−1 s−1 in PBS 1:5
dilution) and deprotonated silanol groups on the probe
surface.36,37 To provide further evidence of the validity of the
functionalization method, we subjected a silicon wafer to the
GO protocol illustrated in Figure 1. We tested the robustness
of the functionalization by immersing the PDA-GO wafer in
PBS buffer (1:5 dilution, pH 7.4) for 1 h, the typical duration of
AFM measurements. We then recorded the Raman spectra
(Horiba Jobin Yvon HR-800) of vacuum-dried samples. Figure
3d shows that the Raman spectrum of the PDA-GO wafer
exhibits the D (∼1350 cm−1) and G (∼1590 cm−1) bands
characteristic of GO.38 Conversely, the spectra of PDA-coated
and pristine Si wafers do not exhibit such features.

Cell−GO Interactions are Predominantly Repulsive.
Figure 4 presents force curves measured on individual cells with
probes of various chemistries (Si, PDA, and PDA-GO). The
average of 10−14 individual force curves is shown. The
individual force curve measurements made with each probe
chemistry are shown in Figure S4a−f of the Supporting
Information. Each curve comprises approach (Figure 4a, b) and
pull-off (Figure 4c, d) cycles. The data are presented as plots of
the force as a function of piezo position (Z). We identified
forces on cells from those measured on the PLL slide by
measuring the indentation in the approach force curve. In a
series of measurements with a pristine Si probe, we imaged
individual cells before measuring the force curves using the
“Point and Shoot” function implemented in the AFM software
(NanoScope, Bruker, Santa Barbara). We determined the
indentation on the cells to be 20−25 nm, as shown in Figure
4a. Meanwhile, the indentation on bare PLL was ∼10 nm

Figure 2. (a) AFM image of E. coli cells immobilized on a poly-L-
lysine-coated glass slide. Cells were covalently immobilized by a
coupling reaction between the carboxyl groups on the cell membrane
surface and amine groups on the substrate surface. The image shown
was obtained in peak force tapping mode at a scan rate of 1 Hz. All
experiments were performed in PBS buffer (1:5 dilution), pH 7.4. (b)
Results of a live−dead assay on representative immobilized cells.
Approximately 80% of the immobilized cells had intact cell membranes
following the immobilization, and therefore fluoresced green as shown
in (c). Cells with a compromised cell membrane fluoresced red.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.5b00066
Environ. Sci. Technol. Lett. 2015, 2, 112−117

114

http://dx.doi.org/10.1021/acs.estlett.5b00066


(Figure 4a). Details of the definition and determination of the
indentation are given in the Materials and Methods section.
A key observation in Figure 4a is that the approach force

curves for the Si and PDA-GO probes are both repulsive and
within one standard deviation of each other. This observation is
reproducible over all the measurements performed in 2−4
different cells (Figure S4a, c, Supporting Information).
Repulsive Si−cell interactions have been previously observed,39

and are attributed to the negatively charged surface of the
silicon probe (due to the presence of deprotonated silanol
groups36) and the outer cell membrane of E. coli.39,40 We
surmise that the repulsive GO−cell forces in Figure 4a arise
from electrostatic repulsion between deprotonated carboxylic
acid groups in GO37,41 and the negatively charged outer cell
membrane. Given the presence of lipopolysaccharide molecules

on the cell surface, steric repulsion is also a likely contributor to
the observed repulsive forces.42,43 Repulsive PDA−cell forces
are also observed in the PDA control measurements in Figure
4a, possibly due to the reported negative surface charge of PDA
films44 as well as steric forces. PDA−cell repulsive interactions
are somewhat weaker compared to those measured with Si and
PDA−GO probes. Finally, we note that interaction force curves
characteristic of cell membrane piercing events45 were not
observed in any of our experiments.
The repulsive forces characterizing GO−cell contact are at

odds with certain aspects of recent computational-experimental
studies,18,20 which suggest that physical−chemical interactions
between graphene/GO and cells result in membrane damage.
To explain the discrepancy between our experimental results
and previous works,18,20 we first note that simulation studies
have noted the strong influence of the relative orientations of
graphene and the cell on the free energy of interaction.18

Graphene sheets that point an asperity orthogonally to the cell
membrane appear to face the smallest free energy barrier.18,20

Our experimental results are consistent with the strong
directionality of GO−cell interactions, because GO sheets
immobilized on the AFM probe are locked into a fixed
configuration, precluding sampling of more energetically
favorable pathways for membrane piercing. Second, simulation
results have noted that model GO sheets with hydrophilic
corners do not undergo cell uptake.18 This picture is consistent
with the repulsive forces between hydrophilic GO (owing to
carboxylic, hydroxyl, and epoxide functional groups of GO,41

Figure S2, Supporting Information) and cells reported herein.
The average pull-off force curves are presented in Figure 4c.

The averaged data show weak adhesions for PDA (Fadhesion,min ≈
−0.15 nN) and PDA-GO (Fadhesion,min ≈ −0.10 nN). The
individual measurements are shown in Figure S4b, d, f of the
Supporting Information. While the pull-off force curves
measured with the Si probe are predominantly repulsive
(Figure S4b, Supporting Information), those corresponding to
PDA-GO and PDA (Figure S4d, f, respectively, Supporting

Figure 3. (a) Scanning electron micrograph (SEM) of an AFM probe functionalized with graphene oxide (PDA-GO), following the protocol in
Figure 1. (b) SEM micrographs of polydopamine-coated (PDA) and pristine Si (c) AFM probes. The imaged samples in panels a−c were not
sputter-coated. (d) Raman spectrum of a Si wafer functionalized with graphene oxide (PDA-GO, black line), as described in Figure 1. The spectrum
shows the characteristic D and G bands of GO. The Raman spectra of pristine and PDA-coated Si wafers are also shown.

Figure 4. Plots of the force as a function of piezo position (Z) during
cantilever approach to (a, b) and pull-off from (c, d) E. coli cells. The
AFM probe functionalization is denoted in the caption of (a),
indicating whether measurements are made on cells (“facing cell”) or
the bare PLL-coated glass slide (“facing PLL”). Each curve is the
average of 10 independent force measurements (14 measurements for
PDA-GO). Error bars denote one standard deviation in the force.
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Information), show evidence of adhesion. For PDA-GO
(Figure S4d, Supporting Information), the adhesion events
are similar to those derived from the extension of polymer
molecules between the cell surface and the AFM tip.42,46,47 We
suggest that lipopolysaccharides in the E. coli surface become
stretched as they bridge the cell surface and the GO-coated
AFM tip. Finally, electrostatic interactions between positively
charged bare PLL surfaces and the negatively charged
functionalized probes manifest themselves in slightly stronger
adhesion forces for PDA facing PLL (−0.14 nN) and PDA-GO
on PLL (−0.19 nN), as shown in Figure 4c.
Implications for the Bactericidal Activity of GO.

Bacterial inactivation by GO has been proposed to be mediated
by physical and oxidative damage to cell membranes.22 Physical
interactions underlying the antimicrobial activity of GO include
membrane piercing, surface adhesion, and lipid extraction.18−20

Our results show that direct contact between GO and the outer
cell membrane of E. coli is characterized by repulsive
interactions, with only sporadic adhesion events observed
upon probe pull-off, likely due to cell lipopolysaccharide
bridging. These results are consistent with the high free energy
barrier for cell uptake faced by hydrophilic GO sheets.18

Recent studies have indicated that direct contact with the
edges of the GO sheets is not a requirement for bacterial
inactivation,48,49 suggesting that other mechanisms may play a
predominant role in the bactericidal activity of GO. Oxidative
stress, in particular, has been identified as an antimicrobial
mechanism for carbon nanomaterials,50,51 including GO.52,53

GO is inherently chemically reactive, as indicated by the
acellular oxidation of glutathione by GO sheets (Figure S5,
Supporting Information). This in vitro oxidation of glutathione
was previously used as an indicator of the oxidative potential of
carbon nanotubes,50,54 where oxidative stress was proposed as
the major mechanism underlying antimicrobial activity.50,51,54

For GO, further investigations are needed to unravel the exact
contribution of oxidative and physical pathways in the
antimicrobial activity of GO. A mechanism for the bactericidal
activity of GO based on physicochemical interactions is
intuitively appealing and cannot be ruled out at this point.
Nonetheless, the force spectroscopy results presented herein
suggest that physical interactions are repulsive and that other
mechanisms, such as oxidative pathways, should be examined
more closely.
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