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ABSTRACT: Graphene has promising applications in food packaging, water purification, and detective sensors for
contamination monitoring. However, the biological effects of graphene are not fully understood. It is necessary to clarify the
potential risks of graphene exposure to humans through diverse routes, such as foods. In the present study, graphene, as the
model nanomaterial, was used to test its potential effects on the cell proliferation based on multiple representative cell lines,
including HepG2, AS49, MCF-7, and HeLa cells. Graphene was characterized by Raman spectroscopy, particle size analysis,
atomic force microscopy, and transmission electron microscopy. The cellular responses to graphene exposure were evaluated
using flow cytometry, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, and alamarBlue assays. Rat cerebral astro-
cyte cultures, as the non-cancer cells, were used to assess the potential cytotoxicity of graphene as well. The results showed that
graphene stimulation enhanced cell proliferation in all tested cell cultures and the highest elevation in cell growth was up to 60%.
A western blot assay showed that the expression of epidermal growth factor (EGF) was upregulated upon graphene treatment.
The phosphorylation of EGF receptor (EGFR) and the downstream proteins, ShC and extracellular regulating kinase (ERK),
were remarkably induced, indicating that the activation of the mitogen-activated protein kinase (MAPK)/ERK signaling pathway
was triggered. The activation of PI3 kinase p8S and AKT showed that the PI3K/AKT signaling pathway was also involved in
graphene-induced cell proliferation, causing the increase of cell ratios in the G2/M phase. No influences on cell apoptosis were
observed in graphene-treated cells when compared to the negative controls, proving the low cytotoxicity of this emerging
nanomaterial. The findings in this study revealed the potential cellular biological effect of graphene, which may give useful hints

on its biosafety evaluation and the further exploration of the bioapplication.
KEYWORDS: graphene, cell proliferation, EGER, cytotoxicity, biosafety

B INTRODUCTION

Graphene is a kind of two-dimensional nanomaterial, and it is
composed of sp>-hybridized carbon atoms hexagonally arranged
in single-atom thickness. It has a large surface area on both
sides of the planar axis and possesses unique electrical, thermal,
and mechanical characters." Since the production of graphene
layers was proposed by mechanically peeling sheets off graphite
crystals in 2004, the application of this emerging nanomaterial
has been widely explored in several fields, such as electronics
and biomedicine.”” The usage of graphene in food packaging is
becoming more and more popular because graphene nano-
plates are heat-resistant and can efficiently prevent the
migration of oxygen, CO,, and water vapor.” Graphene-based
material was also reported to kill pathogenic microbes in food
and drinking water.”~* Graphene-based sensors are effective for
the contamination monitoring in food and water.”'* All of
these usages evidently cause the exposure of graphene to
humans. It is thus necessary to understand the potential
biological effects of this emerging nanomaterial.

In view of the cytotoxicity of graphene-based materials, there
is no consensus in recent studies. Some people believe that the
derivatives of graphene are highly biocompatible without any
significant toxicity, while others pointed out that obvious
cytotoxicity was induced by this kind of nanomaterial in several
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cell lines."'~'* For instance, Ryoo et al. showed that graphene

substrates improved gene transfection efficacy in NIH-3T3
fibroblasts without inducing notable deleterious effects."*
Chang et al. found that graphene oxide (GO) did not enter
A549 cells and showed no obvious toxicity to AS49 cells."
On the contrary, Wang et al. demonstrated that water-soluble
GO had obvious toxicity to human fibroblast cells, such as
decreasing cell adhesion, inducing cell apoptosis, and entering
into lysosomes, mitochondria, endoplasm, and cell nucleus
when the dose was higher than 50 ug/ mL."® Biris et al. demon-
strated that graphene sheets (GS) induced cytotoxic effects on
phaeochromocytoma (PC-12) cells, while its toxicity was much
lower than carbon nanotubes.'” Different cytotoxicities were
observed for graphene in diverse cell types. Qu et al. demon-
strated that GO inhibited the proliferations of J774A.1 and
RAW 264.7 cells at the doses ranging from 2.5 to 80 pug/mlL,
but they did not observe any impairments induced by GO at
similar doses on the cell growth or survival of the other tested
cell lines, including mouse Hepa 1—6 hepatocytes, human Hepa
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Figure 1. Characterization of the graphene: (A) AFM image, (B) AFM topography, (C) TEM image, and (D) Raman spectrum.

G2 hepatocytes, or human MB-MDA-231 breast cancer cells."®
Altogether, most of the toxicological studies focused on the
exploration of the potential biological effects of GO materials,
and people believed that GO materials were more toxic than
graphene because they could form stable colloidal suspensions
in cell culture systems.'” However, it was pitifully inadequate
to make the arbitrary conclusion about the exposure risks of
graphene based on the data from GO materials regarding its
current wide applications and the distinct characters of these
two kinds of nanomaterials.

The aim of this study was to investigate the cellular biological
effects of a well-prepared graphene. The cell proliferations of
multiple cell cultures were first screened by graphene stimu-
lations. The most interesting finding was that the graphene
treatment caused significant elevation in cell proliferation in all
tested cell cultures. The investigation on the underlying molec-
ular mechanisms showed that both mitogen-activated protein
kinase (MAPK)/extracellular regulating kinase (ERK) and
PI3K/AKT signaling pathways were involved in graphene-
induced cell growth. To our knowledge, this was the first report
that fully elucidated graphene-enhanced cellular proliferation
on the molecular mechanisms.

B MATERIALS AND METHODS

Graphene Preparation and Characterization. Graphene is
purchased from XFNANO Materials Tech Co., Ltd. (Nanjing, China).
Stocking graphene suspension is prepared in dimethyl sulfoxide (DMSO)
or cell culture medium with 0.5% fetal bovine serum (FBS) (for cell
apoptosis and cell cycle assays) at a concentration of 1 X 10° ug/mL.
The suspension is dispersed by ultrasonic for 5 min to obtain homo-
geneous concentration before treatment.
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Table 1. ¢ Potentials of the Graphene in Different
Suspensions

medium { potential (mV)
water —12.58 + 3.30
DMSO —9.33 + 1.84
RPMI1640 cell culture medium with 10% FBS —0.656 + 1.49

The graphene was characterized by Raman spectrum (Horiba Jobin
Yvon LabRAM HR800, Japan). { potential was measured at 10 yzg/mL
in water, DMSO, and RPMI1640 medium with 10% FBS by a laser
particle size analyzer (Malvern Nano ZS, Nalvern, UK.). The mor-
phologies of graphene were observed by transmission electron micros-
copy (TEM, Hitachi H-7500, Japan) and atomic force microscopy
(AFM, Veeco Dimension 3100, Plainview, NY).

Cell Culture. The five types of commercially available cell lines
used in this study were human lung adenocarcinoma ephithelial cells
(AS49), human hepatocellular carcinoma cells (HepG2), human
breast adenocarcinoma cells (MCF-7), human cervical carcinoma
cells (HeLa), and Chinese hamster ovary cells (CHO-K1). AS49,
HepG2, and HeLa cells were maintained in RPMI1640 medium
(Hyclone, Logan, UT). MCF-7 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Hyclone), and CHO-K1 cells
were cultured in Dulbecco’s modified Eagle’s medium supplied with
F12 (DMEM/F12, Hyclone). The primary cultured astrocyte cells
were kindly provided by Dr. Qunfang Zhou from the Research Center
for Eco-Environmental Sciences (RCEES), Chinese Academy of
Sciences (CAS), Beijing, China, and maintained in DMEM/F12
(Hyclone).”® All media were supplemented with 10% FBS (Gibco,
Grand Island, NY) and 100 units/mL penicillin/streptomycin (Gibco).
All cell lines were grown at 37 °C in a 5% CO, humidified environment.
The cells at a logarithmic phase of growth were used for the exposure
tests.
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Figure 2. Cell proliferation in different cell lines exposed to the graphene: (A) MTT assay, (B) alamarBlue assay, (C) hemocytometer counting, and
(D) cell proliferation of rat cerebral astrocytes exposed to the graphene. The groups of panels C and D marked in abscissa stand for the negative

control and 1% DMSO solvent group, respectively.

Cell Viability. The cell viability was examined by three different
methods. For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, the protocol was adapted from Mosmann
et al.”' Cells were exposed to graphene of 1.25, 2.5, 5, 10, 20, 40, 80,
and 160 pg/mL for 24 h. At the end of exposure, 150 uL MTT
(Amresco, Solon, OH) solutions (0.5 mg/mL in cell culture medium)
were added to each well and the cells were incubated at 37 °C for 4 h.
After incubation, MTT solution was aspirated and the cells were
treated with 150 L of DMSO (Amresco). The plates were slightly
shaken at room temperature until the crystals were dissolved. Absorbance
was measured at 490 nm using a multimode microplate spectropho-
tometer (Varioskan Flash, Thermo Scientific, Waltham, MA).

For the alamarBlue assay, cells were exposed to graphene of 1.25,
2.5, 5, 10, 20, 40, 80, and 160 pug/mL for 24 h. At the end of exposure,
'/10 volume of alamarBlue reagent (Life Technologies) was added
directly to cells in culture medium. Then, cells were incubated for 2 h
at 37 °C in the dark. Fluorescence emission at 590 nm (excited at
540 nm) was measured by a multimode microplate spectrophotometer
(Varioskan Flash, Thermo Scientific, Waltham, MA).

For cell counting, cells were seeded in 6-well plates with 10° cells/well.
After culturing for 12 h, cells were treated with graphene at doses of
10, 20, 40, and 80 ug/mL. After 24 h, live cell counting was performed
with a hemocytometer after trypan blue staining.

Cell Apoptosis and Cell Cycle. Cell apoptosis and necrosis were
analyzed by double staining with Annexin V-FITC and propidium
iodide (PI), and 100 units/mL TNF-a (Calbiochem, San Diego, CA)
was used as the positive control. After 24 h of exposure, the cells were
collected and stained using the Annexin V-FITC Apoptosis Detection
Kit (Bender, Austria). Then, the samples were detected by the flow
cytometer (FACSCalibur, Becton Dickenson, San Jose, CA).

Cell cycle progression was also analyzed using the flow cytometer.
Cells were seeded in 6-well plates with 10° cells/well, starved for 48 h
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in medium with 0.5% FBS for synchronization, then changed to normal
medium, and treated with graphene. After 24 h of exposure, the collected
cells were washed by PBS and fixed using 70% ethanol overnight.
Ethanol was removed by centrifugation (1500 rpm for S min), and the
cells were washed twice with PBS. Cells were then resuspended in PBS
containing RNase (1 mg/mL, Sigma, St. Louis, MO) and PI (50 mg/mL,
Sigma), kept at 37 °C in the dark for 30 min, and then analyzed by
measuring the amount of PI-labeled DNA on the flow cytometer.

Western Bloting. Cells were seeded in 6-well plates with 10° cells/
well and treated with 0, 10, 20, 40 yg/mL graphene, and DMSO was
used as the solvent control with the same dose as in 40 ug/mL
graphene (0.25%). After treatment for 24 h, cells was washed with PBS
3 times and lysed with radioimmunoprecipitation assay (RIPA) lysis
buffer. The same amount of protein extracts was loaded for the
separation on 10% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) and then transferred to nitrocellulose mem-
branes. The membranes were blocked with 5% non-fat milk in Tris-
buffered saline with Tween 20 (TBST) at room temperature for 1 h.
The primary antibody was used at 1:1000 dilution and incubated
overnight at 4 °C with gentle shake. The secondary antibody was
used at 1:1000 dilution and incubated for 2 h at room temperature.
Blots were developed using enhanced chemiluminescence. The tested
proteins were phospho-epidermal growth factor receptor (EGFR),
phospho-ERK (P-ERK), ERK, phospho-PI3 kinases p8S, phospho-
AKT, AKT, phospho-ShC, and p-actin. All of the antibodies were
purchased from Cell Signaling Technology.

miRNA Silencing and Reverse Transcription Polymerase
Chain Reaction (RT-PCR) Analysis. HepG2 cells were seeded in
6-well plates with 10° cells/well and transfected with (1) miRNA-7
(synthesized by Sangon Biotech, Shanghai, China) in Lipofectamine2000
(Lipo2000, Invitrogen) and (2) negative control with Cy3 tag (Cy3-NC,
synthesized by Sangon Biotech, Shanghai, China) in Lip02000.
Cells were continuously incubated for 24 h after transfection.
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Figure 3. Cell cycle changes after graphene treatment. (A—C) Gates in which cells were analyzed. The data were from the samples in the group of
AS49 treated with 80 pg/mL graphene. (D) Cell cycle changes in A549 cells treated by different doses of graphene. (E) Cell cycle changes in HepG2

cells treated by different doses of graphene. () p < 0.01.

Figure 4. Microscopic images of HepG2 cells treated with 40 pg/mL graphene for 24 h: (A) light field and (B) differential interference contrast

(DIC) image.

The transfection efficiency was investigated by confocal laser scanning
microscopy (CLSM, Zeiss 510, Germany).

Transfected cells were treated with 40 pug/mL graphene. Relative
quantifications of mRNA expression in the genes EGFR, PI3K, and
Akt were calculated using the RT-PCR assay.

Total RNAs were extracted from cells using Trizol (Invitrogen).
RT-PCR analysis was performed as described in ref 22. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an internal control.
Primers are as follows: GAPDH forward, 5-CAT CAG CAA TGC
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CTC CTG CAC-3’ and reverse, 5'-TGA GTC CTT CCA CGA TAC
CAA AGTT-3’; EGFR forward, 5'-CTT GAT TCC AGT GGT TCT
GCT TC-3' and reverse, 5'-CAT CCC CTC CGT TTC TTC TTT-3/;
PI3K forward, 5'-CTG TGT GGG ACT TAT TGA GGT GGT-3'
and reverse, 5'-ACT GAT GTA GTG TGT GGC TGT TGA-3’; and
Akt forward, 5'-TGT GAA GGA GGG TTG GCT GC-3’ and reverse,
5’-ACT GCG CCA CAG AGA AGT TGTT-3'.

Statistical Analysis. The difference of experimental data between
two groups was assessed using the two-tailed Student’s t test. Data

DOI: 10.1021/acs jafc.5b05923
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were shown as the mean =+ standard deviation (SD) (n > 3). p < 0.0§
was considered statistically significant.

B RESULTS AND DISCUSSION

Characterization of Graphene. The commercially avail-
able graphene was specified with no functionalization or oxi-
dation. Careful characterization was performed before it was
submitted to the cell stimulations. The results based on AFM
observation showed that the thickness of this graphene was
about 1.2 nm (panels A and B of Figure 1). The morphology
provided by TEM demonstrated that the graphene consisted of
ultrathin layers (Figure 1C). Raman spectrum analysis showed
the featured peaks of graphene at 1580 cm™' (G peak) and
2680 cm™' (2D peak) (Figure 1D), indicating the character of
multilayers for this graphene.””** This result was consistent
with the thickness of an individual GS (1.2 nm) obtained by
AFM measurement. The characterization of { potential showed
that this graphene was negatively charged in water and DMSO,

Figure S. TEM image of (A) edge of HepG2 cellular membrane in
the control group and (B—D) GS (indicated by red arrow) around
HepG2 cells in groups treated with 40 pg/mL graphene for 24 h.
Magnification: (A and B) 25000% and (C and D) 30000X.

while it turned nearly neutral in cell culture medium (Table 1).
The stability of graphene suspensions was evaluated, and the
results showed that graphene was well-dispersed in DMSO and
cell culture medium after ultrasonics for S min.

Graphene-Induced Cell Proliferation in Diverse Cell
Cultures. As reported, liver and lung are the important target
tissues in which graphene family nanomaterials may bioaccu-
mulate and induce damnification.”® A long-term in vivo study
revealed that the graphene quantum dots mainly accumulated
in liver, spleen, lung, kidney, and tumor sites.”® Graphene accu-
mulated initially in the reticuloendothelial system (RES), liver,
and spleen after intravenous injection.”” Graphene oxides at a
dose of 0.4 mg induced granulomas in the lung, liver, spleen,
and kidney in mice.'® Moreover, GOs showed good biocom-
patibility with red blood cells.”® In vivo fluorescence imaging
revealed that graphene had high uptaken in the tumor in several
xenograft tumor mouse models.”® On the basis of the liver/ lung
targeting and tumor uptake of graphene, we chose cell lines
(HepG2 and AS49) derived from liver and lung as the main
models to study the in vitro toxicity of graphene. Several other
cells were also selected to discuss the cell type selection for the
graphene cytoxicity test.

To assess the potential cellular biological effects of the
graphene, we performed 24 h stimulation on four cell lines,
including HepG2, A549, HeLa, and MCF-7, with the graphene
at a series of concentration gradients (1.25—160 pug/mL). The
cell viability based on the MTT assay showed that obvious cell
proliferation was induced for all four cell lines in the tested dose
range (Figure 2A). Comparatively, three cell lines, including
HepG2, AS549 and HeLa cells, showed more sensitivity to
graphene treatment when compared to MCF-7. For example, a
significant increase in cell proliferation was observed in HepG2
cells exposed to 10 ug/mL graphene, while the elevation in
cell growth did not become significant for MCF-7 until it was
stimulated by 160 pg/mL graphene. An approximate 20—60%
cell proliferation increase was observed in HepG2 in the tested
range of 10—160 pg/mL graphene, and it climaxed at the
stimulation of 80 pug/mL graphene with the increased ratio of
60%. The typical dose-dependent manner was clearly exhibited
in this cellular response induced by graphene. Likewise, A549
and HelLa cells responded to graphene exposure in a way
similar to HepG2.

Nevertheless, the argument was proposed by Liao et al. that
the MTT assay would be influenced by GS/GO materials
because they could reduce the [MTT]* cations by donating the
electrons.”® The potential disturbance of graphene on the MTT
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assay was evaluated by the direct incubation of this nano-
material with the MTT dye, and the result showed that no
effect was observed during the tested range of 0—160 pg/mL
graphene (data not shown). This confirmed that the cell
proliferation induced by graphene observed above was real
instead of the false-positive results from the failure of the MTT
assay in evaluation of the effects of some nanomaterials.

The cellular phenotype of graphene-induced cell proliferation
was further tested by some alternative methods, including the
alamarBlue assay and hemocytometer counting. The results in
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panels B and C of Figure 2 showed that the trends similar in
cell proliferation were exhibited in all tested cell cultures upon
graphene treatments, although the sensitivities in cell responses
were varied. These findings further confirmed the phenotype of
the enhanced cellular proliferation upon graphene stimulation.

As we know, those four cell lines used above are all derived
from diverse tumor tissues and may have some specific distinct
characters when compared to the normal tissue cells. The sub-
cultures from the primary rat cerebral astrocytes were used to
evaluate the potential effects of graphene on normal tissue cells.

DOI: 10.1021/acs jafc.5b05923
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The results from the alamarBlue assay showed that graphene
stimulation caused the significant increase in the proliferation
of astrocytes as well (Figure 2D), and this cellular response
was also elevated in the dose-dependent manner. This was
consistent with the findings from the other tested cell lines,
proving that graphene-induced cell proliferation occurred in
both tumor-derived cell lines and normal cells.

Effects of Graphene on Cell Cycle Progression. We
investigated the apoptosis and necrosis using FITC-Annexin
V and PI staining and detected it by flow cytometry. No change
was observed between cells treated with and without graphene
(data not shown). The cell cycle was detected by flow cytom-
etry and PI staining. We found no obvious changes in phase
percentage in graphene-treated A549 cells in comparison to the
untreated cells (Figure 3D). While in HepG2 cells, there is an
increase of G2/M percentages and a concomitantly decrease of
S fractions (Figure 3E). This result revealed the enhancement
of transition from the S phase to the G2/M phase upon
graphene treatment, which would also contribute to the cellular
proliferation.

Attachment of Graphene on the Cell Membrane.
Previous studies”’ have indicated that graphene exhibited
excellent compatibility with red blood cells and platelets. It did
not disturb the plasma coagulation pathways. Minimal alter-
ations were induced in the cytokine expression of human
peripheral blood mononuclear cells upon graphene stimulation.
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Others reported the obvious cytotoxicity of graphene and GO
was often due to the good dispersion of graphene materials in
cell culture medium and the substantial cellular uptake of the
nanomaterials."® As for the graphene used in this study, it had
poor dispersion in the cell culture medium and obvious aggre-
gation was formed on the outer membrane of the cells after
24 h of exposure (Figure 4). Very little graphene was found in
cells based on TEM searching (Figure S). The cellular uptake
of graphene could be hindered by both aggregation and the
lamellar shape of graphene. Therefore, the poor solubility of
graphene may block its potential toxic effects from an exog-
enous invader for cells. Similar results in the study by Mullick
Chowdhury et al. showed that AS49 cells had no uptake of
graphene nanoribbons.” Jaworski et al. also pointed out that
graphene platelets did not enter into the cells.”> Nevertheless,
as seen from Figure 4 and panels B—D of Figure 5, plenty of
GS deposited closely to or attached on the cell membrane
(indicated by the yellow arrow), which could pose direct stim-
ulations to the cells through the physical contact.
Graphene-Activated EGFR/MAPK Signaling Pathways.
We all know that the activation of members of the EGFR
family is a kind of transmembrane tyrosine kinase. They play
critical roles in regulating cell proliferation, differentiation,
and migration.”*** Considering the phenotype of graphene-
enhanced cellular proliferation and the membrane contact with
graphene aggregates, it could be speculated that EGFR could

DOI: 10.1021/acs jafc.5b05923
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http://dx.doi.org/10.1021/acs.jafc.5b05923

Journal of Agricultural and Food Chemistry

EGFR
gPrr;spl:'l; . EGF Pristine graphene
sheets greeton
\
P P -
P P ShC (p
P P P N
ﬁ\ P Ras, Raf-1
/" .
€
P
P * P
v 5
P21/p27
X v
P
[ceticycle @ g
progression
Gene transcription

e

Cellular proliferation

Figure 9. Schematic diagram delineating the mechanisms involved in
graphene-enhanced cellular proliferation. The GS and aggregation
triggered the EGFR by promoting EGF. Phosphorylated EGFR
activated ShC and PI3 kinases, which upregulated downstream
proteins ERK1/2 and AKT, modulated cell cycle progression and
gene transcription, and eventually reinforced the cellular proliferation.

be influenced and involved in this biological process. Using
HepG2 and AS549 as the cell models, we evaluated the secre-
tion of epidermal growth factor (EGF) in the cell culture medium
after graphene stimulation using a commercially available enzyme-
linked immunosorbent assay (ELISA) kit. A time-course study
showed that extracellular EGF levels were significantly higher
than the negative controls after 24 h of exposure of 40 ug/mL
graphene (p < 0.01; Figure 6A). When the cells were treated
with different concentrations of graphene (10—80 ug/mL),
EGF secretion was significantly elevated with the increase of
graphene stimulation doses in both cell lines (Figure 6B). This
finding was well-consistent with the results from the cell pro-
liferation indicated in Figure 2, suggesting that EGF could be
the direct mediator for graphene-induced cell proliferation.

EGF, as one of the high-affinity ligands, can specially bind to
EGFR, thus modulating cell survival and cell growth through
the endogenous intricate signaling pathways.*® The binding of
EGEF to the extracellular domain of EGFR induces the dimer-
ization, activation of intrinsic kinase activity, and subsequent
autophosphorylation of EGFR.>’ A western blot assay for
graphene-treated HepG2 samples showed that the expression
of phosphorylated EGFR was increased with the stimulation
doses (Figure 7A). The induction of EGFR phosphorylation in
graphene-treated cells was consistent with the finding of
increased EGF secretion (Figure 6B).

Activated EGFR may recruit various cytoplasmic proteins
and subsequently transduce the cellular impulse to exert func-
tion.”® A series of protein recruitment phosphorylates MEKs,
which then activates the ERK.” The graphene aggregated
on the cell membrane could act as extracellular stimuli to
upregulate the EGF, phosphorylate EGFR, and then acti-
vate the extracellular regulated kinases 1 and 2 (ERK1/2 or
p44/42). Accordingly, ERK phosphorylation was also explored
in this study, and the results were depicted in Figure 7A.
Clearly, graphene treatment significantly elevated the levels of
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phosphorylated ERK, which was dose-dependent and well-
matched with the result of EGFR phosphorylation.

Meanwhile, the phosphorylation of the modular protein ShC
was found to be pronounced upregulated in graphene-treated
cells and exhibited in a dose-related manner (Figure 7B). As
reported, the association of ShC to EGFR may lead to its tyro-
sine phosphorylation and it is the main step in EGF-dependent
induction of the MAPK pathway."’ Thus, the phosphorylation
of ShC in this result indicated the induction of the MAPK
pathway upon treatment of graphene.

The activation of the ERK signaling pathway may modulate a
number of transcriptional regulators to induce cell growth and
proliferation.*' In this study, we found PI3Ks, another major
mediator in the EGFR signaling pathway, were also activated
(Figure 7C). PI3Ks are major players in cellular functions,
where they contribute to a variety of cellular processes, including
proliferation, survival, adhesion, and migration.42 Interaction
between the PI3 kinase and the EGF receptors is required for
its activation, and it is mediated by association of the phos-
phorylated receptors with the p85 subunit of PI3K.*> PI3Ks
convert phosphatidylinositol-4,5-bisphosphate (PIP2) to phos-
phatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 binds to the
PH domain of protein kinase B (PKB, also known as AKT) and
recruits it to the plasma membrane. The phosphorylated AKT,
in turn, regulates the activity of downstream proteins to medi-
ate the cell survival.** It is a major mediator of PI3K action in
survival and proliferation and may be the major mediator of the
anti-apoptotic effects of EGFR activation.*

As shown in Figure 7C, the protein level of the p85 subunit
of PI3K was elevated remarkably and the phosphorylation
of AKT was prominent after the treatment of 10—40 pug/mL
graphene, suggesting that the PI3K/AKT signal pathway be
involved in the mechanism of graphene-induced proliferation.
Studies showed that AKT appeared to regulate p27kipl at
multiple levels to ensure a tight control of progression through
the Gl phase of the cell cycle.”** As AKT was phos-
phorylated upon the treatment of graphene in our study, the
GO0/G1 arrest would be modulated by the activated AKT, which
was confirmed by results from panels D and E of Figure 3.

We used miRNA-7 to block the expression of EGFR.
miRNA-7 is a microRNA that inhibits EGFR by inducing
mRNA decay.”” Cells was transfected with miRNA-7 and nega-
tive control. The transfection efficiency was over 80% indicated
by the negative control with Cy3 fluorescin, as shown in
Figure S1 of the Supporting Information. After 24 h of trans-
fection of miRNA-7, the expression of EGFR was significantly
depressed (Figure 8A). In this case, graphene treatment did not
stimulate expression of PI3K or Akt (Figure 8A). The
proliferation of transfected cells was not enhanced by graphene
treatment either (Figure 8B). To validate that EGFR involved
in the mechanism of graphene induced cellular proliferation, we
also investigated the cellular proliferation of the EGFR negative
cell line CHO-KI1 upon treatment of graphene. As shown in
Figure 8C, no significant enhancement of cellular proliferation
was observed in all groups treated with graphene. These results
confirmed that the graphene induced cellular proliferation
through activating EGFR.

This study investigated the toxicity of graphene on various
cell lines. It found that the graphene enhanced the cellular pro-
liferation and the transition of the cell cycle from the S phase to
the G2/M phase. We also elucidated the molecular mechanisms
responsible for graphene-enhanced cellular proliferation.
As shown in the proposed schematic (Figure 9), we found
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that the GS and aggregation attached on the cell membrane,
promoted of EGF, and triggered the EGFR phosphorylation.
The phosphorylated EGFR activated ShC and PI3 kinases,
which upregulated downstream proteins ERK1/2 and AKT,
modulated cell cycle progression and gene transcription, and
eventually reinforced the cellular proliferation.

These results forecasted the cellular biological effects of
graphene. It revealed the risk of graphene inducing cellular
proliferation through MAPK/ERK and PI3K/AKT signal
pathways. Further studies will focus on the verification of the
graphene-induced cellular proliferation on in vivo models and
investigate the possibility of cancerogenics induced by the
activation of EGFR and AKT. We consider that the results from
this study are significant for the application of graphene related
with food.
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