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a b s t r a c t

With the development of nanotechnology and the wide use of graphene, it has become necessary to
assess the potential biological adverse effects of graphene. However, most of the recent publications are
focused on various modified graphenes. We demonstrated biological effects of commercial pristine
graphene in murine RAW 264.7 macrophages, which is an important effector cells of the innate immune
system. We found that the pristine graphene can induce cytotoxicity through the depletion of the
mitochondrial membrane potential (MMP) and the increase of intracellular reactive oxygen species
(ROS), then trigger apoptosis by activation of the mitochondrial pathway. The MAPKs (JNK, ERK and p38)
as well as the TGF-beta-related signaling pathways were found to be activated in the pristine grapheme-
treated cells, which activated Bim and Bax, two pro-apoptotic member of Bcl-2 protein family. Conse-
quently, the caspase 3 and its downstream effector proteins such as PARP were activated and the
execution of apoptosis was initiated. This study provides an insight for the suppression of the apoptosis
induced by the graphene through the mitochondrial pathways, the MAPKs- and TGF-beta-related
signaling pathways.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, nanotechnologies have undergone a rapid growth all
over theworld,with the apparitionof a broad arrayof nanomaterials
whichwill more andmore affect our life since incorporated inmany
daily-used products. Among these newmaterials one can cite nano-
ceramics, nano-polymers, metals and alloys, biological nano-
materials and of course carbon-based nanomaterials like graphene
[1e3]. Graphene is a single-atom-thick sheet of sp2-bonded carbon
atoms in a closely packed honeycomb two-dimensional lattice, and
as one of the most fascinating nanomaterial has drawn a lot of
attention because of its unique physicochemical properties. This
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promisingmaterial can be qualified for condensed-matter and high-
energy physics [4e6], material science [7e9], cellular imaging [10]
drug delivery and biological material applications [11e17] and
a wide range of other technological applications [18e22], such as
bioelectronics and biosensing [23,24].

Many studies have shown that nanoparticles (NPs) can have
adverse effects on health [25e28], which are mainly due to their
smaller size, larger surface area per mass and more reactive prop-
erties [29,30]. Some modified nanomaterials such as fullerenes,
carbon nanotubes, iron oxide particles can be quickly endocytosed
and exert certain cellular response [28,31]. Because of the large-
scale production of graphene and its derivatives to reach the
industry’s increasing needs and consequently with graphene being
potentially in contact to the environment, we should consider the
environmental issue and the safety of these nanomaterials, no
matter how this materials benefit to our daily life. However there is
no much information concerning the newly developed graphene,
with only a limited number of reports available. Yang et al. [32]
have proven that functional graphene could be metabolized out
of the body and did not induce appreciable toxicity during the three
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months of blood biochemistry tests, hematological analyses and
histological examinations. Chang et al. [33] used graphene oxide to
assess toxicity in vitro and proved that this material could not
induce apparent cell death despite obvious intracellular oxidative
stress. However, some other studies on this material obtained
different results [34,35]. Considering that most studies have used
modified graphene and have only focused on basic phenomena
without deeply explaining the mechanisms underlying its toxicity,
we still need to investigate the safety issue of pristine graphene
systematically, and the underlying mechanisms shoud be explored.
In an attempt to address these questions, we used pristine gra-
phene instead of modified graphene to evaluate its toxicity in vitro
in the present investigation. Murine macrophage-like RAW 264.7
cells was used as the cell model, since macrophages, the important
member of the innate immune system, are targets of several
nanomaterials.

Mitochondria are centers for energy generation in cells and are
also involved in various cell signal pathways. Mitochondria can act
as a major checkpoint of apoptotic regulation. They serve as sensors
and amplifiers of cellular damage. Following mitochondrial outer
membrane permeabilization (MOMP), mitochondria release
a number of factors such as cytochrome c, Smac/DIABLO, AIF
(apoptosis inducing factor) and endonuclease G, which are critically
involved in cell death signaling. Mitochondria are also centrally
involved in the activation of caspases, a family of otherwise
dormant cysteine proteases that cleave a subset of cellular proteins.
Considering that studies on nanomaterials have shown that NPs
can cause cell cytotoxicity by induce the dysfunction of mito-
chondria [3,28,36] and initiate the consequent accumulation of
intracellular reactive oxygen species (ROS), we focused on the
effects of pristine graphene on the mitochondria to explore the
pathways involved in the modulation of cells by pristine graphene.
Therefore, in this work, the cytotoxicity of pristine graphene was
evaluated and its effects on mitochondrial membrane potential
(MMP), intracellular ROS and apoptosis were further studied. The
influences of graphene treatment on theMAPKs (JNK, ERK and p38)
as well as the TGF-beta-related signaling pathways were finally
investigated by using Western-Blotting and quantitative real-time
PCR.

2. Materials and methods

2.1. Characterization of pristine graphene

The commercial graphene sample (pristine graphene) was obtained from the
Kinik Company (Taiwan). Scanning electron microscope (Hitachi S4800＋EDS) was
used to characterize the prisitin graphene. Sample were prepare in aqueous solution
then vortexed for 1 min and sonicated (KQ 500-DE) for 3 h. At last prepared samples
were observed in an accelerating voltage of 5 kV. Graphite and pristine graphene
(the commercial sample) are identified using an X-ray diffractometer (XRD, PAN-
alytical PW3040/60 X0 Pert pro) with a copper target (l ¼ 1.541 Å) that is excited at
45 kV and 40 mA. Raman spectrum is collected on a Jobin Yvon LabRam 300 system
using a 632.8 nm HeeNe laser with its intensity of 6 mW. The pixel resolution is
about 3 cm�1, whereas the peak resolution is about 15 cm�1 for the Silicon wafer.

2.2. Dispersion of graphene and preparation of stock solutions

A 250 mg/mL pristine graphene suspension was prepared with 1% pluronic F108
(SigmaeAldrich, batch#:09308BJ). The obtained Graphene suspensionwas vortexed
for 1 min and sonicated (KQ 500-DE) for 30 min. About 30 mL suspension was taken
out and deposited on a fresh mica surface, and then the mica was measured by
Atomic Force Microscopy (AFM, Agilent 5500 Agilent Co.). Before biological test, the
graphene suspension was sonicated for 5 additional minutes, and then added to the
medium to disperse the Graphene at concentrations of 5, 10, 20, 40, 80 and
100 mg/mL.

2.3. Cytotoxicity assay

The cytotoxicity assay, involving the reduction of a water-soluble tetrazolium
salt, was performed using a Cell Counting Kit-8 (Dojindo Laboratories, Japan)
according to the instructions of the manufacturer. 100mL of a cell suspension (10000
cells/well) was seeded into a 96-well plate and put in a humidified incubator for 24 h
(37 �C, 5% CO2). Then the medium was replaced by fresh medium (control) or
graphene-containing media at different concentrations. After 48 h, the culture
supernatant was removed and the cells werewashed 3 timeswith PBS (pH 7.4). Then
a 1:10 mixture of the tetrazolium reagent (from the Cell Counting Kit-8) and
medium was added into the cell flask. After incubation at 37 �C for 2 h, the absor-
bance was measured at 450 nm using a TECAN Infinite M200 microplate reader
(Tecan, Durham, USA; Detection: 450 nm, reference: 650 nm) to test the cell
viability. Each experiment was repeated independently three times.

2.4. Measurement of intracellular ROS

A cell suspension (density 4$105/mL) was dispersed in a 6-well plate for flow
cytometry. The cells were pre-incubated for 24 h in a humidified incubator (37 �C,
5% CO2). Then the medium was replaced with fresh medium (control) or graphene-
containing media at different concentrations for 24 or 48 h. Cells were washed three
times with PBS and incubated with 10 mM CM_H2 DCFDA for 30 min. Then the cells
were washed three times with PBS to eliminate the excess of unreacted DCFDA.
Finally flow cytometry (Beckman Coulter, USA, 488 nm, FL1) was used to measure
the fluorescence of the intracellular reduced DCFDA molecules, which is directly
related to the intracellular ROS level.

2.5. MMP assay

TheJC-1dye (5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolocarbocyanine
iodide, a potential-dependent J-aggregate forming delocalized lipophilic cation) was
used to determine the reduction of mitochondrial membrane potential. Briefly, stock
solution of 1.0 mg/mL JC-1 (Molecular Probes, Invitrogen, USA) was prepared in DMSO
and stored at �20 �C shortly before use. RAW 264.7 cells were cultured on glass
coverslips for laser confocal scanning microscope in a humidified incubator (at 37 �C,
5% CO2). After 12 h the mediumwas replaced with fresh medium or media containing
pristine graphene at different concentrations. After incubation for 12 or 24 h, cells were
washed 3 times with PBS and the JC-1 (1 mg/mL) dye was added into each well. After
incubation for 20min, cellswerewashed 3 timeswith PBS. Cellswere then imagedwith
a laser confocal scanningmicroscope (Olympus FV 500).

2.6. Measurement of apoptosis and necrosis

RAW 264.7 cells were pre-incubated for 12 h in a humidified incubator (37 �C,
5% CO2). Then the medium was replaced with fresh graphene-containing media at
different concentrations for 24 and 48 h. Cells were washed three times with PBS
and harvested. Then the double-stained annexin V-FITC Kit (BENDER, containing
annexin V-FITC and propidium iodide (PI)) was used to incubate the cells which
were analyzed using a Cell Lab Quanta SC flow cytometry (Beckman Coulter, USA,
488 nm, FL1).

2.7. Cellular ultrastructure observation by transmission electron microscopy

The ultrastructural alterations of RAW 264.7 cells induced by pristine graphene
were observed with a Hitachi TEM (Hitachi H-600, Japan) at an accelerating voltage
of 100 kV. After a 48-h exposure, cells were harvested and washedwith PBS and pre-
fixed with 2.5% glutaraldehyde at 4 �C for 3 h.

2.8. Western-blotting

RAW264.7 cells, grown to 70% confluence in a flask, were culturedwith amedium
containing 20 mg/mL pristine graphene. After 48 h, cells were washed with PBS, har-
vested with a scraper and centrifuged at 2000 � g for 10 min at 4 �C. After discarding
the supernatant, cells were lysed to collect the cellular proteins. Equal amounts (50 mg)
of proteins were separated on 12% SDS-PAGE gels and transferred to nitrocellulose
membranes. The membranes were blocked with 5% non-fat milk in TBST at room
temperature. The primary antibody was used at 1:1000 dilution and the secondary
antibody was used at 1:5000 dilution (information on antibodies can be find in the
supporting information section). Blots were developed using enhanced chem-
iluminescence. The tested proteins were Phospho-p38 MAPKinase (P-p38), p38
MAPKinase (p38), Phospho-JNK (P-JNK), JNK, Phospho-ERK (P-ERK), ERK, Phospho-
Smad2, Smad2, Bim, Bax, caspase 3, Bcl-2, PARP and b-actin.

2.9. Total RNA isolation and analysis by quantitative real-time PCR

RAW 264.7 cells, grown to 70% confluence in a flask, were cultured with the
medium containing 20 mg/mL graphene. After 48 h, cells were washed 3 times with
PBS and 1 mL of Trizol Reagent was added to each flask. Samples were transferred to
a Phase Lock tube and incubated at room temperature for 5 min. Then 200 mL of
chloroform was added (per 1 mL Trizol) and samples were shaked vigorously (not
vortexed) for 15 s to mix well, incubated at room temperature for 15 min and
centrifuged at 12,000 � g for 15 min at 4 �C to separate the different phases. The
upper (clear) aqueous layer of each sample was transferred into a fresh tube
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containing 0.5 mL of isopropanol and mixed thoroughly by shaking for 15 s and
incubated at room temperature for 10 min. Samples were again centrifuged at
11,000 � g at 4 �C for 10e30 min to pellet the RNA. The supernatant was carefully
removed and 1 mL of 75% DEPC-ethanol was added to each tube then gently vor-
texed for 10 s to wash the pellet. The RNA was re-pelleted by centrifugation at
8000 � g at 4 �C for 5 min, then dissolved in DEPC-dH2O (30e100 mL, depending on
the desired yield) by gentle pipetting. The purity was determined from the absor-
bance ratio (A260/A280) (at or above 1.80, to 2.00 OD). RNA samples were then
reverse transcribed to cDNA using Oligo dT (Promega). The resulting cDNA samples
were analyzed by quantitative real-time PCR using (Eppendorf), using SYBR green as
fluorescence dye, as described previously. Relative quantifications of mRNA
expression in the genes of interest were calculated using the comparative threshold
cycle number for each sample. The following genes were measured: TNF-alpha,
TGF-beta, TGF-beta receptor I, TGF-beta receptor II, Smad2, Smad3, Smad4,
Smad7, beta-Actin. The primer sequences are list in supporting table 2.
3. Results and discussion

3.1. Characterization of pristine graphene

Pristine graphene was analyzed by SEM for characterization. In
Fig. 1A, we can clearly observe the feature of graphene, with some
of the sheets in the small scale and some other in the large scale.
Based on the scanning electron microscope and energy dispersive
spectrometry, therefore there is trace amount of metal impurity in
this commercial graphene. The corresponding XRD patterns are
plotted in Fig. 1B. As indicated, the broaden C (002) peak for gra-
phene was observed, which is shifted to 2q ¼ 25.67. The layer to
layer distance for graphene is increased from 0.335 nm to 0.347 nm
as compared to the pristine graphite. Fig. 1C shows the Raman
spectrum of graphene (the commercial sample). Two featured
peaks associated with the D-band and the G-band causing by the
disorder of the graphite edges and the in-phase vibration of the
graphite lattice are clearly appeared. Due to the formation of
Fig. 1. The characteristics of pristine graphene and its toxicity in RAW 264.7 macrophage c
graphite; C) Raman spectrum of pristine graphene; D) The AFM image of the graphene in 1%
containing pristine graphene at 20, 40, 80 or 100 mg/mL for 48 h; F) The intracellular ROS lev
mL for 24 or 48 h (**P < 0.01, compared to control).
individual graphene nanosheets, more disordered structure is
exhibited, resulting in the higher ID/IG (w1.23). The size and
morphology of the graphene in surfactant of 1% pluronic F108 is
given in Fig. 1D with thickness of 2e3 nm and size of around
500e1000 nm, and the dots in the AFM image are pluronic F108.
3.2. The cytotoxicity of pristine graphene

To assess the overall cytotoxic effects of pristine graphene on
cells, we investigated the viability of RAW 264.7 macrophages
incubated with different concentrations of pristine graphene for
48 h. As shown in Fig. 1E, low concentrations (i.e. 20 mg/mL) of
pristine graphene-induced slight cell death in RAW 264.7 cells,
with more than 80% of the cells remain unaffected. However the
highest concentration (100 mg/mL) of pristine graphene-induced
significant cytotoxicity, with about 78% of the cells dead. These data
reveal that pristine graphene shows an obvious dose-dependent
cytotoxic effect, which is in accordance with other nanomaterials
[34]. How could pristine graphene influences the intracellular
events that are important for the fate of cells, and what are the fine
mechanisms of this cytotoxicity? Those are the questions we are
going to address below.
3.3. ROS production induced by pristine graphene

Generally when cells were exposed to nanomaterials, an
increase in the intracellular reactive oxygen species (ROS) level
could be provoked. Accumulation of intracellular ROS is the main
characteristic of the oxidative stress, so the detection of ROS
generation reflects the intracellular oxidative stress status, which is
an important indicator of the cell health. It has been well
ells. A) The SEM image of pristine graphene; B) XRD patterns of pristine graphene and
pluronic F108; E) The cell viability of RAW 264.7 cells incubated with culture medium
els of cells incubated with culture medium containing pristine graphene at 5 or 20 mg/
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documented that ROS can induce intracellular protein inactivation
(through oxidation and nitration), lipid peroxidation, dysfunction
of the mitochondria and eventually apoptosis or necrosis [36e38].
In the present investigation we measured the intracellular ROS
level in RAW 264.7 cells after incubationwith pristine graphene for
24 or 48 h. Fig. 1F showed that pristine graphene exposure induced
intracellular ROS generation in a time- and dose-dependent
manner, which is in accordance with a previous study with modi-
fied graphene from Chang’s group [33]. The highest ROS level was
found in RAW 264.7 cells exposed to a dose of 5 mg/mL of pristine
graphene for 48 h. More importantly, we found that the ROS level is
correlated to the rate of cell death measured in Fig. 1E. Then we
tried to explore the underlying mechanism of ROS-related cell
death in pristine graphene-treated cells.
3.4. The alteration of mitochondrial membrane potential

The depolarization of the mitochondrial membranes is one of
the key events associated with the accumulation of intracellular
ROS, so we determined the depolarization of mitochondria in
pristine grapheme-treated RAW 264.7 cells by measuring the
alteration of mitochondrial membrane potential (MMP). The MMP
plays a key role in maintaining the proton gradient across the
mitochondrial membrane and is essential for the electron transfer
chain. In depolarized mitochondrion, the mitochondrial membrane
potential was lost due to the alteration of the mitochondrial
membrane integrity. Disruptions of the MMP may cause severe
consequences problems, including decrease in ATP synthesis,
increase in ROS generation, and the redistribution of pro-apoptotic
mitochondrial factors [39,40]. In normal cells, due to the electro-
chemical potential gradient, the dye concentrates in the mito-
chondrial matrix, where it forms red fluorescent aggregates
(J-aggregates). In apoptotic cells, the dye stays in the cytoplasm as
monomers and fluoresces green, therefore, JC-1 is particularly
useful for apoptosis studies. The results, presented in Fig. 2, show
that the cells incubated with pristine graphene exhibit obvious
substantial dose-dependent MMP decrease compared to the
control, suggesting the occurring of mitochondrial membrane
depolarization. Moreover, the decrease in mitochondrial MMP also
present a time-dependence as we find the MMP decrease in cells
treatedwith pristine graphene for 24 h is stronger than cells treated
for 12 h. Both the decrease in mitochondrial MMP and the accu-
mulation of cellular ROS are hallmarks of mitochondria-related
apoptosis. Indeed, if the mitochondrial damage is significant,
Fig. 2. The variation of mitochondrial membrane potential of RAW 264.7 cells incubated with
mitochondrion-specific dye JC-1 was used to detect changes in mitochondrial membrane pot
red fluorescence (590 nm). Apoptotic cells mainly show green fluorescence, while healthy ce
detection of mitochondrial damage. (For interpretation of the references to colour in this fi
a cascade process characterized by the permeabilization of mito-
chondrial outer membrane will occur, and pro-apoptotic molecules
will be relocated from the mitochondria to the cytoplasm. This is
recognized as “the point of no return” [41]. Once this cascade
process is initiated, the pro-apoptotic machinery will be activated
and causes the execution of apoptosis [42]. Our next experiment
aimed to address whether the mitochondria pathway are involved
in pristine grapheme-treated cells.
3.5. Apoptosis caused by pristine graphene

Since we have demonstrated that pristine graphene could
induce the increase in intracellular ROS, the depolarization of
mitochondria, and the decrease in cell viability in RAW 264.7 cells,
we then quantified the percentage of cells in early apoptotic,
apoptototic or late apoptotic (necrotic) stages in RAW 264.7 cells
exposed different concentrations of pristine graphene for different
time, by flow cytometry. From Fig. 3A, we can conclude that
exposure of cells to pristine graphene caused an increase in the
proportion of apoptosis and necrosis as a function of the incubation
time. Moreover, the highest dose (50 mg/mL) induced the highest
fraction of late apoptotic (necrotic) cells, regardless the incubation
time.

The pristine graphene-induced apoptosis in RAW 264.7 cells
was further confirmed by morphological criteria. Fig. 3B shows the
typical TEM ultrastructural images of untreated cells (left) or cells
exposed for 48 h to pristine graphene (middle and right). Large
phagocytic vesicles were observed in pristine graphene-treated
cells, suggesting that pristine graphene could be translocated into
the murine macrophage-like RAW 264.7 cells via phagocytosis and
need further confirmation by other techniques such as Raman
measurement. More importantly, typical apoptotic cells could be
observed in pristine graphene-treated cells (right).

Apoptosis is a coordinated process that can be triggered through
two different pathways, the death-receptor pathway (triggered by
members of the death-receptor superfamily) and themitochondrial
pathway (in response to extracellular cues and internal DNA
damage) [43]. Since the pristine grapheme-induced apoptosis is
accompanied by the loss of mitochondrial MMP and the increase in
cellular ROS level, we think the mitochondrial pathway might be
the dominant mechanism underlying pristine graphene-induced
apoptosis. We assumed that pristine graphene altered the mito-
chondrial integrity via an mechanism related with the activation of
the pro-apopototic member of Bcl-2 family and the MAPK cascades
culture medium containing pristine graphene at 5, 20, 50, 80 mg/mL for 12 or 24 h. The
ential. The monomer JC-1 has green fluorescence (527 nm), while the J-aggregates have
lls show red and green fluorescence (yellow when merged) making JC-1 suitable for the
gure legend, the reader is referred to the web version of this article.)



Fig. 3. The apoptosis and necrosis of RAW 264.7 cells incubated with pristine graphene. A) The ratio of apoptosis and necrosis of cells incubated in culture medium containing
pristine graphene at 5, 20 or 50 mg/mL for 24 or 48 h; B) The TEM images of cells incubated with 20 mg/mL graphene for 48 h, Left: Control, Middle and Right, Graphene exposure.
Bar, 2 mm for Left and Middle images, and 1 mm for Right image.
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[44]. To demonstrate thismechanism,we further investigated some
potentially triggered signal pathways.

3.6. Activation of MAPK signal pathways

During apoptosis, a broad array of cell signal pathways are
activated, and numerous genes and proteins are involved. ROS are
closely related with the apoptosis and the proliferation of cells, via
the activation of mitogen-activated protein kinase (MAPK)
cascades. MAPKs are regarded as stress-sensitive kinases and are
involved in apoptotic cell death [45] in oxidative stressed cells.

The MAPKs regulate essential cellular events including the
proliferation, differentiation or apoptosis. The MAPKs signal
pathway includes the extracellular signal-regulated kinase (ERK,
components of the MAPK cascades), the p38 mitogen-activated
protein kinases (p38) and c-Jun N-terminal kinase (JNK) signal
pathways. The MAPKs can even be stimulated by UV or H2O2 and
then induce cell apoptosis [46,47]. Thus it is reasonable to assume
that the ROS generation and mitochondrial damage induced by
pristine graphene can provoke MAPKs signal pathway.

In order to determine the potential signal pathways involved,
we measured the contents of ERK, p38 and JNK protein (and their
phosphorylated form) in RAW 264.7 cells exposed to 20 mg/mL
pristine graphene for 48 h. Fig. 4A shown that the content of total
ERK, JNK and p38 protein kinase were similar before and after the
pristine graphene exposure. However the level of the correspond-
ing phosphorylated kinases was significantly higher in all cases,
meaning that all the three MAPKs signal pathways were activated
upon pristine graphene treatment. Moreover, the highest differ-
ence in between non activated and activated (phosphorylated) pool
of kinases was found for JNK. This makes sense since the JNK
pathway is typically activated by external “death” stimuli, like
TNF-alpha, to trigger the mitochondrial apoptotic pathway [48].
The p38 protein activated by ROS can also induce cell apoptosis
following a stimulation by TNF-alpha and recruit caspase-8 and
caspase-3 [49]. In addition the activation of ERK pathway can also
induce apoptosis, as shown by recent works [50e53]. Therefore we
confirmed that the recruited MAPKs must be the potential proteins
inducing cell apoptosis.

Apoptosis signal-regulating kinase 1 (ASK1) is an evolutionary
conserved mitogen-activated protein 3-kinase that activates both
JNK and p38 MAPK, which may also be triggered by ROS [54,55].
ASK1-induced and ROS-dependent activation of MAPKs is crucial
for the apoptosis [56]. In the case of oxidative stress, a positive
feedback may occur in the ASK1-p38-TNF-alpha pathway, which
enhances ROS-mediated apoptosis. ASK1 activates both JNK and
p38 MAPK, then the activated p38 translocate into the nucleus to
stimulate the expression of MK2. After exiting from the nucleus,
MK2 increases the TNF-alpha production. On the other hand,
enhanced TNF-alpha and ROS activate ASK1 activity [55], which
leads to the activation of JNK. In order to demonstrate the existence
of this positive apoptosis feedback, we measured the TNF-alpha
intracellular mRNA level in cells exposed or not to pristine gra-
phene (Fig. 4B). As expected, the results clearly showed a 5-fold
increase in TNF-alpha mRNA level in the treated cells compared
to the control cells.



Fig. 4. Effects of pristine graphene on the MAPK apoptotic pathway. Protein expressions and mRNA variations were assessed. Western blot and real-time PCR in RAW 264.7 cells
incubated with 20 mg/mL pristine graphene for 48 h. A) The expression levels of MAPKs proteins in parallel with b-actin expression as a loading control. Pristine graphene
significantly increase phosphor-JNK (P-JNK), phosphor-Erk (P-Erk) and phosphor-p38 (P-p38). Total protein of JNK and Erk expression were unaltered, but a littler increase of p38. B)
Effects of pristine graphene on the TNF-alpha mRNA level. A significantly increase of the mRNA levels of TNF-alpha after incubated with pristine graphene.
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3.7. Activation of TGF-beta signal pathway

As we mentioned above, the apoptotic cell death is a compli-
cated process involving the expression of many genes and the
activation of different signaling pathways, and has its own diver-
sity. The transforming growth factor-beta (TGF-beta) has been
shown to play a key role in cell apoptosis in various cell lines
[57,58], especially in immune-related cells. In addition, many
studies have investigated the downstream proteins of TGF-beta
ethe Smad protein familye suggesting that Smads have tremen-
dous regulative functions in cell apoptosis. For instance, Patil et al.
found that the inhibition of the Smads signaling pathway can be an
obstacle to the apoptosis by TGF-beta [59]. In order to verify this
fact in our system, both the TGF-beta and Smads signaling path-
ways were investigated by assessing the mRNA levels of various
proteins by quantitative real-time PCR in treated (20 mg/mL of
pristine graphene for 48 h) and control RAW macrophages (Fig. 5).
Macrophages incubated with pristine graphene exhibited an
increased TGF-betamRNA level (Fig. 5A). ThemRNAof the TGF-beta
receptors I and II, which connect the extracellular TGF-beta signal
and the intracellular effectors, also undergone a tremendous
increase (Fig. 5B), and this further proved the important role played
by the TGF-beta pathway in response to pristine graphene expo-
sure. We therefore proceeded to the next step which consisted on
the evaluation of the Smads signaling pathway involvement. The
Fig. 5C revealed that the R-Smads (Smad2/3) and Co-Smad (Smad4)
mRNA levels significantly increased, showing a stimulated tran-
scription activity. The Fig. 5E shows that the phosphorylation of
R-Smad has occurred. All these results demonstrated that pristine
graphene stimulated and activated the TGF-beta and Smads
signaling pathwaywhich trigger the apoptosis. We also determined
the expression level of Inhibitor-Smad (Smad7) and found a 3-fold
increase in the mRNA level compared to the control (Fig. 5D).
Smad7 is a well known inhibitor of the Smads but is has also been
reported to enhance the TGF-beta, and even the TNF-alpha-
mediated apoptosis in some cell lines [60], which could be the
case in the present study.

3.8. Crosstalk within the mitochondrial apoptotic pathway

As we reported previous, the signaling pathways represent an
intricate and highly regulated system, with positive and negative
feedbacks in cells. Some publications have demonstrate that the
ERK protein can recruit the Smads proteins [61], then Smads must
play a key role in the apoptosis. Some other researches has proven
that the TGF-beta pathway can activate the MAPKs and induce the
apoptosis [62]. So there is a quite a number of candidate proteins
that can be recruited for this purpose.

Bim, a pro-apoptotic member of the Bcl-2 family, can be acti-
vated by either Smads proteins or JNK. Activated Bim recruit the
Bax protein, another pro-apoptotic member protein of the Bcl-2
family, to induce the permeabilization of mitochondrial outer
membrane, and cause the relocation of mitochondrial pro-
apoptotic factors into the cytosol, where these factors activates the
cascade of caspases, and finally caused the activation of caspase-3.
Caspase-3 is the important evectional caspase of the apoptosis [63].
To address the possible involvement of these pathway in pristine
graphene-induced apoptosis, the expression of Bim and Bax were
assessed by western blot in treated (48-h exposure of 20 mg/mL of
pristine graphene) and control cells (Fig. 6A). The marked increase
in Bim and Bax protein levels after exposure to pristine graphene
were another evidence of a TGF-beta and MAPKs combined role in
mitochondria-mediated apoptosis.

Generally, caspase-3 is activated in apoptotic cells by both
extrinsic (death ligand) and intrinsic (mitochondrial) pathways
[64e66] and is regarded as one of the most important executional



Fig. 5. Effects of pristine graphene on the TGF-beta pathway of RAW 264.7 cells. Protein expressions and mRNA variations were assessed. Western blot and real-time PCR of the
TGF-beta signaling pathway variations of RAW 264.7 cells incubated with 20 mg/mL pristine graphene for 48 h (*P < 0.05) A) Pristine graphene increase the TGF-beta mRNA level; B)
Effects of pristine graphene on TGF-beta receptor 1/2 mRNA level. Pristine graphene significantly increase the TGF-beta receptor 2, but do not have to much effect on TGF-beta
receptor 1; C) Pristine graphene can significantly increase the Smad2/3/4 mRNA level; D) Pristine graphene can significantly increase the Smad7 mRNA level; E) Effects of pris-
tine graphene on Smad2 and P-Smad2 protein variations. Pristine graphene can significantly increase the phosphor-Smad2 (P-Smad2). But total protein (Smad2) expression was
unaltered.

Fig. 6. Effects of pristine graphene on Bcl-2 super families and apoptosis key proteins of RAW 264.7 cells. Western blot were used for RAW 264.7 cells incubated with 20 mg/mL of
pristine graphene for 48 h. A) The protein level variations of Bcl-2 super families after incubated with pristine graphene. The Bimwas increase a little, but significantly increase with
Bax and Bcl-2; B) Effect of pristine graphene activated caspase-3 and PARP. Both active caspase-3 and active PARP have significantly increase after incubated with pristine graphene.
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Fig. 7. Schematic diagram of signaling pathways involved in pristine graphene-induced cell apoptosis. The proposed model shows that pristine graphene causes cell apoptosis
through ROS-activated MAPKs and TGF-beta pathways which regulate the mitochondria dependent apoptotic cascades.
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caspase. We determined the activation of caspase-3 in pristine
graphene-treated RAW 264.7 cells (Fig. 6B). The increase in the
activated (cleaved) caspase-3 presented in Fig. 6B confirmed the
involvement of Caspase-3 in the pristine graphene-mediated
apoptosis. The involvement of caspase-3 was also confirmed by
the process of PARP, a well-characterized downstream substrate of
activated caspase-3 (Fig. 6B).

The chemical structure of graphene is composed of hexagonal
6-membered carbonunits repeating infinitely in twodimensions and
forming a thin sheet. Carbon nanotubes (CNTs) have a similar
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structure. Longitudinal unzipping of a CNT and rolling-out infinitely
makes graphene. Previous studies show that SWCNTs can inhibit
HEK293 cells growth by inducing cell apoptosis and decreasing
cellular adhesion ability associating with down-regulation of
G1-assoicated cdks and cyclins and upregulation of apoptosis-
associated genes [67]. Ding et al. [68] reported that interferon and
p38/ERK-MAPK cascades are critical pathway components in the
induced signal transduction contributing to the more adverse effects
observed in human skin fibroblast cell populations exposed to
multiwall carbon nano-onions (MWCNOs) and multiwall carbon
nanotubes (MWCNTs). MWCNTs can activate NF-kB and AP-1
signaling pathways to induce apoptosis in rat lung epithelial cells
[69]. However, many other factors would contribute to the toxicity of
CNTs, like metal impurity, length, and protein binding [70e72]. The
interactions of single-wall carbon nanotubes (SWCNTs) with human
serumproteinsdemonstrateda competitive bindingof theseproteins
with different adsorption capacity and packing modes, which can
greatly alter their cellular interaction pathways and reduce the
toxicity of SWCNTs [72]. The common points are that both CNTs and
graphene can induce the mitochondrial damage and induce the ROS
generation and further trigger the mitochondrial apoptotic pathway.

We hereby provided direct evidences that both the MAPKs- and
the TGF-beta-related signaling pathways are involved in the pris-
tine graphene-induced apoptosis in RAW 264.7 macrophages.
Exposure of cells to pristine graphene can induce the loss of MMP
and the accumulation of ROS. Subsequently, ROS will activate the
MAPKs and TGF-beta signaling pathways, leading to the activation
of Bim and Bax, which cause the permeabilization of mitochondrial
outer membrane, and activates the cascade of caspases via
mitochondria-related mechanisms. The activation of caspase 3
causes the execution of apoptosis finally. The summary of the
mechanisms involving these signaling pathways, following pristine
graphene exposure, in cell apoptosis are illustrated in a schematic
diagram (Fig. 7).

4. Conclusion

In this work, the cytotoxicity and the related signaling pathways
of pristine graphene in murine RAW 264.7 macrophages were
evaluated. We found that the pristine graphene can induce cyto-
toxicity through the depletion of the mitochondrial membrane
potential and the increase of intracellular reactive oxygen species,
then trigger apoptosis by activation of the mitochondrial pathway.
Our study demonstrates the mitochondrial pathways, the MAPKs-
and TGF-beta-related signaling pathways involved in the apoptosis
induced by the pristine graphene. This work provides essential
information for further biomedical applications of graphene.
However, better understandings for their in vivo behavior and long-
term toxicology of graphene and its derivatives together with the
effect of chemical modification are extremely important and
further investigations are needed.
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