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raphene, as a single-atom-thick

sheet of sp?-bonded carbon atoms

in a closely packed honeycomb
two-dimensional lattice, is one of the most
fascinating nanostructures with unique
physical, chemical, electrical, and mechani-
cal properties which qualify it as a promis-
ing nanomaterial in condensed-matter and
high-energy physics,' 3 material science,*"?
and a wide range of technological
applications,’" '8 such as bioelectronics
and biosensing.'®~2!

Some of the unique properties of
graphene nanosheets are similar or even
identical to the properties of carbon nano-
tubes (CNTs). Previous investigations have
demonstrated that single-wall carbon nano-
tubes (SWCNTs) present a noticeable cyto-
toxicity to human??~26 and animal cells,?”?
while multiwall carbon nanotubes
(MWCNTSs) not only show a more moderate
toxicity than SWCNTSs,* but also sometimes
act as suitable sites for proliferation of bac-
teria.?? Among the suggested toxicity mech-
anisms including oxidative stress,?>2330-32
cutting off intracellular metabolic routes,*
and rupture of cell membrane,*® the oxida-
tive stress has been regarded as the most
acceptable mechanism explaining the toxic-
ity of CNTs to mammalian cells. In addition
to mammalian cells, bacteria, e.g. Escheri-
chia coli (E. coli), can be also used as appro-
priate models to examine the toxicity of
CNTs to such single-celled microorgan-
isms.3* In this regard, Kang et al. showed
that the main CNT-cytotoxicity mechanism
explaining inactivation of E. coli is direct
contact interaction of the bacteria with
highly purified CNTs.3335 Moreover, they
demonstrated that the nanometric size of
SWCNTs is responsible of their much stron-
ger bactericidal activity than MWCNTSs, in

www.acsnano.org

ABSTRACT Bacterial toxicity of graphene nanosheets in the form of graphene nanowalls deposited on
stainless steel substrates was investigated for both Gram-positive and Gram-negative models of bacteria. The
graphene oxide nanowalls were obtained by electrophoretic deposition of Mg?*-graphene oxide nanosheets
synthesized by a chemical exfoliation method. On the basis of measuring the efflux of cytoplasmic materials of
the bacteria, it was found that the cell membrane damage of the bacteria caused by direct contact of the bacteria
with the extremely sharp edges of the nanowalls was the effective mechanism in the bacterial inactivation. In
this regard, the Gram-negative Escherichia coli bacteria with an outer membrane were more resistant to the cell
membrane damage caused by the nanowalls than the Gram-positive Staphylococcus aureus lacking the outer
membrane. Moreover, the graphene oxide nanowalls reduced by hydrazine were more toxic to the bacteria than
the unreduced graphene oxide nanowalls. The better antibacterial activity of the reduced nanowalls was assigned
to the better charge transfer between the bacteria and the more sharpened edges of the reduced nanowalls,
during the contact interaction.
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the mechanism of direct contact interac-
tion of the bacteria with the CNTs.3

By extending this subject to graphene,
the edges of graphene nanosheets with ex-
tremely high aspect ratio (the ratio of lat-
eral size to the atomic thickness) can be pro-
posed as one of the excellent and ideal
nanostructures for an effective direct con-
tact interaction with microorganisms. But,
toxicity of graphene sheets, particularly the
direct interaction of its extremely sharp
edges with microorganisms, has not been
studied, maybe due to the difficulties in fab-
rication of graphene nanowalls. So far,
based on a few reports, it was found that
graphene papers (not graphene nanowalls)
are biocompatible materials,***” the
graphene and graphene oxide suspensions
can inhibit the growth of E. coli bacteria but
with a minimal cytotoxicity,*® and graphene
sheets can enhance photoinactivation of E.
coli bacteria on the surface of graphene/
TiO, composite thin film.3°
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Figure 1. SEM images of (a) the GONWSs deposited on stain-
less steel substrate by EPD, (b) the nanowalls at a higher
magnification showing those are nearly perpendicular to
the substrate, and (c) the cross-sectional view of the
nanowalls.

Electrophoretic deposition (EPD) is an inexpensive
and versatile technique for deposition of various coat-
ings from various suspensions. In addition, EPD has pre-
sented many advantages in the deposition of different
coatings including good surface homogeneity, easy
control of film thickness, high deposition rate, no re-
quirement to binders, and simplicity of scaling up. For
instance, CNT coatings with good microstructural uni-
formity and high packing density were fabricated by
EPD from colloidal CNT suspensions.**4" Recently, Wu
et al.*? fabricated single-layer graphene films by EPD
from a stable suspension of isopropyl alcohol-dispersed
graphene prepared by a chemical exfoliation. They
demonstrated that the field-emission properties of the
graphene films were much better than those of its
graphene powder counterpart and well comparable or
even better than those of CNTs.

In this work, at first, graphene oxide nanowalls
(GONWSs) were deposited on stainless steel substrates
by using EPD from a suspension containing Mg?*-
graphene oxide nanosheets synthesized by a chemical
exfoliation method. The synthesized GONWs were also
reduced by hydrazine to obtain reduced graphene
nanowalls (RGNWs). Then, the bacterial toxicity of the
GONWs and the RGNWs was studied for the first time.
To further investigate the mechanism of direct contact
interaction of the nanowalls with bacteria, the RNA ef-
fluxes through the damaged cell membranes of both
Gram-negative E. coli and Gram positive Staphylococ-
cus aureus (S. aureus) bacteria were examined.
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Figure 2. Peak deconvolution of C(1s) XPS core level of (a)
the GONWs and (b) the RGNWs.

RESULTS AND DISCUSSION

Figure 1 shows scanning electron microscope (SEM)
images of the GONWs obtained by EPD on the stain-
less steel substrate. It is seen that single- and/or multi-
layer graphene oxide sheets were deposited in high-
density and random orientations, but some of them are
almost perpendicular to surface of the substrate. These
nearly perpendicular sheets provided extremely sharp
edges on the surface. Therefore, the bacteria can effec-
tively interact with the graphene (oxide) nanosheets
through direct contact with such sharp edges. It was
also found that reducing the nanowalls by vapor of hy-
drazine could not change the morphology of the
nanowalls.

To investigate the changes in the chemical states of
the GONWs, X-ray photoelectron spectroscopy (XPS)
was used. The deconvoluted C(1s) XPS spectra of the
GONWSs and the RGNWs have been presented in Fig-
ure 2. The binding energy of 285.0 eV was ascribed to
the C—C, C(=C, and C—H bonds on the surface of the
sheets. The deconvoluted peaks centered at the bind-
ing energies of 285.8, 287.6, and 289.1 eV were attrib-
uted to the C—OH, (=0, and O=C—OH functional
groups, respectively.3437% The contribution of the
bonds was estimated by peak area ratios of the C—OH,
=0, and O=C—oO0H bonds to the C—C, C(=C, and
C—H bonds, as also listed in Table 1. It was found the
reduction of the GONWs by hydrazine resulted in 89%,
84%, and 69% reduction in the peak area ratio of the

TABLE 1. The Peak Area (A) Ratios of the Oxygen-Containing Bonds to the CC Bonds (by XPS), the Peak Intensity Ratios
of Ip/ls (by Raman), and the Antibacterial Activity of the GONWs and the RGNWs

XPS Raman
sample Acon/Acc Aco/Acc Aocon/Acc I/l
GONWs 0.78 135 0.36 1.78
RGNWs 0.08 0.21 0.1 1.26

\ f\\&) VOL.4 = NO.10 = AKHAVAN AND GHADERI

antibacterial activity

survival bacteria (%) RNA (ng/mlL)
E. coli S. aureus E. coli S. aureus
4N=*8 26*5 304 38£5
16+ 3 5*1 43*6 568
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Figure 3. Raman spectra of (a) the GONWs and (b) the
RGNWs.

C—OH, (=0, and O=C—O0H oxygen-containing func-
tional groups, respectively. Therefore, the reduction
process could effectively reduce the GONWs into
graphene nanowalls.

To study the effect of the reduction process on the
carbon structure of the GONWSs, Raman spectroscopy
was utilized, as shown in Figure 3. In fact, Raman spec-
troscopy is known as an efficient method to examine
the ordered/disordered crystal structures of carbon-
aceous materials, such as graphene. The famous charac-
teristics of Raman spectra of carbon materials are the
D and G bands (~1350 and 1580 cm™") which are usu-
ally attributed to the local defects/disorders (especially
located at the edges of graphene and graphite plate-
lets) and the sp? graphitized structure, respectively.’48
Therefore, smaller Ip/lg peak intensity ratios are as-
signed to lower defects/disorders in a graphitized struc-
ture such as graphene. The Raman spectra shown in
Figure 3 display the D and G lines at about 1348 and
1575 cm™ ', respectively. The values of the Ip/Ig ratio
were also estimated and also given in Table 1. The re-
duction process resulted in reduction of the Ip/Ig ratio
from 1.78 for the GONWs to 1.26 for the RGNWs, indicat-
ing improvement in the graphitized structure of the
nanowalls due to the reduction process. On the basis
of analysis of Raman spectra, it is also possible to judge
about the single-, bi-, and/or multi-layer structures of
graphene and graphene oxide layers. For the G band,
the peak position of the single-layer graphenes, typi-
cally centered at 1585 cm ™', shifts into lower wavenum-
bers after stacking further graphene layers.*~>! For ex-
ample, for 2—6 layers the G band shifts 6 cm ™" into
lower wavenumbers. In addition to the peak position
of the G band, shape and position of the 2D band are
known as the key parameters for determination of the
layer numbers of graphene sheets.*~>2 For example,
the 2D peak position of the single-layer graphene
sheets (typically centered at 2679 cm™) shifts to higher
wavenumbers by 19 cm ™! for multi-layer graphenes
(2—4 layers).*® In this work, the 2D bands of the GONWs
were centered at 2682 cm ™' with a shoulder at the
higher wavenumbers, indicating the GONWs were con-
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Figure 4. Cytotoxicity of GONWs and RGNWs to E. coli, and
concentrations of RNA in the PBS of the E. coli bacteria ex-
posed to the nanowalls.

Control

stituted by single- and multi-layer graphene oxide
sheets, consistent with the SEM observations. By reduc-
ing the GONWs, the 2D peak position slightly shifted
to 2686 cm ™! and the intensity of the shoulder slightly
increased. These changes can be attributed to slight ag-
gregation of the initially overlapped sheets due the re-
duction process.

To investigate about bacterial toxicity of the GONWs
and the RGNWs, E. coli and S. aureus bacteria were used
as models for Gram-negative and Gram-positive bacte-
ria. To have a bench mark, the bare stainless steel sub-
strate was also used as a control sample. Bactericidal ac-
tivity of the nanowalls against E. coli bacteria was
presented in Figure 4. For the control sample, no con-
siderable antibacterial activity was observed in our ex-
perimental conditions. But, the GONWs and particularly
the reduced nanowalls exhibited considerable antibac-
terial activities. In fact, after 1 h, 41(%=8)% and 16(=*=3)%
of the bacteria could survive on the surface of the
GONWSs and the RGNWs, respectively. The antibacterial
activity of the RGNWs is also comparable with the anti-
bacterial activity of SWCNTs which can inactivate
87(*7)% of E. coli bacteria in 1 h.3®

Figure 5 shows similar study for S. aureus bacteria.
Once again it was found that the nanowalls were toxic
to the bacteria. But, the nanowalls exhibited stronger
antibacterial activities against S. aureus bacteria than
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Figure 5. Cytotoxicity of GONWs and RGNWs to S. aureus,
and concentrations of RNA in the PBS of the S. aureus bacte-
ria exposed to the nanowalls.

Control
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their activities against E. coli bacteria. In fact, only
26(*5)% and only 5(=1)% of the bacteria could sur-
vive on the surface of the GONWSs and the RGNWs
after 1 h, respectively. Therefore, although the synthe-
sized nanowalls were toxic to the both models of the
bacteria (Gram-negative and Gram-positive models),
they were more toxic to Gram-positive bacteria (here,
S. aureus bacteria). In addition, for each model of the
bacteria, the reduced nanowalls exhibited stronger tox-
icity than the oxide nanowalls.

The toxicity of the nanowalls through cell mem-
brane damage of the bacteria can be investigated by
measuring the intracellular materials in the phosphate
buffer solution (PBS) of the bacteria exposed to the
nanowalls. Concerning this, the efflux of cytoplasmic
materials of the bacteria was examined by measuring
the concentration of RNA in the solution as shown in
Figures 4 and 5 for E. coli and S. aureus bacteria, respec-
tively. The figures show that concentrations of RNA in
the solutions of the bacteria exposed to the both
GONWSs and RGNWs were meaningfully higher than
the RNA concentration of the control sample. This was
attributed to direct contact of the bacterial cell, which
has slightly negative charge with the edge of the
nanowalls as good electron acceptors, and conse-
quently, cell membrane damage of the bacteria. For
each model of the bacteria, the cell membrane dam-
age caused by the reduced nanowalls was substantially
higher than the damage caused by the oxide nano-
walls. This can be assigned to a stronger interaction be-
tween the more sharpened edges of the reduced
nanowalls with the cell membrane of the bacteria
and/or a better charge transfer between the bacteria
and the edge of the reduced nanowalls which finally re-
sulted in further damage of the cell membrane of the
bacteria during the contact interaction. Comparing Fig-
ures 4 and 5 shows that the effluxes of RNA from the
S. aureus bacteria exposed to the nanowalls were con-
siderably higher than the effluxes of the E. coli bacteria
at the same conditions. This can be attributed to more
resistance of the E. coli bacteria against the direct con-
tact interaction with the edge of the nanowalls as com-
pared to the S. aureus bacteria. Indeed, S. aureus as a
Gram-positive bacterium is constituted by a peptidogly-

EXPERIMENTAL SECTION

Preparation of Graphene Oxide Nanosheets. The modified Hum-
mers method®**> was utilized to oxidize natural graphite pow-
ders (45 pm, Sigma-Aldrich). In this method, 50 mL of H,SO, was
added into a beaker containing 2 g of graphite at room temper-
ature. The beaker was cooled to 0 °C by using an ice bath. Then,
6 g of potassium permanganate (KMnO,) was slowly added to
the above mixture while it was allowed to warm to room tem-
perature. The suspension was stirred for 2 h at 35 °C. After the
suspension was cooled in an ice bath, it was diluted by 350 mL
of deionized (DI) water. Then, H,0, (30%) was added until the gas
evolution ceased in order to be sure about reduction of re-
sidual permanganate to soluble manganese ions. The achieved

\\K) VOL.4 = NO. 10 = AKHAVAN AND GHADERI

can layer with a thickness ranging from 20 to 80 nm,
without an outer membrane. However, although E. coli
as a Gram-negative bacterium has a much thinner layer
of peptidoglycan (thickness of 7—8 nm), it possesses
an additional layer, that is, the outer membrane. It was
also previously reported that E. coli exhibited more re-
sistance to a direct contact interaction induced by an
AFM tip than S. aureus, due to the outer membrane of
the Gram-negative E. coli bacteria.>® Here, it was found
that the direct contact interaction of the bacteria with
the very sharp edge of the nanowalls resulted in more
damage to the cell membrane of the Gram-positive S.
aureus bacteria lacking the outer membrane as com-
pared to the Gram-negative E. coli ones owning the
outer membrane.

CONCLUSIONS

The GONWSs were achieved by EPD of Mg?*-
graphene oxide nanosheets synthesized by a chemical
exfoliation procedure. In addition to SEM images of the
nanowalls, Raman spectroscopy confirmed that the de-
posited GONWs constituted by single- and multi-layer
graphene oxide sheets. The efflux of RNA of the bacte-
ria indicated that the cell membrane of the bacteria was
effectively damaged by direct contact of the bacteria
with the very sharp edges of the nanowalls, resulting
in inactivation of the bacteria by the nanowalls. The
RNA efflux showed that the cell membrane of S. aureus
bacteria was further damaged as compared to cell
membrane damage of E. coli. The more resistance of
the E. coli bacteria against the direct contact interac-
tion with the nanowalls as compared to the S. aureus
bacteria was assigned to the existence of an outer
membrane in the structure of Gram-negative E. coli bac-
teria and the lack of such an outer membrane in the
structure of Gram-positive S. aureus bacteria. The
GONWSs reduced by hydrazine exhibited more antibac-
terial activity as compared to the unreduced GONWs.
The higher bacterial toxicity of the reduced nanowalls
was attributed to more sharpening of the edges of the
nanowalls providing stronger contact interaction with
the cell membrane and/or better charge transfer be-
tween the bacteria and the reduced nanowalls, result-
ing in more cell membrane damage of the bacteria.

suspension was filtered, washed by DI water, and dried at 60 °C
for 24 h to obtain brownish graphite oxide powder. The graph-
ite oxide powder was thermally exfoliated by rapidly heating the
powder in a tube furnace. After the furnace was heated to 1050
°C, an alumina boat loaded with the graphite oxide was quickly
moved into the heating zone of the furnace, kept there for 30's,
and rapidly removed from there.

Deposition of Graphene Nanowalls. At first a graphene oxide sus-
pension was prepared by dispersing the obtained graphene ox-
ide powder (1 mg/mL) in isopropyl alcohol. Then,

Mg(NOs), - 6H,0 as charger was added to the suspension in or-
der to achieve the graphene sheets positively charged. The
weight ratio of the graphene oxide to the magnesium nitrate
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was identical. By using this method, a uniform and stable Mg?*-
graphene oxide sheet suspension was obtained as the electro-
lyte applicable in the EPD of the graphene oxide nanosheets.
Two polished stainless steel substrates were used as electrodes.
The distance between the two electrodes was about 5 mm, and
the applied voltage of 150 V was selected. By applying the volt-
age, the positively charged graphene oxide sheets were moved
toward the negative electrode, and subsequently, were depos-
ited on its surface. Here, the deposition time was considered 2
min to obtain the GONWs on the stainless steel substrate. Some
of the prepared GONWs were also reduced by hydrazine vapor
for 1 h.

Material Characterization. Surface morphology of the GONWs
was studied by using a field-emission SEM operating at 5 kV
(JSM 6500F; JEOL). XPS was utilized to study the changes that oc-
curred in chemical states of the graphene oxides. The data were
acquired by using a hemispherical analyzer equipped with a
monochromatic Al Ka X-ray source (hv = 1486.6 eV) operating
at a vacuum better than 1077 Pa. The XPS peaks were deconvo-
luted by using Gaussian components after a Shirley background
subtraction. Raman spectroscopy was performed at room tem-
perature with a Raman Microprobe (HR-800 Jobin-Yvon) with
532 nm Nd:YAG excitation source to examine the change in the
carbon structure of the GONWs.

Antimicrobial Test. With use of the so-called antibacterial drop-
test, the bactericidal activities of all the samples were investi-
gated against E. coli (ATCC 25922) and S. aureus (ATCC 25923)
bacteria as Gram-negative and Gram-positive models, respec-
tively. Before each microbiological experiment, all the samples
and glassware were sterilized by autoclaving at 120 °C for 10 min.
The bacteria were cultured on a nutrient agar plate at 37 °C for
24 h. Then, the cultured bacteria were added in 10 mL of saline
solution to reach the concentration of bacteria of ~108 colony
forming units per milliliter (CFU/mL). A portion of the bacterial
suspension was diluted to 10° CFU/mL. For the antibacterial
drop-test, each sample was placed into a sterilized Petri dish.
Then, 100 pL of the diluted bacterial suspension was spread on
surface of the sample. After sonication of the sample for 60 min
at 37 °C, the bacteria were washed from the surface of the
sample with 5 mL of PBS in the sterilized Petri dish. Then, 100
wL of each bacterial suspension was spread on a nutrient agar
plate and incubated at 37 °C for 24 h to count the surviving bac-
terial colonies by using an optical microscope. The total num-
ber of the cells forming unit was determined by area based esti-
mation. The reported data were the average value of three
separate similar runs.

Measurement of Efflux of RNA. At first, the PBS remaining from
the antibacterial test of each sample was diluted to 50 mL. Then,
the solution was centrifuged at 2000 rev/min for 10 min. After
that, a vial tube with 50 p.L of B-mercaptoethanol was loaded by
10 mL of the supernatant of the solution. RNA of the bacteria
was separated using a RNA purification kit and measured with a
NanoDrop ND-1000 spectrophotometer.
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