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ABSTRACT Pristine graphene, its derivatives, and composites
have been widely reported to possess antibacterial properties. Most
of the studies simulating the interaction between bacterial cell
membranes and the surface of graphene have proposed that
the graphene-induced bacterial cell death is caused either by
(1) the insertion of blade-like graphene-based nanosheets or

(2) the destructive extraction of lipid molecules by the presence of

the lipophilic graphene. These simulation studies have, however,

only take into account graphene—cell membrane interactions

-

where the graphene is in a dispersed form. In this paper, we report the antimicrobial behavior of graphene sheet surfaces in an attempt to further

advance the current knowledge pertaining to graphene cytotoxicity using both experimental and computer simulation approaches. Graphene nanofilms
were fabricated to exhibit different edge lengths and different angles of orientation in the graphene sheets. These substrates were placed in contact with
Pseudomonas aeruginosa and Staphylococcus aureus bacteria, where it was seen that these substrates exhibited variable bactericidal efficiency toward these
two pathogenic bacteria. It was demonstrated that the density of the edges of the graphene was one of the principal parameters that contributed to the
antibacterial behavior of the graphene nanosheet films. The study provides both experimental and theoretical evidence that the antibacterial behavior of
graphene nanosheets arises from the formation of pores in the bacterial cell wall, causing a subsequent osmotic imbalance and cell death.
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raphene (GN) has been the focus of

intensive research over the past dec-

ade with a rapidly expanding range
of applications, including in electronics, en-
ergy, water, and biomedicine.'™ Recent
studies have demonstrated that pristine
graphene® 7 and its derivatives® '° (for ex-
ample, graphene oxide,”'"'? reduced gra-
phene oxide (rGO),"#'*' quantum dots, or
silver or polymer graphene composites'>~2°)
may possess antibacterial properties. Gra-
phene composites have also been shown to
exhibit promising antiviral properties.?'*
The mechanism by which these antimicrobial
properties arise continues to be the subject
of debate and is dependent also on the
source of graphene and its chemical and
physical properties. A few mechanisms have
been suggested to explain the antibacterial
mode of action of graphene, including the
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production of reactive oxygen species,’
oxidative stress,"® or the graphene directly
extracting the phospholipid membranes of
the bacteria in question.'®'?

These discussions have principally been
focused on the existence of two possible
scenarios; one focuses on the action of the
sharp edges of the graphene micro- or
nanosheets, which act as “nano-knives” to
cut through the cell membrane of bacteria,
causing the leakage of intracellular sub-
stances and eventually causing cell death.”3
This mechanism is sometimes referred
to as an “insertion mode” of action, which
leads to membrane stress; this has been
defined in several theoretical simulations
and experimental studies.”?* For example,
Akhavan reported that both GO and rGO
exhibited bactericidal behavior toward Gram-
negative Escherichia coli and Gram-positive
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Staphylococcus aureus bacteria arising from the direct
contact of the bacterial cell wall with the sharp edges
of the GO and rGO.” Akhavan also reported the in-
activation of bacteria by exposure to aggregated GO
nanosheets through a trapping mechanism that pre-
vented the bacteria from exchanging materials with
the outer environment, preventing cell division.?*
The proposed mechanism of this insertion mode has
been described in several computational simulations;
however, some inconsistencies in the reported data
have been noted. Li et al. suggested that the bacter-
icidal action occurred through a spontaneous localized
piercing of the bacterial cell wall by the sharp edges
and corner sites present on the graphene microsheets,
which is then followed by the full penetration of the
graphene through the lipid bilayer.”® Computer simu-
lations have shown that the nearly orthogonal orienta-
tion of the sharp edges of the graphene sheets has the
lowest interactive free energy with respect to the
phospholipid bilayer of the bacteria, thus facilitating
the most energetically favorable penetration config-
uration. These simulation results were supported by
Yi et al., who further reported that the insertion of the
graphene sheets through the lipid bilayer was size-
dependent, where the graphene microsheets pre-
ferred to adopt a near-perpendicular configuration in
relation to the cell wall, while the nanosheets were
required to adopt a position that was parallel to the
lipid bilayer. This configuration was driven by the
preferential attraction between the hydrocarbon tails
of the lipids with the more lipophilic flat face of the
graphene, allowing the graphene to sink in between the
lipid tails, embedding the graphene nanosheet into the
cell membrane.®® These results, however, are in dis-
agreement with the model proposed by Dallavalle, who
demonstrated that, on a nanometer scale, the smaller
the graphene sheets the more freely they could diffuse
into the lipid membrane at a preferential perpendicular
orientation, while larger nanosheets would prefer to
arrange themselves across the membrane, embedding
themselves into the more lipophilic section of the cell
membrane.?® It should be noted that, thus far, computer
simulations have been poorly supported by the avail-
able experimental data.

The second postulated mechanism stipulates that
the destructive effect of graphene on bacterial mem-
branes is induced from the direct contact of bacterial
cell membrane with the basal plane of graphene/
graphene oxide.>'"'? The recent work of Li et al.
showed that the destructive effect of graphene is
derived from electron transfer from the bacterial cell
membrane to the basal plane of the graphene.’?
Mangadlao et al. further demonstrated that the anti-
microbial efficiency of graphene was not dependent
on their sharp edges but relied upon the contact
that took place between the GO basal planes and
Escherichia coli K12 cells."" This group showed that
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an 89% E. coli killing efficiency could be achieved using a
GO film that had been fabricated using the Langmuir—
Blodgett deposition method, while eliminating the ex-
tent of exposure of the sharp edges present on the GO to
the bacteria. The similar work performed by Hui and co-
workers also demonstrated that masking of the GO basal
plane decreased the antimicrobial efficiency of the GO
nanosheets by decreasing the extent of direct contact
between the E. coli and the basal plane of the GO.'?

An additional possible mechanism for this behavior
was proposed by Luan et al.,*” who demonstrated that
the flat face of the graphene nanosheets, being lipo-
philic, could disrupt the protein—protein bonding in
the cell membrane, leading to the destabilization of
the three-dimensional structure of the protein, causing
its functional failure.?” These researchers also reported
the observation of a bacterial “self-killing effect”, where
the bacterial metabolic activity increased, causing the
GO to be reduced to a form of graphene that was
bactericidal via a glycolysis process.”®

In this paper, the antimicrobial behavior of pristine
graphene nanosheets was investigated in an attempt
to further advance the current knowledge pertaining
to graphene cytotoxicity using both experimental and
computer simulation approaches. Graphene film sur-
faces, composed of multiple layers of graphene na-
nosheets, were analyzed for their roughness, edge
density, stack orientation, and the effect that these
parameters had with respect to bactericidal efficiency.
A series of single-chain main field (SCMF) simulations
of the interactions taking place between lipid bilayers
and the graphene surfaces, where the distances be-
tween the respective edges of the graphene plates
were varied, were also performed.

RESULTS AND DISCUSSION

Fabrication and Characterization of Graphene Films. Gra-
phene was produced using a liquid-phase exfoliation
procedure as previously described.?>*° Subsequently,
films of the graphene were produced using a vacuum
filtration process, resulting in two different surface
topographic characteristics on the top side of the filter
and on the side facing the filter surface (Table 1). The
two sides of the exfoliated graphene films exhibited
different surface nanotopography in terms of their
lateral dimensions, density, and orientation on the film
surface (both surface types were used in comparative
analyses, as shown in Figures S1 and S2, Supporting
Information). The top surface of the film was desig-
nated as “graphene nanorough” (GN-R), and the sur-
face facing the filter was referred to as “graphene
nanosmooth” (GN-S). The X-ray diffractometry (XRD)
pattern on the GN-R and GN-S surfaces demonstrated
the existence of a significant reduction in the charac-
teristic graphite (002) reflection at a 26 of 27° in
comparison to that of the graphite (GT) surfaces used
as the control (Figure 1b).'?? The Raman spectra
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TABLE 1. Topographical Analysis of Graphene (GT) and
Rough (GN-R) and Smooth (GN-S) Graphene Surfaces over
Scanning Areas of 2 um X 2 um

roughness parameters GT GN-R GN-S
Sq (nm) 02+0.1 589 £97 240+ 14
Sa (nm) 01+003 441+384 185+ 09
Smax (Nm) 20+06 6180+ 1434 2156 +29.7
Skw 0.7 £ 0.05 010 £005 —07+0.2
Skur 56+ 14 49419 41406
length of edge (nm) (Lgy)” n/a’ 1373 + 939 79.7 + 56.7
density of graphene edge 0o’ 7.7 10.8
length (tem/m?) (degge)
angle of GN sheet (deg) (HGN)" 0 62.1 37.2

“ Molecularly smooth surfaces were used as the reference without exposed edges.
YT surface used as the reference plane to measure the orientation angle of
graphene sheet.

showed D, G, and 2D peaks at 1350, 1582, and
2700 cm ™, indicating the presence of graphene on
both film surface types (Figure 1c).>*73 The relative
height of the D peak in comparison to the G peak is
characteristic of the edge defects and the single,
symmetric 2D peak, confirming the presence of atom-
ically thin graphene sheets. The graphene thickness
estimation was derived from the ratio between the
Raman intensity of the 2D band (~2700 cm™") and the
G band (~1582 cm™").333¢ The graphene sheets of
both GN-R and GN-S were estimated to contain ap-
proximately 4 individual layers (l,p/lc ~ 0.3), each
with a thickness of 1.4 nm. In Figure S1 (Supporting
Information), the thickness of four layer graphene was
confirmed by the shift in the 2D peak from 2744 cm™'
(graphite) to 2673 cm™" (graphene).?”

The stacking orientation of the graphene sheets
resulted in a difference in the surface topography and
architecture between the GN-R and GN-S films (Figure
2). AFM and SEM analysis indicated that the stacks of
graphene sheets in the GN-S films were less than 1 um
in lateral size, whereas the stacks of graphene sheets
present in the GN-R were greater than 1 um in lateral
size. The average size of the graphene stacks on the
GN-R (top surface of the film) and GN-S (bottom surface
of the film) was found to be 1.5 um and 500 nm,
respectively (Figure 2b,c). An AFM analysis of 1 um X
1 um scanning areas of provides statistical surface
roughness parameters such as root-mean-squared
roughness (Sq), average roughness (S,), maximum
roughness (Smax), skewness (Sqw), and kurtosis (Syyr).
Other surface statistical parameters have been in-
cluded in the Supporting Information. In comparison,
the molecularly smooth graphite (GT) surfaces pos-
sessed a root-mean-squared roughness (Sq) of 0.2 &
0.1 nm (Table 1). The differences in surface topography
between the topside (GN-R) and bottom side (GN-S) of
the graphene films produced during the filtration
process, known as the “Brazil nut effect”,*®3° resulted
in the geometrical reorganization of the graphene
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Figure 1. Characterization of the surfaces of graphite and
graphene films. (a) Evolution of the UV—vis spectra of
aqueous graphene suspensions during the 6 h exfoliation
process; (b) X-ray diffractogram and (c) Raman spectra of
GT, GN-S, and GN-R films.

sheets. As shown in the SEM and AFM images pre-
sented in Figure 2a,b, the GN-R surfaces had an S of
58.9 £+ 9.7 nm, which was found to be (statistically
significantly) more nanorough than the GN-S, which
had an 54 of 24.0 + 1.4 nm (Table 1). No significant
differences were found between the other topogra-
phical parameters such as skewness and kurtosis for
the GN-R and GN-S surfaces, indicating that the surface
nanoarchitecture pattern of both graphene surfaces
was very similar.

The distribution of the exposed graphene edges
on both the GN-R and GN-S surfaces was analyzed
using SEM (Figure 3a,b). The graphene edge length on
the GN-R was estimated to be within the range
100—250 nm, whereas the edge length on the GN-S
was found to be below 100 nm in most instances
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Figure 2. Surface topographies of the GT, GN-R, and GN-S films visualized using SEM, AFM, and Raman spectroscopy. This
illustrates the typical geometry, size, and thickness of the graphite and graphene surfaces as a reflection of different
dimensions in the arrangement of the graphene sheets. AFM images were taken over a scanning area of 5 um x 5 um, with the
corresponding surface line profile representing the roughness of the graphite layers and graphene sheets.

(Figure 3c). The average length of the exposed edges
was estimated to be 137 and 80 nm for the GN-R and
GN-S, respectively (Table 1). Further analysis of the
orientation of the graphene sheets was carried using
AFM, with the graphite surface being used as the
reference plane. It appeared that the stacks of gra-
phene nanosheets on the GN-R and GN-S samples
were oriented at 62.1° and 37.2°, respectively. The
graphene edge length density was estimated to be
7.7 and 10.8 um/um? for the GN-R and GN-S surfaces,
respectively.

Bactericidal Effect of Graphene Nanosheet Films. It was
seen that S. aureus and P. aeruginosa bacterial cells
were able to attach onto the two types of graphene
and graphite surfaces (Figure 4a,b). Notably, however,
the number of attached cells was variable among the
substrates, with increased numbers of attached cells
being observed on the surfaces with greater smooth-
ness, i.e., the molecularly smooth surfaces of pyrolytic
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graphite (GT). This observation is consistent with our
previous investigations of bacterial attachment to
glass, polymeric, and metallic surfaces of various de-
grees of surface nanoroughness, confirming once
again that the nanotopography of a surface influences
the degree of bacterial attachment, with a preference
for nanosmooth surfaces.**~*

Analysis of the SEM and CLSM images clearly
indicated that the two types of graphene surfaces were
bactericidal toward both S. aureus and P. aeruginosa,
whereas these cells remained viable on the GT film
surfaces (Figures 4 and 5 and Figure S3, Supporting
Information). The morphology of the bacterial cells was
shown to be affected when they attached to the
graphene surfaces (Figure 5 and Figure S3, Supporting
Information). The results of the cell viability analysis
(based on the fluorescent labeling of both live and
dead cells) indicated that up to 87.6% of P. aeruginosa
and 43.1% of S. aureus cells were dead on the GN-R film
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Figure 3. Distribution of the sharp edges of the graphene
sheets on (a, ¢, e) GN-R and (b, d, f) GN-S surfaces. (a, b)
Scanning electron micrograph showing the stacking order
of the graphene nanosheets overa 1 um x 1 um area. (c, d)
Contrast enhancement performed using SEM images to
reveal the edge of the graphene nanosheets. (e, f) Distribu-
tion of the edge length on GN-R and GN-S graphene
surfaces.

surfaces and 71.4% of P. ageruginosa and 77.1%
S. aureus cells were dead on GN-S film surfaces
(Figure 4c).

The variable bactericidal efficiency of the graphene
micro- and nanosheet stacks formed on the GN-R and
GN-S films requires further consideration. While the
physicochemical characteristics of the GN-R and GN-S
surfaces were the same (Table 1), three parameters
were found to be different between the samples. These
were the exposed edge length (Lgy), the angle of
orientation of the graphene stacks (fcn), and the
density of the graphene edge length (deqge). It was
seen that the GN-R surfaces, with an Lgy of 137.3 nm,
dedge 7.7 um/um?, and Oy 62.1° were highly lethal to
the P. aeruginosa cells (87.6% of cells killed) but less
effective against the S. aureus (up to 53.1% of cells
killed). Conversely, the GN-S surfaces, which are ap-
proximately five times more nanosmooth than the GN-
R, with an Lgn 79.7 nM, degge 10.8 um/um?, Oy 37.2°,
exhibited a substantially greater bactericidal action
against both types of bacterial cells (up to 70% of the
cells being killed). Recently, it was reported that the
differences in bactericidal efficiency may be due to the
interactive angle of the exposed graphene edge with
the bacterial cell membrane, with a maximum killing
efficiency occurring at an orientation of 90° to the
membrane surface."'® Our experimental data indi-
cated that graphene surfaces containing a 37°
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orientation remained effective at killing the bacteria.
We therefore believe that the density of graphene
edges (e.g., GN-S films) is one of the main parameters
that contributed to the bactericidal efficiency of gra-
phene nanosheets films against both Gram-negative
P. aeruginosa and Gram-positive S. aureus cells (Figures
S3-S5, Supporting Information). It is likely that the
decrease in the bactericidal efficiency of the GN-R
against the S. aureus cells arises as a result of a
combination of two factors: (i) the smaller, spherical
S. aureus cells potentially use the larger graphene
nanosheets as shelters, and (ii) the decreased density
of graphene edges on these substrates allowed the
cells to colonize the surface of the graphene nano-
sheets. Similar studies have demonstrated that the size
of the graphene nanosheets can be responsible for the
genotoxicity of eukaryotic cells;***® however, there are
no studies that have shown that different graphene
sizes exhibit variable degrees of genotoxicity toward
bacteria.

Interaction between the Bacterial Cell Membrane and Gra-
phene Surfaces. Most of the studies simulating the inter-
action between bacterial cell membranes and the
surface of graphene'®***” have proposed that the
graphene-induced bacterial cell death is caused either
by (1) the insertion of blade-like graphene-based
nanosheets®>*’ or (2) by the destructive extraction of
lipid molecules by the presence of the graphene.”
Li et al. also demonstrated the spontaneous penetra-
tion of graphene microsheets with single and a few
layers in thickness into the lipid bilayer of bacterial
cells. Their work revealed that membrane penetration
begins with Brownian motion that includes the rota-
tion, vibration and migration of the GN sheets into the
bilayers, followed by the localized spontaneous pier-
cing of the sheet corners into the tail groups of
the lipids by attractive forces, subsequently allowing
full penetration of the membrane.”® These simula-
tion studies, however, have only taken into account
graphene-cell membrane interactions where the
graphene is in a dispersed form.

To further simulate the interaction between bacter-
ial cell membranes and graphene surfaces, we per-
formed a series of single-chain main field (SCMF)
simulations of the interaction between a lipid bilayer
with the surface of the flat basal plane of graphene as a
function of the distance between the respective edges
of the graphene surface and a perpendicularly oriented
lipid bilayer plane. To implement such a system, a
simulation box containing the graphene surface was
replicated with periodic boundary conditions. The
structural rearrangement of lipids and the free energy
cost of the insertion of the lipid-attractive graphene
surface as a function of the distance from the center
of the bilayer within the SCMF theory are shown in
Figure 6. As is the case with the perpendicular insertion
of hydrophobic carbon nanotubes into a lipid bilayer,?
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Figure 4. Typical (a) CLSM images and (b) quantification of bacterial cells attached to the surface and (c) the quantity of nonviable
cells present on the GT, GN-R, and GN-S surfaces. Live cells are stained green; dead cells are stained red (scale bar 10 xm).

the minimum penetration energy is at half-insertion,
i.e., when the edge of the surface reaches the center of
the hydrophobic core, which corresponds to a distance
of 0 nm. This occurs as a result of the balance between
again due to the insertion of a hydrophobic object into
the core of the bilayer and the loss arising from the
exposure of the edge to the solvent. The pattern on the
surface consists of sheets that are treated as attractive
truncated sheets of equal size and height, as shown in
Figure 6. The width/thickness (w) of the cuboid was
designated to be 3.3 A. The sheets represent a for-
bidden zone for lipids, but the tails of the lipids present
in the cell bilayer strongly interact with sheets with an
interaction parameter of eo,; = —5, —6, and —7.5 kT at
distances shorter than 8.1 A. An increase in the effec-
tive lipophilicity of the GN (gqp; = —5, —6, and —7.5 kT)
changes the characteristics of the interaction with the
bilayer and the structural changes around the GN
(Figure 6). It was experimentally confirmed that the
antibacterial activity of the graphene was dependent
on the degree of GN lipophilicity.”

As shown in Figure 6¢, the surface of the bilayer can
lift in order to attach to the GN sheet, increasing the
area of contact between the GN and the hydrocarbon
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tails of the lipids. Full insertion of the GN sheet into the
membrane leads to the formation of pores, the energy
of which, together with the structure, strongly depends
on the lipophilicity of the GN. In the least lipophilic
case, the bilayer core is separated from the GN by the
layer of head groups, while in the most lipophilic case,
er = —7.5 KT, the tails interact with the surface of the
GN. The results of this simulation indicate that the
surface of the graphene nanosheets do not act as a
simple blade cutting through the cell membrane but
rather act to induce the formation of pores within the
cell membrane, altering the osmotic pressure in the
bacterial cell, which causes them to swell and even-
tually die. This possible scenario was confirmed experi-
mentally using confocal microscopy (Figure 7); the
nonviable S. aureus cells present on the surface
(stained with propidium iodide, red color) appeared
to be much larger in size than the corresponding viable
cells (stained with Syto 9, green color) (Figure 7).

CONCLUSIONS

A simple fabrication process was carried out to design
and produce graphene nanofilms that contained differ-
ent edge lengths and different angles of orientation of

AR
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Figure 5. Typical attachment patterns of S. aureus and P. aeruginosa on GT, GN-R, and GN-S films with a schematic depiction of
the interfacial interaction taking place between the bacteria and different three-dimensional arrangements of the GT and GN

surfaces.

the graphene sheets. These substrates were placed in
contact with P. aeruginosa and S. aureus bacteria, where
it was seen that these substrates exhibited variable
bactericidal efficiency toward these two pathogenic
bacteria. It was demonstrated that the density of the
edges of the graphene was one of the principal

METHODS

Graphene Sheet Exfoliation. Graphite powder and hexadecyl-
trimethylammonium bromide (CTAB) were purchased from
Sigma-Aldrich. Graphene sheet films were fabricated using
liquid-phase exfoliation followed by subsequent film formation
as previously reported.?®*3° A suspension of graphene was
exfoliated in an aqueous solution of CTAB. The surfactant
assisted in the exfoliation by reducing the surface tension of
the liquid phase to match the cohesive energy of graphite. The
surfactant also inhibited reaggregation through adsorption
onto the planar surface of the graphene. A stock solution of
0.6 mM CTAB was prepared in Milli-Q water by heating at 40 °C
with continuous stirring for 30 min. The solution was preheated
for 10 min prior to each experiment. Each sample was prepared
by dispersing 10% graphite (w/v) in 0.6 mM CTAB. The exfolia-
tion was performed via ultrasonication using a Q700 Qsonica
(Qsonica, LLC, Newtown, CT) ultrasonicator at 60 W for 6 h.
UV—vis absorption (Varian Cary 6000i UV—vis spectro-
photometer) and ¢ potential (the value of  potential was
determined from the electrophoretic mobility using the Smo-
luchowski equation) (ZetaPALS; Brookhaven Instruments Corp.).
Measurements of the suspension were taken every hour during
the exfoliation process. The UV—vis spectra of the graphene
suspension confirmed the presence of a highly conjugated
arrangement of carbon atoms in graphene sheets with a peak
in the absorption band at 270 nm (Figure 1a), which is in
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parameters that contributed to the antibacterial beha-
vior of the graphene nanosheets. This provides both
experimental and theoretical evidence that the antibac-
terial behavior of graphene nanosheets arises from the
formation of pores in the bacterial cell wall, causing a
subsequent osmotic imbalance and cell death.

agreement with previously published work.?>*° After 6 h of
sonication, the solution was allowed to stand for 24 h to allow
for the formation of any unstable aggregates and then centri-
fuged for 20 min at 1500 rpm (Eppendorf Centrifuge 5702). The
supernatant was dialyzed against Milli-Q water for 2 days to
remove excess CTAB using 0.02 um cellulose dialysis tubing.

Graphene Film Fabrication. The dialyzed 200 mL solution was
vacuum filtered through an alumina membrane (0.02 um,
Anapore, Whatman) with excess Milli-Q water used to remove
any remaining traces of CTAB. When the resulting graphene film
was completely dry, it was gently removed from the membrane.
The section of the film that was furthest from the membrane
was referred to as “GN-R”, and the inner side (top side), closest to
the membrane, was referred to as “GN-S” (bottom side). The
absence of surfactant on the graphene surface was confirmed
using energy dispersive X-ray spectroscopy (EDX) (Figure S2,
Supporting Information). The absence of both nitrogen and
bromine peaks in the surface scans confirm the complete
removal of CTAB through the rinsing process. Highly oriented
pyrolytic graphite (GT) was used as the control in all experi-
ments. The surface was prepared by single peeling of the top
layers of commercial graphite using Kapton tape (DuPont). The
peeled graphite film was attached to a glass surface for hand-
ling during in all experiments.

Surface Characterization. The graphite, GN-R, and GN-S
graphene films were systematically characterized. In order to
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Figure 6. Free energy difference AF between the phospho-
lipid bilayer and inserted graphene sheets with varying
hydrophobicity (interaction parameter (gop) of (a) —5,
(b) —6, and (c) —7.5 kT) as a function of the distance from
the bilayer center to the edge of the surface. Distance 40
corresponds to the unperturbed bilayer before the contact
with the surface (zero energy, reference state); blue stripe
corresponds to the solution of insertion of the surface into
the bilayer with no change in the bilayer configuration;
orange stripe corresponds to the solution with a pore in the
bilayer (positive energy). Selected density profiles corre-
spond to different positions of graphene surface; the colors
of the bilayer represent the volume fraction of tails and
heads from 0 to 1 (purple represents lipid tail and contour
line represents lipid head).

understand the physicochemical properties of these surfaces,
EDX (ZEISS SUPRA (Germany)) operated at 15 keV was used to
determine the chemical composition of the films. A WIiTEC
Raman microspectrometer with a 532 nm laser wavelength
(hv = 2.33 eV) was used to confirm the identity of the graphite
and graphene films. A single spectrum was acquired for each
sample as an average of 100 spectra obtained from surrounding
positions, with an integration time of 2 s. Surface scanning was
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Figure 7. Interaction behavior between the bacterial cell
membrane and graphene sheet. (a) Increase in size of nonvi-
able S. aureus after the insertion of graphene sheet (green
indicates viable cells; red is indicates nonviable cell with
inserted graphene sheet) (scale bar 10 zm). (b) Three-dimen-
sional snapshot of simulated interaction between graphene
sheet and phospholipid membrane resulting in pore forma-
tion at interaction parameter (&,;) of —7.5 kT, from left (i) to
right (iii): lipid head and graphene flake; lipid tail and gra-
phene flake; both lipid head and tail with graphene flake.

performed on five different areas of every fabricated sample. The
crystallinity of the films was investigated using the Bruker
DiffracPLUS X-ray diffractometer (XRD) employing Cu Ko radia-
tion (1 =0.15406 nm). The samples were scanned over a 26 range
of 30—85° at a scanning rate of 1 degree per minute. High-
resolution SEM images of the graphite and graphene surfaces
were taken using a FESEM (ZEISS SUPRA 40VP) at 3 kV under
5000, 10000, and 25000 magnification. AFM scans were con-
ducted using an Innova scanning probe microscope (Veeco/
Bruker, USA). Scans were performed in tapping mode at ambient
temperature and pressure using silicon cantilevers with a spring
constant of 0.9 N m™" and a resonance frequency of approxi-
mately 20 kHz. Scanning was performed perpendicular to the axis
of the cantilever ata scan speed of 1 Hz. Four scanning areas each
of 10 um x 10and 1 um x 1 um area of clean and undamaged
subsections of the substrate surface were performed.

The quantitative topographical analysis of the SEM images
was carried out using ImageJ software (NIH USA Image ver.
1.61). Initially, SEM images were band-pass filtered to delineate
the boundaries of the graphene edge of the uppermost plane
that were involved in making initial contact with the bacterial
cell membrane.

Bacterial Attachment. Two pathogenic, biofilm forming bac-
teria, Staphylococcus aureus CIP 65.8" and Pseudomonas aeru-
ginosa ATCC 9027, both of which are responsible for a
significant number of postoperative infections every year, were
used in this study.*®**® Staphylococcus aureus CIP 65.8" and
Pseudomonas aeruginosa ATCC 9027 were obtained from Cul-
ture Collection of the Institute Pasteur (CIP, France) and the
American Type Culture Collection (ATCC, USA). Bacterial stocks
were prepared in 20% glycerol nutrient broth (Oxoid) and
stored at —80 °C until needed. Prior to each experiment,
bacterial cultures were refreshed from stocks on nutrient agar
(Oxoid) and cells were collected at the logarithmic stage of
growth (after 24 h grown in 37 °C). A fresh bacterial suspension
was prepared for each of the strains in 20 mL of nutrient broth.
Bacterial growth and experimental conditions were according
to previously developed protocols.*'#?
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Visualization and quantification of viable bacteria were
performed using a FV10i Fluoview (Olympus, Japan) confocal
laser scanning microscope (CSLM), operated using the
60x% objective lens combined with 3x optical zoom. Bacterial
cells were stained with a LIVE/DEAD BacLight Bacterial Viability
Kit (Invitrogen); live cells were stained green with SYTO 9 and
dead cells were stained red with propidium iodide. Bacteria
were counted using ImageJ software using at least six micro-
scope fields at 600x magnification for every sample. The
viability of the bacteria was determined as the ratio between
the viable and total number of bacteria.

Free Energy Interaction between the Cell Membrane and Graphene.
The single-chain mean field (SCMF) theory of lipid bilayers®*
provides a detailed description of the mechanical and equilib-
rium properties of lipid bilayers at the molecular level. Mean
fields determine the probabilities of certain conformations of
individual molecules being present while the fields are obtained
as averages over conformations with their probabilities.® Lipid
molecules were modeled at a coarse-grained level within the
three-beads model,* which can adequately describe the com-
pressibility, dimensions of the bilayer, and the equilibrium area
per lipid. The lipid molecule is modeled as three freely joint
spherical beads of equal radius 4.05 A and connected by the stiff
bond of 10 A in length. One bead is hydrophilic, and two beads
are hydrophobic. The beads interact through square well
potentials: between two hydrophobic beads, err = 2.1kT with
the interaction range r = 12.15 A; between one hydrophilic bead
and implicit solvent, eys = —0.15kT with an interaction range
r=12.15 A. The solvent molecule in our model is considered to
be the same radius as the spherical beads.

Free Energy Calculation. The simulation box of size 300 x 300 x
150 A was discretized into a 2D cylindrical geometry oriented
around the z-axis in the center of the simulation box. It is
assumed that the simulation box containing one graphene
sheet represents a part of a periodic system, which represents
a continuous repetition of the simulation box. The periodic
boundary conditions were applied in the lateral direction, and a
restricted wall was introduced in both the top and bottom of the
simulation box. Thus, the free energy of the simulation box can
be used to deduce the free energy of the larger periodic system.
The total energy of system (F*) can be written as the sum of free
energy of solvent (Fyoy) and the free energy of the membrane
(Frem). The number of lipids in the large system is N*, and the
entropy of the pure solvent s f; = (po/Vs) In(¢o/ Vs), where v is the
volume of the solvent and ¢, is the solvent volume fraction. F*
can be rewritten as

F* = Fgox+F;1em = N*Fbox"!‘vsfs

The free energy cost with respect to the reference state of
unperturbed bilayer can be written in the form
N* N* N*

AF* = WFbox - Wvboxfs - N*fo +Wvobjfs

where N, Fioy and Vi, denote the number of lipids, total free
energy, and the volume of the simulation box. f, represents the
free energy density of unperturbed bilayer given by the refer-
ence state, and V,y, is the part of graphene sheet inside the
simulation box. We define N/N* as o

AF = aAF* = Foox — Vboxfs 7Nfo+Vob,~f5
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