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The cytotoxicity of 2D graphene-based nanomaterials (GBNs) is
highly important for engineered applications and environmental
health. However, the isotropic orientation of GBNs, most notably
graphene oxide (GO), in previous experimental studies obscured the
interpretation of cytotoxic contributions of nanosheet edges. Here,
we investigate the orientation-dependent interaction of GBNs with
bacteria using GO composite films. To produce the films, GO
nanosheets are aligned in a magnetic field, immobilized by cross-
linking of the surrounding matrix, and exposed on the surface
through oxidative etching. Characterization by small-angle X-ray
scattering and atomic force microscopy confirms that GO nano-
sheets align progressively well with increasing magnetic field
strength and that the alignment is effectively preserved by cross-
linking. When contacted with the model bacterium Escherichia coli,
GO nanosheets with vertical orientation exhibit enhanced antibac-
terial activity compared with random and horizontal orientations.
Further characterization is performed to explain the enhanced anti-
bacterial activity of the film with vertically aligned GO. Using phos-
pholipid vesicles as a model system, we observe that GO nanosheets
induce physical disruption of the lipid bilayer. Additionally, we find
substantial GO-induced oxidation of glutathione, a model intracel-
lular antioxidant, paired with limited generation of reactive oxygen
species, suggesting that oxidation occurs through a direct electron-
transfer mechanism. These physical and chemical mechanisms both
require nanosheet penetration of the cell membrane, suggesting
that the enhanced antibacterial activity of the film with vertically
aligned GO stems from an increased density of edges with a pref-
erential orientation for membrane disruption. The importance of
nanosheet penetration for cytotoxicity has direct implications for
the design of engineering surfaces using GBNs.
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Graphene is a 2D nanomaterial comprising sp2-bonded car-
bons arranged in a hexagonal lattice (1). The unique

structure of 2D nanomaterials can result in extraordinary phys-
icochemical properties, enabling technical solutions to address
global challenges in medicine, water scarcity, and energy pro-
duction (2). Graphene-based nanomaterials (GBNs), in partic-
ular, have attracted substantial research interest over the past
decade because of their exceptional mechanical, electronic, and
thermal properties (3).
The cytotoxic properties of GBNs are also important due to

potential ecological impact and usage in engineered (e.g., anti-
bacterial) applications. Previous studies have demonstrated that
GBNs are cytotoxic toward a variety of cell types [e.g., bacterial (4),
mammalian (5)] and viruses (6). This cytotoxicity of GBNs has
been ascribed to two major mechanisms: physical disruption and
chemical oxidation. For physical disruption, previous studies have
suggested that GBNs can penetrate into the cell membrane (7, 8),
possibly compromising membrane integrity through the formation
of pores (9) or through the extraction of lipid molecules (10). The
loss of membrane integrity leads to leakage of cytoplasmic com-
pounds [e.g., RNA (4), intracellular electrolyte (6)], which, in turn,

causes cell death. For chemical oxidation, GBNs mediate oxidative
stress on the cellular membrane, either through the generation of
reactive oxygen species (ROS) or through direct electron transfer,
thereby oxidizing cellular components (e.g., lipids, proteins) and
inactivating viable cells (11, 12). In the past decade, the cytotoxicity
of GBNs has been harnessed to mitigate biofouling on engineered
surfaces (13–16). For example, GBNs were successfully attached
to surfaces through chemical bonding (13, 17) or filter-assisted
deposition (16), thereby imparting the surface with enhanced
biofouling resistance.
Further investigations into the physical and chemical mecha-

nisms of GBN-induced cytotoxicity highlight the potentially sig-
nificant contribution of edge effects. For example, modeling
results suggest that graphene nanosheets readily penetrate cell
membranes when interacting with cells in an orthogonal orien-
tation; at this orientation, the sharp edges possess the lowest
energy barrier to initiate local penetration through the lipid bi-
layer (7). Additionally, the edges of carbon materials could serve
as active sites for redox reactions due to the abundance of edge-
bound defect sites (12, 18–20). Combined, these properties
suggest that the alignment of nanosheets on engineered surfaces
may impact the overall antibacterial activity. However, due to the
lack of an efficient technique to align GBNs, previous antibac-
terial surfaces were mainly achieved with uncontrolled nano-
sheets (13, 16, 17). As such, the effects of nanosheet alignment
predicted by modeling have not been experimentally confirmed.
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crucial. While the cytotoxic properties of GBNs are well estab-
lished, the mechanisms behind the cytotoxicity remain contro-
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alignment of sharp GO edges plays a crucial role in the anti-
bacterial activity. We then demonstrate using model systems
that GO unequivocally induces physical disruption of lipid bila-
yers and that oxidation stems from a direct electron transfer
mechanism. Altogether, our results elucidate the physicochemi-
cal, edge-based cytotoxicity of GBNs, while providing guidance
for the design of engineered surfaces using GBNs.
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Magnetic alignment may provide a powerful tool toward this aim.
Recent studies have demonstrated successful magnetic alignment of
graphene oxide (GO) (21, 22), an oxidized form of graphene with
improved dispersity in a variety of solvents (23). Individual GO
nanosheets are alignable due to the additive magnetic anisotropies
of the aromatic rings, which are sufficient to overcome thermal
disordering effects (24, 25). The diamagnetic anisotropy and solu-
tion processability of GO create the possibility to fabricate an
engineered surface with nanosheets under controlled orientations.
In this study, we investigate the orientation-dependent in-

teraction of GBNs with bacteria using GO composite films (Fig.
1A), in which the GO nanosheets are aligned by a magnetic field

and exposed on the surface with different orientations (Fig. 1B).
When contacted with a model bacterium, Escherichia coli, GO
nanosheets with vertical orientation exhibit enhanced antibac-
terial activity compared with random and horizontal orienta-
tions. To explain the enhanced antibacterial activity of the
Vertical-GO film, we assess the properties of dispersed GO
nanosheets using lipid vesicles and chemical probes. Our results
indicate that the toxicity of GO nanosheets has combined
physical and chemical contributions, with the enhanced anti-
bacterial activity of the Vertical-GO film likely stemming from
an increased density of edges with a preferential orientation for
membrane disruption.

Fig. 1. Fabrication of GO composite films with the controlled orientation of exposed GO nanosheets for antibacterial evaluation. (A) Bacterial interaction
with different alignment of GO nanosheets. (B) Schematic of magnetic response of GO nanosheets. (Left) GO nanosheets, which possess a positive dia-
magnetic susceptibility, align parallel to the magnetic field~B such that the normal of each nanosheet is degenerately distributed in the plane perpendicular to
the field. (Right) Degeneracy can be broken by continuous rotation around an axis perpendicular to the field, resulting in uniaxial alignment of the normal of
each nanosheet along the rotation axis. (C) Schematic illustration of the film fabrication procedure. A magnetic field is applied to control the orientation of
dispersed GO nanosheets, with the orientation preserved by photo-cross-linking the dispersing agents (i.e., monomer: HEMA; cross-linker: ethylene glycol
dimethacrylate). GO nanosheets on the surface are exposed by etching away the outer cross-linked polymer (i.e., poly-HEMA) using UV/O3 oxidation.
(D) Thickness profile of GO nanosheets obtained by AFM. GO nanosheets had an average sheet height of ∼0.8 nm. (E) Polymerization reaction of HEMA to
form poly-HEMA under UV irradiation. The poly-HEMA chains are highly cross-linked to form tough and mechanically coherent films, which are resistant to
water swelling. (F) Photographs of GO composite films with GO nanosheets of different orientations. All of the film samples are 1.6 cm in diameter and
300 μm in thickness. No GO denotes the absence of GO in the polymer film. Random, Vertical, and Planar indicate the orientation of GO nanosheets with
respect to the surface of the GO composite film.
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Results and Discussion
Composite Films with Aligned GO Nanosheets. To investigate the
orientation-dependent interaction of GO with bacteria (Fig. 1A),
we leverage the magnetic anisotropy of GO to control the orien-
tation of nanosheets by a magnetic field (Fig. 1B). In particular,
GO nanosheet planes tend to align in parallel to a magnetic field
due to the abundant aromatic rings in the sheet plane (26), which
gives rise to a random (degenerate) distribution of the normal of
the GO nanosheets in the plane perpendicular to the field (Fig. 1B,
Left). Applying the magnetic field perpendicular to the encasing
glass substrates enables fabrication of polymer films with vertically
aligned GO nanosheets (denoted as “Vertical”; SI Appendix, Fig.
S1). Additionally, the degeneracy of the GO nanosheets can be
broken by continuous rotation around an axis perpendicular to the
field, resulting in the uniform alignment of the nanosheet normal
axes along the rotation axis (27, 28) (Fig. 1B, Right). This method
enables the fabrication of surfaces with horizontally aligned GO
nanosheets (denoted as “Planar”; SI Appendix, Fig. S1) by applying
the field tangentially through the film, and rotating the glass sub-
strate around the substrate normal. For comparison, GO composite
films without alignment (denoted as “Random”; SI Appendix, Fig.
S1) were also fabricated.
A schematic illustrating the fabrication procedure of the GO

composite films is shown in Fig. 1C. Suspensions of GO nano-
sheets (with a thickness of ∼0.8 nm; Fig. 1D) in 2-hydroxyethyl
methacrylate (HEMA), doped with cross-linker and photo-
initiator (SI Appendix, Fig. S2), were sealed between two glass
substrates with a 300-μm spacer and aligned in a magnetic field
(6 T). Samples were subsequently cross-linked under UV irra-
diation to form polymer films, which preserved the orientation of
the aligned GO nanosheets (Fig. 1E, Upper). The composite
films were then detached from the glass substrates and irradiated
using UV/O3 to etch away the outer polymer and expose GO
nanosheets on the surface. Polymer films without GO (denoted
as “No GO”) are composed of transparent poly-HEMA polymer,
whereas the GO composite films exhibited a dark brown color
(Fig. 1F) due to the presence of GO nanosheets. The films were
tough and mechanically coherent (SI Appendix, Fig. S3) and
resistant to water swelling, consistent with a high poly-HEMA
cross-linking density with the presence of the cross-linker (Fig.
1E, Lower). This characteristic is critical in preserving the GO
orientation in aqueous environments since poly-HEMA is water-
soluble and, when cross-linked at low levels, able to swell sub-
stantially and form hydrogels. In addition, the cross-linked
polymer prevents GO from aggregating or physically rearrang-
ing, allowing GO to remain in this state throughout usage of the
film. This is highly advantageous in studying the orientation-
dependent cytotoxic properties of GO nanosheets.

Field-Strength–Dependent Alignment of GO Nanosheets Suspended in
Monomer Solution. The alignment quality of GO nanosheets
suspended in the monomer solution at different field strengths
was investigated by 2D small-angle X-ray scattering (SAXS). Fig.
2A shows 2D SAXS patterns, as well as the azimuthal SAXS
intensity, at different field strengths. At a relatively low field
strength of 1 T, an elliptical diffusive pattern can be seen in the
2D SAXS pattern. With an increase in field strength to 6 T, the
eccentricity of the elliptical shape in the SAXS patterns increases
(Fig. 2A, Left), qualitatively showing a higher degree of GO
alignment in a stronger field. This effect can also be clearly seen
in the narrowing of the peaks of the azimuthal intensity upon
increasing the field strength (Fig. 2A, Right). The degree of
alignment of the GO nanosheets was quantified by correlating
the azimuthal dependence of the scattered intensity, I(θ), to an
orientational distribution coefficient, S, by Hermans’ distribution
function (29). A perfect orientation corresponds to S = 1,
whereas a completely random orientation possesses an S = 0.

Using a Gaussian approximation for I(θ) within the accessible
range of scattering vector q of 0.015–0.21 A−1, we can correlate
the full-width at half maximum to S. The orientational distri-
bution coefficient increased with field strength from an S0.5T of
0.45 to an S6T of 0.85 (Fig. 2B).

Characteristics of Aligned-GO/Polymer Composite Films.We used the
strongest accessible field strength of 6 T to fabricate polymer
composites with aligned and exposed GO nanosheets. To confirm
preservation of GO orientation after polymerization and cross-
linking, we first applied polarized optical microscopy (POM) with
crossed polarizers to evaluate the efficacy of rotation in the mag-
netic field to yield uniform alignment of the GO nanosheets in the
composite films (28, 30). As expected, the transmission intensity (I)
as determined by I ∝ sin22φ, where φ is the angle between the
optical axis (i.e., the normal of GO) and one of the crossed
polarizers, reaches its maximum when φ = 45° or 135° and its
minimum when φ = 0° or 90° (SI Appendix, Fig. S4). Additionally,
transmission intensity in POM images of different GO composite
films followed the order Vertical > Random > Planar, indicating
that the Vertical-GO film possessed more vertically aligned GO
nanosheets within the bulk film compared with the random and
planar samples (SI Appendix, Fig. S5).
The alignment and orientation of GO nanosheets in the

composite films were further confirmed by 2D SAXS analysis.
The X-ray beam was propagated through the film plane as il-
lustrated by the schematics of Fig. 3 (Upper); the 2D SAXS
patterns of the films are exhibited in Fig. 3 (Middle). The pure
polymer sample did not possess any GO nanosheets, and thus
showed negligible scattering intensity. In contrast, the presence
of GO nanosheets in the Random-GO film resulted in a sub-
stantial rise of scattering intensity, forming a broad and isotropic
halo in the 2D SAXS pattern. With magnetic alignment, the
Vertical-GO and the Planar-GO films exhibited anisotropic
equatorial and meridional scattering patterns, respectively (22),
with identical orientational distribution coefficients of ∼0.85 (SI
Appendix, Fig. S6), which unambiguously verified the corre-
sponding orientations of the GO nanosheets in those films.

Fig. 2. Alignability of GO nanosheets under different magnetic field
strengths in monomer mixture. (A) Two-dimensional SAXS patterns and
azimuthal dependence of scattering intensity for different field strengths.
(B) Orientational distribution coefficient, S, as a function of field strength.
The red squares represent the calculated values of S and the dashed line is an
eye guide showing the trend of increasing S with the increase of field
strength. The data were measured by a 2D detector with an accessible range
of scattering vector, q, of 0.015–0.21 A−1 and fitted using Gaussian functions.
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The surface morphology of the films was characterized using
atomic force microscopy (AFM). AFM results (Fig. 3, Lower and
SI Appendix, Fig. S7) confirmed that the UV/O3 etching exposed
GO nanosheets on the surface, and that the alignment of GO
nanosheets for surface-exposed GO was the same as for GO
within the bulk film. In particular, the surface of the Random-
GO film was composed of sloped ridges and deep valleys, the
Vertical-GO film had visibly sharp ridges, and the Planar-GO
film showed a much smoother surface, as expected for exposed,
near-horizontal GO nanosheets. Unetched films did not show
the presence of GO edges on their respective surfaces (SI Ap-
pendix, Figs. S8 and S9), as the GO nanosheets were likely
covered by a layer of polymer (SI Appendix, Fig. S10).

Enhanced Antibacterial Activity of Vertically Aligned GO Nanosheets.
The antibacterial activity of the GO composite films was evalu-
ated using a live/dead fluorescent staining assay (31–33). Briefly,
films were contacted with E. coli, a model gram-negative bac-
teria, in suspension for 3 h, after which surface-attached bacteria
were stained with SYTO 9 dye and propidium iodide for live and
dead cells, respectively. The ratio of live bacteria against the
total number of bacteria (both live and dead) was calculated to
determine the antibacterial activity of the films. Bacterial in-
activation was found to be affected by the orientation of the GO
nanosheets (Fig. 4A). In particular, the Vertical-GO film showed
lower cell viability (56.0 ± 8.7%) than the Random-GO film
(75.3 ± 3.5%) and the Planar-GO film (81.8 ± 5.1%), suggesting
that antibacterial activity is enhanced for films with vertically
aligned GO nanosheets.
To further probe their relative cytotoxicity, GO films were

contacted with E. coli and colony-forming units (cfu) of bacteria
attached to the surface were enumerated. Briefly, after the
bacteria exposure, attached live cells on the films were detached
from the surface by mild sonication in saline solution, and sub-
sequently cultured on solid media and incubated overnight (13,
32, 34). Note that for these experiments, cfu data are influenced
not only by cytotoxicity but also by the ability of bacteria to ad-
here to the surface. For this reason, only the films containing GO
nanosheets were used to have similar material properties for
bacterial adhesion. The cfu data were normalized to the data of
the Random-GO film for comparison (Fig. 4B). A similar re-
lationship between GO orientation and antibacterial activity was
observed, namely, the Vertical-GO film showed lower viability of
E. coli cells compared with the Random-GO film and the Planar-
GO film, again demonstrating enhanced bacterial inactivation
for films with vertically aligned GO nanosheets.

After the exposure to the GO composite films, morphological
changes of the attached cells were observed using scanning
electron microscopy (SEM; Fig. 4 C–F and more images in SI
Appendix, Fig. S11). Due to the biocompatibility of poly-HEMA
(35), the bacteria on the No-GO film showed intact cell mor-
phology. Among the GO composite films, the cells on the
Random-GO and Planar-GO films retained their morphological
integrity, whereas the cells on the Vertical-GO films became
flattened and wrinkled, suggesting loss of viability and possible
damage to the cell membrane.
Taken together, the results from the live/dead assay, plate-

counting assay, and morphology observations indicate that the
vertically aligned GO nanosheets had stronger antibacterial ac-
tivity than the nonaligned (i.e., random) or horizontally aligned
(i.e., planar) samples. We surmised that this orientation-
dependent cell inactivation could be related to the density of
exposed GO edges with preferential orientation for bacteria in-
activation. However, conflicting conclusions exist in the litera-
ture on the mechanisms of GO interaction with living cells (36),
complicating the interpretation of our results. Further mecha-
nistic investigations were needed to elucidate the exact contri-
bution of alignment (i.e., exposure of edges) on the orientation-
dependent antibacterial activity of GO nanosheets.

Proposed Mechanism for the Enhanced Antibacterial Activity of
Vertically Aligned GO Nanosheets. Several antibacterial mecha-
nisms have been postulated for GO, which can be classified into
two main categories: physical disruption and chemical oxidation
(37, 38). To determine what mechanisms are responsible for the
enhanced antibacterial activity of the vertically aligned GO
nanosheets, we used lipid vesicles and chemical probes to de-
termine the contributions of physical and chemical mechanisms,
respectively. Note that due to the small amount of exposed GO
on the surface of the films, the exploration of mechanisms re-
quired the use of free GO nanosheets suspended in solution,
which also possessed antibacterial activity as evidenced by cfu
enumeration assay (SI Appendix, Fig. S12), similar to the results
of previous studies (4, 11).

Physical Disruption of Lipid Bilayer Membrane Induced by GO
Nanosheets. The exact role of physical membrane disruption in
the overall cytotoxic effects of GO is still unclear. Although
simulations have provided some mechanistic insight into the
physical interactions between GO and biological membranes (7,
39), these modeling studies have also yielded conflicting con-
clusions, such as whether or not the piercing of cell membranes
compromises membrane integrity (7, 9), demonstrating the need

Fig. 3. SAXS and AFM characterizations to determine
the GO orientation in bulk and on the surface of GO
composite films, respectively. The X-ray beam is positioned
parallel to the film plane, and the AFM probe scans the
surface, as illustrated in the corresponding 3D cartoons.
(A) Polymer film possessing no GO nanosheets shows
negligible scattering intensity in SAXS, and has a smooth
surface as revealed by AFM height image. (B) Random
orientation of GO nanosheets without magnetic align-
ment gives rise to a broad, isotropic halo in the 2D SAXS
pattern. The AFM image reveals a sharp increase in
roughness, indicating the presence of partially exposed
GO nanosheets. (C) Anisotropic equatorial scattering
shown in the 2D SAXS pattern indicates the vertical
alignment of the GOnanosheets in the polymer film. AFM
results demonstrate that the vertically aligned nanosheets
are partially exposed. (D) Anisotropicmeridional scattering
shown in the 2D SAXS pattern confirms the in-plane
alignment of the GO nanosheets in the polymer film.
The AFM image shows a smoother surface with the GO
nanosheets aligned nearly parallel to the surface plane.
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for proper experimental validation. However, to date, experi-
mental evidence of physical disruption has been largely qualita-
tive and anecdotal, primarily based on microscopy images that
show the uptake of nanosheets by cells (36, 37). A conclusive and
quantitative demonstration of physical membrane disruption by
GO is lacking.
We utilized phospholipid vesicles to mimic GO–cell interac-

tions. While lipid vesicles are an imperfect model for bacteria and
other living cells due to the complexity of true cell membranes,
the simplified membranes of lipid vesicles allow for mechanistic
elucidation (40). In our study, suspensions of monodisperse,
140-nm-diameter, unilamellar vesicles were produced with a high
concentration (50 mM) of encapsulated fluorescent dye [5(6)-
carboxyfluorescein] and no dye initially present in the extra-
vesicular solution. At this concentration, self-quenching of the
highly concentrated dye results in negligible fluorescence in-
tensity in the pristine vesicle suspension (41). Leakage of the
fluorophore into the extravesicular solution eliminates the self-
quenching behavior, resulting in an increase in total fluorescence
intensity that can be linearly related to the volume of the leaked
solution. Therefore, when contacted with the GO nanosheets,
this system allows for quantitative measurement of the loss of
membrane integrity due to damage to the lipid bilayer.
Fig. 5A presents the fluorophore concentration in the extra-

vesicular solution vs. contact time. The blank solution did not show
any increase of extravesicular fluorophore concentration, indicating
that the lipid bilayer is impermeable on the relevant time scale to
the charged fluorescent dye. In contrast, lipid vesicle suspensions
that were contacted with GO nanosheets showed substantial in-
creases in extravesicular fluorophore concentration, which readily
reach an equilibrium of 70% of total fluorophore concentration
after 1 h of contact, indicating that the presence of GO nanosheets
induces a remarkably rapid rate in loss of vesicle integrity.
Although the loss of vesicle integrity observed here is in-

dicative of physical membrane disruption as predicted by pre-
vious modeling (9, 10), it may be possible for chemical oxidation
to degrade phospholipids and similarly induce membrane defects

(42). To evaluate this possibility, lipid vesicles were exposed to
solutions with different oxidative conditions involving relatively
high concentrations of two different types of ROS: hydrogen
peroxide (H2O2) and hydroxyl radicals (generated through UV-
irradiated activation of H2O2). H2O2 is a mild oxidant with a
redox potential of 1.76 V (43), which was used as a positive
control in previous studies that quantified the amount of oxi-
dation induced by GO (11, 12, 32, 44). Hydroxyl radicals are
even more reactive, with a redox potential of 2.7 V (45).
The exposure of lipid vesicles to each oxidant (H2O2 and hy-

droxyl radicals) did not result in an increase in extravesicular
fluorophore concentration (squares in Fig. 5A), which differed
from the substantial leakage of fluorophore when vesicles were
exposed to the GO nanosheets. For each time point, we added a
nonionic surfactant to solubilize the lipid vesicles and release all
entrapped fluorophore to determine the total fluorophore con-
centration (circles in Fig. 5A). The total fluorophore concen-
tration remained stable when exposed to H2O2 and decreased by
31 ± 1% when exposed to hydroxyl radical. The lower fluo-
rophore concentration upon hydroxyl radical exposure is likely
caused by hydroxyl radical-mediated degradation inside the
vesicles. However, even under such intense oxidative conditions,
we still did not observe leakage of the fluorescent dye. Taken
together, these results strongly indicate that the loss of mem-
brane integrity in the GO/lipid vesicle system is solely caused by
physical disruption of the bilayer structure induced by GO
nanosheets, as schematically illustrated in Fig. 5B.

Electron-Transfer Oxidation of Intracellular Compounds Mediated by
GO Nanosheets. Oxidative stress mediated by GO is another major
mechanism for its antibacterial activity. Higher exposure of edges
on the Vertical-GO film may result in higher exposure of defects,
thus providing more active sites for mediating oxidative stress (12,
32). Nevertheless, conflicting conclusions exist for the mechanism
of chemical oxidation, in particular, whether GO-mediated oxi-
dative stress is induced indirectly via ROS generation (36, 46, 47)
or directly via electron-transfer pathway (11). While direct contact

Fig. 4. Antibacterial activity of GO composite films with different orientations of GO nanosheets. (A) Cell viability of deposited E. coli cells after 3 h of contact
with surfaces with aligned GO nanosheets, determined by live/dead fluorescent staining assay. Values marked with an asterisk (*) are significantly different
from the value of No-GO sample (n = 3; Student’s t test, P < 0.05). (B) Relative number of viable E. coli cells after 3 h of contact with surfaces with aligned GO,
determined by cfu plate counting and normalized to the results of the Random-GO surface. The No-GO surface was not used as a control due to decreased
bacterial adhesion stemming from the smooth and hydrophilic nature of the poly-HEMA surface. Values marked with an asterisk (*) are significantly different
from the value of Random sample (n = 3; Student’s t test, P < 0.05). Representative SEM micrographs of E. coli cells on polymer films with No GO (C) and
Random (D), Vertical (E), and Planar (F) GO nanosheets. The bacteria on the No-GO film showed intact cell morphology. Among the GO composite films, the
cells on the Random-GO and Planar-GO films largely retained their morphological integrity, whereas the cells on the Vertical-GO films became flattened and
wrinkled, suggesting loss of viability and possible damage to the cell membrane.
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of nanosheets and cell membranes is not necessary for ROS-
mediated oxidation, electron-transfer oxidation requires more in-
timate contact (e.g., insertion of GO into the cell membrane) to
achieve bacterial inactivation (11, 31, 36, 48). Herein, we utilized
chemical probes to investigate the relative importance of direct
electron-transfer oxidation and indirect ROS-mediated oxidation.
We first selected a model intracellular compound, glutathione

(12, 32, 44), to evaluate the oxidative stress of GO. Glutathione
is a thiol-containing peptide that is present in most gram-
negative bacteria (49) as an endogenous antioxidant to prevent
damage to cellular components caused by oxidative stress (50,
51). This compound has been widely used as an oxidative stress
indicator (12, 51, 52). Glutathione was exposed to 200 μg·mL−1

GO nanosheets for 3 h (Fig. 6A, Left), which were under the
same aerobic condition (8.7 mg·L−1 dissolved oxygen, SI Ap-
pendix, Fig. S13) as the experiments in the above sections.
Compared with the marginal amount of glutathione oxidized in
the control sample (3.2%), the amount of glutathione oxidation
upon exposure to GO nanosheets (27.6%) was much more
pronounced, suggesting the importance of GO in catalyzing the
oxidation of glutathione (Fig. 6F). We also performed GO ex-
posure experiments under an anoxic condition, in which the
solution was purged with nitrogen gas for 30 min before the
experiments to remove most of the dissolved oxygen (residual
oxygen concentration was 0.4 mg·L−1; SI Appendix, Fig. S13).
Under the anoxic condition, loss of glutathione with the presence
of GO was only 4.9%, which is much lower than that under the
aerobic condition (27.6%), indicating that the oxidation of glu-
tathione was substantially inhibited when oxygen is lacking.
While the glutathione results demonstrate that GO can cata-

lyze chemical oxidation, this oxidation could stem from both
ROS generation and direct electron transfer. Therefore, we also
assessed the generation of the four most important ROS [i.e.,
singlet oxygen (1O2), hydroxyl radical (

•OH), superoxide radical
anion (O2

•−), and H2O2] in a solution of dispersed GO using four
different chemical probes. The results show that there was no
detectable generation of 1O2,

•OH, or O2
•− and minor forma-

tion (∼1.76 μM) of H2O2 (Fig. 6 B–E). Experiments were also
performed in the presence of both GO and suspended bacteria.
A negligible difference in ROS generation was observed com-
pared with solutions with GO only (SI Appendix, Fig. S14). The
small amount of H2O2 likely accumulated during the long-term
storage of GO via marginal reduction of O2, thus representing a

steady concentration in the GO bulk solution phase. Using pure
H2O2 (without GO) with similar concentration (2 μM), we ob-
served negligible oxidation of glutathione (SI Appendix, Fig.
S15). Taken together, these results demonstrate that the GO-
mediated oxidation of glutathione under aerobic conditions
stemmed from electron transfer to oxygen catalyzed by GO (Fig.
6F). Additionally, the limited toxicity for E. coli (SI Appendix,
Fig. S16) upon exposure to 2 μM H2O2 further indicates that
although GO nanosheets could produce trace amounts of free
ROS (i.e., H2O2), the generation of free ROS is not the major
mechanism in oxidative stress-mediated antibacterial activity of
GO nanosheets. We therefore conclude that the direct pathway
(i.e., electron-transfer oxidation) is the major chemical cause for
the cytotoxicity of GO nanosheets.

Combined Effect of Physical and Chemical Mechanisms for Edge-
Mediated Antibacterial Activity. The experiments with dispersed
GO offer mechanistic insight into the enhanced antibacterial
activity of the Vertical-GO film. First, considering the ability of
GO to disrupt lipid bilayers, it is likely that GO nanosheets could
also penetrate the cell membrane and directly inactivate the
bacterial cell. While pure lipid bilayers are an imperfect model of
complex cell membranes, they do share many physicochemical
properties (40, 53). As shown by POM, SAXS, and AFM char-
acterization, compared with the Random-GO and Planar-GO
films, the Vertical-GO films contained more exposed edges
with a vertical orientation. Vertically oriented nanosheets are
more likely to interact with bacteria in an orthogonal fashion,
which was shown by modeling studies to be energetically favor-
able for penetration of the lipid bilayer (7, 8). The enhanced
cytotoxicity of the Vertical-GO film matches this expectation for
increased orientation-dependent physical membrane disruption.
Second, the degradation of the model intracellular compound

(glutathione) suggests that GO nanosheets could mediate sub-
stantial oxidative stress on the cell, which would also contribute
to the cytotoxicity of GO. However, due to the lack of sufficient
generation of free ROS to oxidize the cellular compounds, the
oxidative stress-induced antibacterial activity would mainly rely
on the electron-transfer oxidation pathway, in which direct
contact of GO nanosheets with intracellular compounds is
needed to exert its effect (11, 31). Due to the enhanced physical
penetration induced by the exposed edges on the Vertical-GO
film, greater levels of electron transfer would occur, during

Fig. 5. Physical disruption of phospholipid vesicles by GO nanosheets. (A) Comparison of leaked (squares) and total (circles) concentrations (Conc.) of
fluorescent dye in blank solution, and exposed to GO suspension (40 μg·mL−1), 30 mM H2O2, and hydroxyl radicals generated using 30 mM H2O2 with UV
irradiation (254 nm). For the leaked fluorophore values, the fluorescence of the solution was directly measured. For the total fluorophore values, the nonionic
surfactant Triton X-100 was added to 0.5 wt/vol%, solubilizing the lipid vesicles and releasing all entrapped fluorophore, after which the fluorescence was
measured again. The solutions contained lipid vesicles at 0.1 mg·mL−1 with a high concentration (50 mM) of internal carboxyfluorescein dye. Total fluo-
rescence increased upon dye leakage due to relief of fluorescence self-quenching. C/Cm, normalized fluorophore concentration. (B) Schematic illustrating
different mechanisms of interaction between GO nanosheets and vesicles. The substantial leakage of fluorophore with the presence of GO, together with the
negligible effect of oxidative conditions, suggests that physical disruption (Upper) induced by GO nanosheets was the major cause for the loss of vesicle
integrity rather than chemical oxidation (Lower).
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which GO serves as a conductive bridge over the insulating lipid
bilayer to release cellular energy [electron donor (e.g., glutathi-
one)] into the external environment [electron acceptor (e.g.,
oxygen)] (11, 44), thereby degrading intracellular compounds to
cause cell death. It must be noted that the chemical and physical
mechanisms described here both require direct, edge-mediated
contact with cells. It is likely that both mechanisms contributed
to the enhanced antibacterial activity of the Vertical-GO film.

Materials and Methods
Fabrication of Composite Films with Aligned and Exposed GO Nanosheets. HEMA
(monomer, 97%; Sigma–Aldrich) was mixed with ethylene glycol dimethacry-
late (EGDMA; cross-linker, 98%; Sigma–Aldrich) and 4,4′-Azobis(4-cyanovaleric
acid) (ACVA; photoinitiator, 98%; Sigma–Aldrich) to form a HEMA mixture

(HEMA/EGDMA/ACVA = 100:10:0.5 by weight). To form GO/HEMAmixtures, an
aqueous GO suspension (6.2 g·L−1; Graphene Supermarket) was washed twice
using the HEMA mixture and suspended at a final concentration of 2.1 g·L−1.

To fabricate GO/polymer composite films, an aliquot of the GO/HEMA
mixture solution was sealed between two glass slides with a thickness of
300 μm and subsequently placed in a superconducting magnet (American
Magnetics, Inc.) at a field strength of 6 T for 30 min at 20 °C to align the GO
nanosheets. The sample was then immediately photo-cross-linked by expo-
sure to 365 nm of UV light at room temperature to form a solid composite
film. After removing the glass slides, the film was irradiated in a UV/O3

chamber (MTI Corporation) for 2 h to etch away the top polymer layer and
produce a surface with exposed GO nanosheets. The films were stored in
deionized water overnight to remove residual unreacted chemicals.

Characterization of Alignment and Exposure of GO Nanosheets. The alignment
of GO nanosheets was evaluated using POM and SAXS. Additionally, the
surface morphology of the films was characterized using AFM and SEM. POM
studies were performed using an Axiovert 200 M inverted microscope (Zeiss).
SAXS was performed using a Rigaku SMAX-3000 instrument with the ac-
cessible scattering vector (q) ranging from 0.015 to 0.21 Å−1. The propaga-
tion of the X-ray beam was orthogonal to the normal of the exposed surface
(Fig. 3). The method to quantify the alignment degree (i.e., orientational
distribution coefficient, S) of GO nanosheets is provided in the SI Appendix.
Film surface morphology was characterized using a Dimension FastScan AFM
system (Bruker). Imaging of the samples was performed in peak force tap-
ping mode with silicon probes (Scanasyst-Air; Bruker). The probe had a
spring constant of 0.4 N·m−1, resonance frequency of 70 kHz, and cantilever
length of 115 ± 15 μm. Film surface morphology was also observed through
a field emission scanning electron microscope (SU-70; Hitachi) with an ac-
celerating voltage of 5 kV. Film samples were air-dried overnight before the
measurements and sputter-coated with an 8-nm-thick layer of iridium.

Antibacterial Activity of the GO Nanosheets. E. coli (American Type Culture
Collection BW26437) was received from the Yale E. coli Genetic Stock Center.
Bacteria were grown overnight in Luria-Bertani (LB) broth at 37 °C. After in-
cubation, the cultures were diluted in fresh medium and grown until log phase
(∼2 h), which was defined as reaching an optical density of 0.8 at 600 nm. The
bacterial cells were washed three times with sterile saline solution (0.9% NaCl)
before use.

Cell viability was determined using a live/dead fluorescent staining assay, as
reported in previous studies (31–33). Briefly, the bacterial suspension (108 cfu·mL−1)
was exposed to films for 3 h at room temperature. After discarding the excess
bacterial suspension, 5-mL saline solution was used to rinse unattached cells from
the film. The film was then transferred to 10-mL saline solution and sonicated for
10 min in an ultrasonic bath (26 W·L−1, FS60 Ultrasonic Cleaner) to detach bacteria
from the film surface. Then, 1.17 μM SYTO 9 and 10 μM propidium iodide (Live/
Dead Baclight Bacterial Viability Kit; Thermo Fisher) were added into the super-
natant to stain live and dead cells, respectively. After 15 min of staining, the su-
pernatant was filtered through a membrane (0.2 μm polytetrafluoroethylene;
EMD Millipore) to deposit the stained cells. The membrane was then transferred
to amicroscopic slide and visualized using an epifluorescencemicroscope (Axiovert
200 M; Zeiss). For each sample, fluorescent images were captured and cells were
enumerated for five random locations, with each location containing at least
200 cells (including both live and dead cells). Three independent samples were
assessed for each orientation, and viability was calculated from the numbers of the
live (green) and dead (red) cells.

A cfu enumeration assay was used to evaluate the antibacterial activity of
GO composite films, following the protocol developed in previous studies (13,
32, 34). Cells were exposed to films as described for the live/dead assay. After
cell removal from the film surface via bath sonication, the supernatant was
immediately cultured on LB agar media and incubated overnight at 37 °C for
cfu enumeration. For each orientation, three independent samples were
exposed to E. coli and the average value with one standard derivation was
reported. The normalized cfu for each sample was calculated in reference to
the cfu of the sample with nonaligned GO.

To evaluate the toxicity of GO in suspension, E. coli suspension (107 cfu·mL−1)
was exposed to GO nanosheets (200 μg·mL−1) for 3 h at room temperature
under constant agitation. At the end of the exposure period, the bacterial
suspension was bath-sonicated (26W·L−1, FS60 Ultrasonic Cleaner) for 10min to
break aggregates, which might cause discrepancies in the cfu analysis (32, 54).
Then, bacterial suspensions were immediately cultured on LB agar media and
incubated overnight at 37 °C for cfu enumeration.

Cell morphologies of bacteria deposited on films were visualized by SEM as
previously described (14, 32, 34). After exposure to bacteria cells for 3 h, films
were gently washed with saline solution and fixed with Karnovsky’s fixative

Fig. 6. Major role of electron-transfer oxidation in chemical toxicity of GO
nanosheets. (A) In vitro glutathione oxidation by GO nanosheets in suspension.
Glutathione (0.4 mM) was exposed to 0 (control) or 200 μg·mL−1 GO in bi-
carbonate buffer (50 mM, pH 8.6) at room temperature for 3 h. (Left) For the
aerobic condition, the solution was prepared without any treatment and the
dissolved oxygen was ∼8.7 mg·L−1. (Right) For the anoxic condition, the solution
was purged with nitrogen gas for 30 min to decrease the dissolved oxygen to
∼0.4 mg·L−1. (B–E) ROS generation in the 200 μg·mL−1 GO solution detected
with ROS probes. The experiments were conducted in the dark for 3 h at room
temperature. (B) Generation of 1O2 is indicated by decay of furfuryl alcohol
(FFA; initial concentration of 50 μM). (C) Cumulative •OH generation over time
is indicated by the formation of hydroxyterephthalate. (D) Generation of O2

•−

indicated by the reduction of 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (initial concentration of 100 μM). (E) H2O2 con-
centration measured by the Amplex Red assay. (F) Schematic illustrating
electron-transfer oxidation of a model intracellular compound, glutathione
(GSH), mediated by a GO nanosheet. Each glutathione molecule donates one
electron to form its corresponding oxidized dimer, glutathione disulfide (GSSH).
The GO nanosheet works as an electron shuttle to transfer electrons to dis-
solved oxygen, which subsequently forms H2O2 or surface-bound peroxide in-
termediates at edge or defect sites of GO nanosheets.
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[2% paraformaldehyde, 2.5% glutaraldehyde in 0.2 M Sorenson’s buffer (pH
7.2)] for 3 h. Samples were then dehydrated by a sequential immersion in
water/ethanol (50:50, 30:70, 20:80, 10:90, and 0:100) and ethanol/freon (50:50,
25:75, and 0:100), and left to dry overnight in a desiccator at room tempera-
ture. Samples were sputter-coated with 8 nm of iridium and imaged by SEM.

Physical Contact of Liposomes with Exposed GO Nanosheets. Dye-leakage
experiments were performed by exposing liposomes encapsulating a fluo-
rescent dye solution [50 mM 3-(N-morpholino)propanesulfonic acid (MOPS),
50 mM 5(6)carboxyfluorescein (pH 7.5)] to a GO suspension. Monodisperse
liposome stock solutions were prepared using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC; Avanti Polar Lipids) via the film rehydration and
extrusion methods (SI Appendix), buffer-exchanged, and subsequently di-
luted with 50 mM MOPS and 90 mM NaCl (pH 7.5) to obtain a final DOPC
concentration of 0.1 mg·mL−1. The vesicle solution exhibited a low back-
ground fluorescence intensity as the encapsulated fluorescent dye self-
quenches at high concentration (above 10 mM). An aliquot of the lipo-
some solution (20 mL) was added to a glass vial containing 40 μg·mL−1 GO
suspension to initiate exposure. Dye leakage into the extravesicular solution
eliminated self-quenching and led to a linear increase in fluorescence. After
exposure, samples were taken and centrifuged at 13,000 rpm (Micro 1818;
VWR) to remove potential GO/liposome aggregates. Fluorescence of the
supernatant was measured using a spectrofluorometer (Synergy HT; BioTek
Instruments) at excitation and emission wavelengths of 485 nm and 528 nm,
respectively. After measuring the leaked fluorescence intensity, the nonionic
surfactant Triton X-100 (Fisher) was added to a concentration of 0.5 wt/vol%,
solubilizing the lipid vesicles and releasing all entrapped fluorophore. The
fluorescence was then measured again and denoted as total fluorescence in-
tensity. In the concentration range of interest (0–10 μM), the fluorophore
concentration is linearly related to the fluorescence intensity (SI Appendix,
Fig. S17). Additionally, GO has negligible adsorption of fluorophore in
vesicle suspension (SI Appendix, Fig. S18). Therefore, the normalized
fraction of the leaked fluorophore, C/Cm, which quantitatively indicates
the loss of membrane integrity due to damage to the lipid bilayer, can be
calculated from

C
Cm

=
It − I0
Im − I0

, [1]

where Cm is the maximum concentration of dye upon liposome solubilization, It
is the measured fluorescence intensity, I0 is the initial intensity before exposure
to GO, and Im is the fluorescence intensity upon liposome solubilization.

To evaluate the effect of oxidation on liposome integrity, dye-encapsulated
liposomes were exposed to solutions with two types of oxidants: H2O2 and
hydroxyl radicals (generated through UV-irradiated activation of H2O2). Briefly,
30 mM H2O2 was added into glass vials containing 0.1 mg·mL−1 liposome solu-

tion, which were either stored in the dark or exposed to 254 nm of UV light. The
procedure to quantify leaked fluorophore was identical to that used for the GO
suspension sample.

Glutathione Oxidation Assay. Glutathione oxidation mediated by GO was
measured in acellular conditions using a procedure adapted from previous
publications (11, 32, 44). GO suspension (200 μg·mL−1) was added into a glass
vial containing 0.4 mM glutathione (Sigma–Aldrich) dissolved in 50 mM bi-
carbonate buffer (pH 8.6) to initiate the reaction, during which the glass
vials were in the dark and agitated for 3 h at room temperature. The
amount of unoxidized glutathione was quantified spectrophotometrically
(412 nm) using Ellman’s reagent [5,5′-dithiobis(2-nitrobenzoic acid) (DTNB);
Acros Organics]. Specifically, GO nanosheets were filtered out of the solution
(0.22 μm polyethersulfone; Millimex). Then, 450 μL of the filtered solution
was added to 780 μL of Tris·HCl buffer (pH 8.3), followed by addition of 20 μL
of 100 mM DTNB stock solution. The percent loss of glutathione is calculated
in reference to the absorbance measurements of a control sample
without GO.

The glutathione reaction was performed under aerobic and anoxic
conditions. For aerobic conditions, the solution was prepared without any
treatment, resulting in a dissolved oxygen concentration of ∼8.7 mg·L−1.
To create anoxic conditions, the solution was purged with nitrogen gas for
30 min, decreasing the dissolved oxygen to ∼0.4 mg·L−1 (SI Appendix, Fig.
S13A). The reaction vials were tightly sealed with rubber caps, and the
dissolved oxygen was near constant for both aerobic and anoxic condi-
tions over the course of the 3-h reaction (SI Appendix, Fig. S13B).

Measurement of ROS in GO Suspension. The generation of the four most
important ROS (i.e., 1O2,

•OH, O2
•−, and H2O2) was assessed in a solution of

dispersed GO using respective chemical probes. Solutions containing
200 μg·mL−1 GO and individual ROS probe were stored in the dark at room
temperature. Aliquots of the solution were taken at various time points for
kinetic analysis of ROS generation. Additionally, formation of ROS induced
by GO was measured in bacterial suspensions (107 cfu·mL−1 E. coli). Details of
ROS measurement methodologies are provided in the SI Appendix.
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