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raphitic nanomaterials—such as

carbon nanotubes (CNT),

fullerenes, and more recently
graphene—have gained a great deal of in-
terest in the scientific community due to
their novel properties and wide range of po-
tential applications. Graphene (G) has be-
come one of the most intensively studied
such nanomaterials for a number of applica-
tions. Studies focus on taking advantage of
its chemical, physical, and other properties
in order to develop novel applications with
advanced scientific and commercial
potential.!~* However, the biological appli-
cations and potential adverse effects of G
remain almost completely unknown. Re-
cently, G or graphite oxides sheets have re-
ceived significant attention for their poten-
tial application in biology and medicine,
including biodevices, microbial detection,
disease diagnosis,” and drug delivery sys-
tems.® A key issue that needs to be investi-
gated in the full implementation of such na-
nomaterials in a large range of biological
applications and processes is their relatively
unknown cytotoxicity and biological activ-
ity. Such studies would provide insight into
the interaction between atomically flat gra-
phitic structures and various biological sys-
tems both in vitro and in vivo. The cytotoxic
effects of G are expected to be significantly
different when compared to those of one-
dimensional CNT, which have been widely
studied.”® Although the two materials have
a similar chemical composition and crystal-
line structure, their shape is different (flat
atomic sheets for G and tubular for nano-
tubes); as a result, their interactions with cell
systems are expected to be governed by
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ABSTRACT Graphitic nanomaterials such as graphene layers (G) and single-wall carbon nanotubes (SWCNT)

are potential candidates in a large number of biomedical applications. However, little is known about the effects

of these nanomaterials on biological systems. Here we show that the shape of these materials is directly related to

their induced cellular toxicity. Both G and SWCNT induce cytotoxic effects, and these effects are concentration-

and shape-dependent. Interestingly, at low concentrations, G induced stronger metabolic activity than SWCNT, a

trend that reversed at higher concentrations. Lactate dehydrogenase levels were found to be significantly higher

for SWCNT as compared to the G samples. Moreover, reactive oxygen species were generated in a concentration-

and time-dependent manner after exposure to G, indicating an oxidative stress mechanism. Furthermore, time-

dependent caspase 3 activation after exposure to G (10 pg/mL) shows evidence of apoptosis. Altogether these

studies suggest different biological activities of the graphitic nanomaterials, with the shape playing a primary role.

KEYWORDS: graphene -
PC12 cells - reactive oxidative species

different mechanisms. Given the high po-
tential of G structures to be used as deliv-
ery vehicles for growth factors and other
proteins for neural reconstruction and re-
generation of the nervous system (which is
essential in the treatment of Alzheimer’s
disease), it is crucial to fully study and un-
derstand the interaction and the bioreactiv-
ity of such nanomaterials when exposed to
neuronal cells. This article presents an
evaluation of the in vitro toxicity of G by us-
ing neuronal PC12 cells compared to single-
wall carbon nanotubes (SWCNT) in similar
conditions. A clear difference in the toxic
levels between G and SWCNT is indicated.
To the best of our knowledge, this is the first
study to address this issue.

G AND SWCNT SYNTHESIS

High quantities of few-layer G sheets
were successfully synthesized on the
Fe—Co/MgO (2.5:2.5:95 wt %) catalytic sys-
tem utilizing the radio frequency catalytic
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Section Analysis

Figure 1. (A) Low-magnification TEM image of graphene sheets. (B) High-
magnification TEM image of few-layer graphene sheets overlaid side-by-
side. (C) SEM image of the semitransparent graphene sheets synthesized in
large quantities. (D) High-pass filtered AFM scan of graphene sheets overlaid
on the Si surface. (E) AFM image of the few-layer graphene sheets, with (F)
a corresponding AFM height image. (G) High-resolution TEM image of the
single-wall carbon nanotubes used for this study. (H) AFM images of the
nanotubes used for this study. The diameter of the nanotubes ranged from
0.8to 1.2 nm.

chemical vapor deposition (RF-cCVD) technique.’ Fig-
ure 1A shows a low-magnification transmission electron
microscopy (TEM) image of the as-produced G sheets.
A high-magnification TEM image (Figure 1B) shows the
overlaid side-by-side sheets, varying between 100 and
110 nm in diameter. Scanning electron microscopy
(SEM) images (Figure 1C) reveal that most of the G
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Figure 2. Schematic diagram showing the experimental conditions
under which the shape of the graphitic nanomaterials (G and
SWCNT) was investigated for the corresponding induced cytotoxic
effects.
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sheets have only a few layers. Atomic force microscopy
(AFM) was used to measure the thickness of the synthe-
sized G nanosheets; the results are presented in Figure
1D,E. The height image shown in Figure 1F indicates
that the thickness of the G sheets varies between 3 and
5 nm, corresponding to approximately 3—5 layers.
Based on high-resolution microscopy analysis, approxi-
mately 80% of the G structures have 3—5 layers, 8% of
them have 1-3 layers, and 12% have 6—10 layers.

Raman spectroscopy is a nondestructive technique
that has been used to characterize the crystallinity and
the number of G layers."®’" Raman spectroscopy mea-
surements (not shown here) indicated the presence of
the few-layer G sheets.’ The full width at half-maximum
(fwhm) of the 2D peak showed that the G presented in
this work contains approximately 3—5 layers.”'2 The
X-ray diffraction (XRD) technique was used to analyze
the crystallinity and estimate the number of layers in
the G nanosheets. Using the values of the d-spacing and
the size of crystallite, these G sheets were found to
have, on average, 3—5 layers.'*'* The XRD results were
found to support microscopy and spectroscopy results,
indicating the presence of very few-layer G sheets.’

Figure 1G,H shows representative high-
magnification TEM and AFM images of the SWCNT
used for these studies. The diameter of the nanotubes
ranged from 0.8 to 1.2 nm. The purity of all the samples,
both G and SWCNT, was higher than 98.5%. Zeta poten-
tial of CNT and G was measured using a ZETA-READER
MARK 21 instrument (Zeta Potential Instruments, Inc.,
Bedminster, NJ) in either water or RPMI-1640 medium
under the same exposure condition. Zeta potential of
SWNT and G in water was —15.53 and —35.59 mV, re-
spectively. However, the zeta potential value of these
two nanomaterials changed to the same value, —8.5
mV, when they were dispersed in the medium. These
data suggest that protein binding in the medium may
affect the surface charge of these nanomaterials.

CYTOTOXICITY CHARACTERIZATION

Several studies suggested that nanomaterials elicit
toxicity in cell cultures and in rodent models.' 2! G, a
promising material given its structure and propetrties, is
expected to have significant applications in nanomedi-
cine. Therefore, the cytotoxicity of highly pure SWCNT
and G was measured and compared. The studies shown
schematically in Figure 2 were focused on understand-
ing the effect that the shape of these nanomaterials
had on their corresponding cellular cytotoxicity.

MTT assay, a common method of evaluating the ad-
verse effect of nanomaterials in cell culture, was used
to measure the mitochondria function of the cells. Af-
ter 24 h of exposure to either G or SWCNT, the meta-
bolic activity of PC12 cells decreased in a concentration-
dependent manner (Figure 3A). Interestingly, we found
that the concentration-dependent toxicity of these
two nanomaterials of relatively identical chemical struc-
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Figure 3. Effect of G or SWCNT on (A) mitochondrial toxicity and (B) LDH release (cell membrane damage marker). (C) Mor-
phology change of PC12 cells: left, control; middle, G; right, SWCNT. Bar = 10 um.

ture did not present a similar pattern, indicating a dif-
ferent toxic mechanism. The results indicate that, at low
concentrations, the G structures induce a more intense
toxic response than the SWCNT. As the concentration
increases, the induced cytotoxic effects reverse, with
the G showing a lower activity. These mitochondrial
toxicity findings can be explained by the shape of these
nanomaterials and their biological interaction with the
cellular systems. As previously discussed, the “snaking”
effects of the SWCNT, given their tubular shape, pro-
mote penetration of membranes, uptake by cells, and
strong interactions with various protein systems.?? Due
to their flat shapes, the G nanostructures were expected
to have even stronger interaction with the cellular
membranes, indicating different cellular target sites for
the two types of nanomaterials. It was reported previ-
ously that different degrees of agglomeration of SWCNT
influence the DNA content in primary neuron and glial
cells.” In current studies, aggregation/agglomeration of
G sheets on the cell membranes after 24 h of incuba-
tion (Figure 3C) was expected to contribute at least par-
tially to their toxic properties.

A number of studies show that nanomaterials could
induce apoptosis or necrosis.?>?* To evaluate the mech-
anism of cell death in PC12 cells induced by G sheets,
two important enzymes were measured. Lactate dehy-
drogenase (LDH) release measures the membrane dam-
age, a hallmark of necrosis, while caspase activation in-
dicates apoptosis. In our studies, significant LDH release
was noted only after 24 h of exposure to G at the high-
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est concentration (100 wg/mL) (Figure 3B). At lower
concentrations (0.01—10 pwg/mL), G had no effect on
the release of LDH. In contrast, SWCNT induced a dra-
matic release of LDH. A previous study investigating the
effects of CNT on the lungs of rats indicated a higher re-
sponse for the nanotubes when compared to quartz
dust.? It is likely the needle-like CNT may be more mo-
bile and can more easily penetrate the cell membrane,
resulting in greater cell membrane damage. We also de-
tected the effect of G on the morphology of the PC12
cells (Figure 3Q): the cell membrane appears to be in-
tact, but some small aggregates were noted on the sur-
face of the cells, indicating membrane binding without
damage. Oxidative stress is a common mechanism of
nanomaterials, including carbon nanomaterials.?%%” We
explored the generation of reactive oxygen species
(ROS) to determine if it were involved in the toxic mech-
anism of G sheet. Figure 4A shows the level of the gen-
erated ROS to be concentration- and time-dependent
after exposure to G. Four hours after treatment, 100
rg/mL of G induced ROS 6-fold compared to control.
The generated ROS levels were also significant for the
10 and 100 wg/mL groups after 24 h of G exposure. On
the other hand, time-dependent caspase 3 activation
indicated a weak caspase 3-mediated apoptotic path-
way (Figure 4B).

It should be noted that the maximum exposure
level of G (100 wg/mL) in our study is higher than the
30 pg/mL of other reported carbon-based
nanomaterials.?%° It was reported that 7.5—30 pg/mL
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Figure 4. Effect of graphene on (A) ROS generation and (B) caspase 3 activity (apoptosis marker).

of CNT reduced the total DNA content of mixed neuro-
glial cultures.?® Other evidence showed that the maxi-
mum value of 30 wg/mL of CNT reduced the cell viabil-
ity and DNA content in human MSTO-211H cells after
3 days of exposure.” In our studies, the 100 pg/mL of
G increased the LDH release and generation of ROS.
However, lower doses of G, such as 0.01 pg/mL, had
no effect on metabolic activity, LDH release, and ROS
multiple end points. Therefore, lower levels of exposure
(<0.01 pg/mL) to G could theoretically be useful in bio-
medical applications. Future studies will focus on in
vivo toxicology studies to determine if G could poten-
tially penetrate the blood—brain barrier to affect the
central nervous system.

Interestingly, our studies demonstrate that G can
elicit concentration-dependent cytotoxicity in PC12
cells and that shape or agglomeration may be impor-
tant factors to consider. Cytotoxicity involved the oxida-
tive stress mechanism and was also mediated through
the apoptosis pathway. Recently, we have shown that
nanowired drug delivery enhances the neuroprotective
efficacy of compounds, reduces spinal cord edema for-
mation, and improves functional outcome following
spinal cord injury in rats.3°

MATERIALS AND METHODS

Graphene Synthesis and Characterization. The Fe—Co/MgO cata-
lyst system with a stoichiometric composition of 2.5:2.5:95 wt %
was prepared by the impregnation method as previously
shown.® Few-layer graphene sheets were grown by radio fre-
quency catalytic chemical vapor deposition (RF-cCVD) on a MgO-
supported Fe—Co bimetallic catalyst system utilizing acetylene
as a hydrocarbon source. Approximately 100 mg of the catalyst
was uniformly spread into a thin layer on a graphite susceptor
and placed in the center of a quartz tube with an inner diam-
eter of 1 in. First, the tube was purged with a carrier gas (argon)
for 10 min at 150 mL/min. Next, the RF generator (which pro-
vides a very fast heating rate of 300—350 °C/min) was turned on
to begin heating. When the temperature of the graphite boat
reached 1000 °C, acetylene was introduced at 4.5 mL/min for 30
min. At the end of the reaction, the system was cooled under ar-
gon for 10 min. The as-produced G sheets were purified in one
easy step using diluted hydrochloric acid solution and sonica-
tion. Graphene sheets were thoroughly characterized by micros-
copy, spectroscopy, and X-ray diffraction.

SWNT Synthesis. Carbon nanotubes were synthesized over the
Fe—Co/MgO catalyst using the RF-cCVD method and methane

In conclusion, our studies have clearly demonstrated
that the shape of carbonaceous nanomaterials plays
an extremely important role in how they interact with
cells and potentially other biological systems, such as
tissues and organisms. Given their relatively low toxic-
ity compared to that of CNT, we expect that the G nano-
structures will be key nanomaterials for treating neuro-
degenerative diseases by acting as the vehicles of drug
and growth factors delivery to neuronal cells. Both G
and SWCNT induce cytotoxic effects, and these effects
are concentration- and shape-dependent according to
our evaluation of various metabolic activities. Lactate
dehydrogenase levels were found to be significantly
higher for SWCNT as compared to the G samples. More-
over, reactive oxygen species were generated in a
concentration- and time-dependent manner after expo-
sure to G, indicating an oxidative stress mechanism.
Furthermore, time-dependent caspase 3 (apoptosis
marker) activation after exposure to G (10 pg/mL)
shows evidence of apoptosis. Together, our data sug-
gest that G, like many other carbon-based nanomateri-
als such as CNT and fullerene, exhibit oxidative poten-
tial in biological systems, with shape playing an
important role.

as the carbon source®' The RF inductive heating was performed
using an RF generator operated at 365 kHz. A 200 mg quantity
of catalyst was placed in a graphite boat, and the boat was in-
serted into a quartz reactor. The catalysts were heated in nitro-
gen (flow rate 600 mL/min) and annealed at 700 °C for 1 h. All of
the synthesis reactions were performed at 850 °C with a meth-
ane flow rate of 80 mL/min, while keeping the nitrogen flow con-
stant. The temperature of the graphite boat was continuously
measured by an optical pyrometer and was found to be very
stable during the reaction process. After 30 min of reaction time,
the methane was turned off, and the resulting product was al-
lowed to cool in nitrogen flow. The as-produced SWNTs were pu-
rified using hydrochloric acid solution. Their diameters were
found to range between 0.8 and 1.2 nm, as previously

shown3!

TEM images were collected on a field emission JEM-2100F
transmission electron microscopy (JEOL Inc.) equipped with a
CCD camera. The acceleration voltage was 100 kV for the G
analysis. The G nanosheets and the nanotube samples were ho-
mogeneously dispersed in 2-propanol under ultrasonication for
30 min. Next, a few drops of the suspension were deposited on
the TEM grid, dried, and evacuated before analysis.
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SEM images were obtained using a JEOL model 7000F high-
resolution scanning electron microscope having a resolution of
1.2 nm at an accelerating voltage of 15 kV and a working dis-
tance of 10 mm. The final products were mounted on alumi-
num pins with double-sided carbon tape, and their correspond-
ing SEM images were obtained.

AFM measurements were performed using a Veeco Dimen-
sion 3100 atomic force microscope having a scan range of 90
pm for the x/y direction and 6 wm for the z direction. After the
G sheets were individually dispersed into 2-propanol solution, a
few drops of the final solution were pipetted on Si substrates.
Next, the substrates were air-dried and placed directly under the
AFM tip for morphology analysis.

Cell Culture. A PC12 cell line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA). PC12 cells were
maintained at 37 °C (5% CO,, 95% air) in RPMI-1640 medium
(Sigma 8758) supplemented with 5% fetal bovine serum (At-
lanta Biologicals), 10% horse serum (ATCC), and 1% penicillin/
streptomycin (Sigma). The fresh medium was replaced every
other day. Confluent cells were harvested with 0.25%
trypsin—EDTA solution (Invitrogen). Before treatment with G na-
nomaterials, PC12 cells were allowed to attach on 96-well plates
for 48 h. The PC12 cells were then exposed to G (0—100 g/
mL) for 24 h. Graphene dilutions were in serum-free, phenol red-
free RPMI-1640 medium.

MTT Assay. The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma) test assesses cell
metabolic activity on the basis of the ability of the mitochon-
drial succinate—tetrazolium reductase system to convert the yel-
low dye (MTT) to a purple-colored formazan in living cells. The
metabolic activity of the cell is proportional to the color density
formed. Briefly, following PC12 cell incubation with G or SWCNT
for 24 h, the media were aspirated and replaced with 90 pL of
serum-free media. To each well was added 10 pL of an MTT stock
solution (5 mg/mL), followed by incubation for 4 h at 37 °C. The
supernatant was then removed, and cells were lysed with 100 L
of dimethylsulfoxide. Absorbance was recorded at 550 nm us-
ing a Synergy 2 microplate reader (Biotek, USA).

Lactase Dehydrogenase Release. Cell membrane integrity can be
measured by LDH assay, as the cell was targeted by various
agents. LDH activity was measured using a cytotoxicity detec-
tion kit from Roche Applied Science. Released LDH in culture su-
pernatants was measured with a coupled enzymatic assay that
results in the conversion of a tetrazolium salt (INT) into a red for-
mazan product. PC12 cells (1 X 10° cells/mL) were treated at dif-
ferent concentrations of G or SWCNT nanomaterials for 24 h,
then 50 pL of supernatant was removed to another plate, fol-
lowed by the addition of 50 L of substrate mix. The plate was
covered with foil to protect it from light and incubated for 30
min at room temperature, followed by the addition of 50 pL of
stop solution to each well. Absorbance was recorded at 490 nm
using a microplate reader (Biotek, USA).

Reactive Oxygen Species Measurement. The ROS level was moni-
tored using DCFH-DA (Molecule Probes Inc., Eugene, OR). The
cells were incubated with DCFH-DA (100 M) in medium for 30
min. PC12 cells (1 X 10° cells/mL) were washed three times with
phosphate, buffered in saline solution twice, and then cultured
with different concentrations of G. The fluorescence intensity (in-
dicating ROS level) of the cells was determined at 1, 4, or 24 h af-
ter the treatment using a microplate reader (Biotek, USA) with
excitation/emission at 485/530 nm. The values were expressed
as percent of fluorescence intensity relative to control wells. All
the procedures were performed without exposure to light.

Caspase 3/7 Assay. Caspase 3/7 is activated in apoptosis. Cells
were seeded into 96-well plates (1 X 10° cells/mL) and allowed
to attach for 48 h. The cells were exposed to G (10 pg/mL) at dif-
ferent times as indicated. Caspase 3/7 activity was measured 0,
1,4, 8,16, and 24 h later. The luminogenic caspase 3/7 substrate
containing tetrapeptide sequence DEVD was used for caspase
3/7 cleavage and generation of the luminescent signal based on
the standard protocol (Promega, Madison, WI). Briefly, 100 pL
of Caspase-Glo3/7 reagent was added to each well, followed by
incubation at room temperature for 1 h. The luminescence of
each sample was measured using a microplate reader (Biotek,
USA).

www.acsnano.org

Evaluation of Morphology Alteration. To evaluate possible changes
in cell morphology induced by G or SWCNT in the cell culture,
G or SWCNT (10 wM) was incubated with PC12 cells for up to
24 h. lmages were captured using a light microscope with a cam-
eraat 2,16, and 24 h.

Statistical Analyses. For continuous responses, data were ex-
pressed as mean = standard error (SE) based on at least tripli-
cate observations from three independent experiments. Statisti-
cal significance was determined by one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test. A
value of p < 0.05 was considered statistically significant. All
analyses were conducted using the Prism software package
(GraphPad Software).
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