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G
raphene is a single-atom-thick, two-
dimensional sheet of hexagonally
arranged carbon atoms and has fas-

cinating physical and chemical properties.1

Graphene oxide (GO), extensively studied
and applied in biomedical and nonbiome-
dical products, is one of the most important
graphenederivatives.2�4 Becauseof its physio-
logically stable property, GO was poten-
tially used in delivery of anticancer drugs
and genes, cell and tumor bioimaging,
and photothermal therapy.2�5 Nevertheless,
there may still be a long way to go before
realizing application of graphene family
materials in clinical settings. One of the
important obstacles is the potential toxicity
of graphene and its derivatives in biological
systems.5

The rapid development of nanotechnol-
ogy increases the exposure levels of engi-
neered nanomaterials (ENMs) for humans
and the environment.6�14 Anumber of groups
have investigated the potential in vitro toxicity

of GO to mammalian cells.15�19 Low doses of
GOdid not induce an obvious cytotoxicity and
cellular uptake in human pulmonary adeno-
carcinoma A549 cells and neuroblastoma
SH-SY5Y cells; however, high doses of GO
resulted in oxidative stress and caused
reduction in viability of A549 or SH-SY5Y
cells.15,16 In HeLa cells, GO exhibited a dose-
dependent toxicity and induced genera-
tion of reactive oxygen species (ROS).17 GO
showed a dose-dependent change of he-
molytic activity in human red blood cells.18

The cyto- and genotoxicities of GO to hu-
man stem cells were also size- and concen-
tration-dependent.19 Moreover, the GO
nanosheet effectively inhibited growth of
Escherichia coli bacteria.20,21 The immuno-
toxicity of GO was determined in human
immune cells such as dendritic cells, T lym-
phocytes, and macrophages.22 The in vivo

studies further demonstrated that GO was
predominantly deposited in the lung for a
long timewith the difficulty of excretion.23,24
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ABSTRACT Graphene oxide (GO) can be potentially used in biomedical and nonbiomedical

products. The in vivo studies have demonstrated that GO is predominantly deposited in the

lung. In the present study, we employed SOLiD sequencing technique to investigate the

molecular control of in vitro GO toxicity in GLC-82 pulmonary adenocarcinoma cells by

microRNAs (miRNAs), a large class of short noncoding RNAs acting to post-transcriptionally

inhibit gene expression. In GLC-82 cells, GO exposure at concentrations more than 50 mg/L

resulted in severe reduction in cell viability, induction of lactate dehydrogenase leakage,

reactive oxygen species production and apoptosis, and dysregulation of cell cycle. GO was

localized in cytosol, mitochondria, endoplasmic reticulum, and nucleus of cells. Based on

SOLiD sequencing, we identified 628 up-regulated and 25 down-regulated miRNAs in GO-exposed GLC-82 cells. Expression of some selected dysregulated

miRNAs was concentration-dependent in GO-exposed GLC-82 cells. The dysregulated miRNAs and their predicted targeted genes were involved in many

biological processes. By combining both information on targeted genes for dysregulated miRNAs and known signaling pathways for apoptosis control, we

hypothesize that the dysregulated miRNAs could activate both a death receptor pathway by influencing functions of tumor necrosis factor R receptor and

caspase-3 and a mitochondrial pathway by affecting functions of p53 and Bcl-2 in GO-exposed GLC-82 cells. Our results provide an important molecular basis

at the miRNA level for explaining in vitro GO toxicity. Our data will be also useful for developing new strategies to reduce GO toxicity such as surface

chemical modification.
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After intravenous injection, GO induced a high
thrombogenicity and pulmonary edema and granuloma
formation in the lung.23�25 Mice treated intratracheally
with GO induced severe and persistent lung injury, in-
crease in the rate of mitochondrial respiration and
ROS generation, and activation of inflammation and
apoptosis.26WithCaenorhabditis elegansasan in vivoassay
system, the underlying chemical and cellular mechanisms
of GO-induced toxicity have also been examined.27,28

Although the in vitro and in vivo studies have
demonstrated the possible toxic effects of GO, so far,
the underlying molecular mechanism for GO toxicity is
still largely unclear. Yuan et al. performed an iTRAQ-
coupled 2D LC-MS/MS proteome analysis on GO toxi-
city in human hepatoma HepG2 cells, and overall, 30
differentially expressed proteins involved in metabolic
pathway, redox regulation, cytoskeleton formation,
and cell growth were identified.29 MicroRNAs (miRNAs),
a large class of short noncoding RNAs found in many
plants, animals, and humans, usually act to post-
transcriptionally inhibit gene expression.30 The SOLiD
sequencing technique could be used to acquire the
miRNA expression profiling in NIH/3T3 cells treated
with Fe2O3 nanoparticles (Fe2O3 NPs), CdTe quantum
dots (CdTe QDs), and multiwalled carbon nanotubes
(MWCNTs).31 In the present study, we employed
the SOLiD sequencing technique to investigate the
miRNA control of in vitro GO toxicity in pulmonary
adenocarcinoma GLC-82 cells.32 The data presented
herewill be useful for our understanding themolecular
mechanism for formation and regulation of GO toxicity
at the level of miRNA molecules.

RESULTS AND DISCUSSION

Physicochemical Properties of Prepared GO. GO, synthe-
sized according to themodified Hummer's method,33,34

was black and dispersed well. Transmission electron
microscopy (TEM) and atomic force microscopy (AFM)
images indicated the sheet-like shape of prepared GO
(Figure 1a,b). The height image from AFM indicates
that the thickness of the prepared GO was ∼1.0 nm in
topographic height, corresponding to approximately
one layer (Figure 1b). After sonication, the TEM images
of GO suggest that the size of GO aggregates in Roswell
Park Memorial Institute (RPMI) was 423 ( 21 nm
(Figure 1c). The average size of GO after sonication in
RPMImediumwas 51 nm (Figure 1d). Fourier transform
infrared spectroscopy (FTIR) spectrum of GO showed
that the peaks at 1401 and 3406 cm�1 were attributed
to O�H stretching vibration, the peak at 1638 cm�1 is
attributed to CdO stretching vibration, and the peak at
1036 cm�1 is attributed to vibration of C�O (alkoxy)
(Figure 1e). Raman spectroscopy showed that the
D-band signal was appeared after treatment with sul-
furic acid and KMnO4, indicating the introduction of dis-
order into the graphite layer (Figure 1f). Zeta-potential
of GO in RPMI medium was measured by the Nano

Zetasizer using a dynamic light scattering (DLS) tech-
nique, and the zeta-potential of GO in K medium was
�22.8 mV. The sonicated GO was used for the further
toxicity assessment.

In Vitro Localization of GO in GLC-82 Cells. To investigate
the in vitrodistribution of GO,weperformed the TEM to
observe the distribution of GO in GLC-82 cells. In
control GLC-82 cells without GO treatment, we could
not detect the GO distribution in both the nucleus
and the cytosol (Supporting Information Figure S1a).
After exposure for 3 h, GO could be localized in both
cytoplasm and nucleus (Figure 2a,b). In the nucleus, GO
was mainly located in the border region (Figure 2a). In
the cytoplasm, GO could be located in some of the
mitochondria (Figure 2b). Moreover, after exposure for
72 h, a large amount of GO was deposited in both
cytosol and nucleus (Figure 2c). In the nucleus, GO
could be located at most of the regions including the
border region (Figure 2c,d and Figure S1b). In the
cytoplasm, GO could be located in both mitochondria
and endoplasmic reticulum (Figure 2d,e).

In Vitro Toxicity of GO on GLC-82 Cells. To determine the
in vitro toxicity of GO inGLC-82 cells, we first performed
the cell counting kit-8 (CCK-8) viability assay. On the
basis of themicroscopic observation, we found that GO
could scatter inside the GLC-82 cells or aggregate
outside the GLC-82 cells (Figure 3a). With the increase
of GO exposure concentrations,morphology ofmost of
the GO-exposed GLC-82 cells became round or irregu-
lar, had unclear cell boundary, floated in the media, or
exhibited cell debris (Figure 3a). After exposure to
different concentrations of GO, we further observed
that the in vitro GO toxicity was both time- and
concentration-dependent (Figure 3b). With the in-
crease in exposure concentration or extension of ex-
posure time, cell viability gradually decreased in GO-
exposed GLC-82 cells (Figure 3b). Nevertheless, the cell
viability in GLC-82 cells treatedwith 200mg/L of GO for
72 h could remain at the level of approximately 58.7%
(Figure 3b).

To examine the possible underlying mechanism for
GO-induced decrease in cell viability, we investigated
the effects of GO exposure on integrity of cell mem-
brane as revealed by intracellular lactate dehydrogen-
ase (LDH) assay. Exposure to the examined concentra-
tions of GO for 48 h all induced the significant LDH
leakage (Figure 3c). Because the intracellular LDH
molecules would be released out of cells if the exam-
ined cell membrane is damaged, our data imply that
GO exposure would cause the damage on membrane
integrity in GLC-82 cells. Accompanied with the da-
mage on cell membrane integrity, we further observed
that exposure to 100 mg/L of GO for 48 h significantly
induced the ROSproduction inGLC-82 cells (Figure 3d),
implying the induction of oxidative stress in GO-
exposed GLC-82 cells. Moreover, the flow cytometry
(FCM) assay demonstrates that exposure to 100 mg/L
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of GO for 48 h significantly induced the apoptosis
in GLC-82 cells (Figure 3e). The apoptosis rate in GLC-
82 cells was approximately 22.7-fold that in control
cells (Figure 3e). Meanwhile, GO exposure significantly
increased the population of S-phase GLC-82 cells and

decreased the population of G2-phase GLC-82 cells
(Figure 3e), suggesting the alteration of cell cycle in
GO-exposed GLC-82 cells.

MiRNA Participant in the Control of GO Cytotoxicity. To
determine the possible involvement of miRNAs in

Figure 1. Physicochemical properties of prepared GO. (a) TEM image of GO before sonication. (b) AFM image of GO. (c) TEM
image of GO in RPMI medium after sonication. (d) Size distribution of GO in RPMI medium after sonication. (e) FTIR spectrum
of GO. (f) Raman spectrum of GO.

Figure 2. Localization of GO inGLC-82 cells. (a,b) TEMassay of GO localization in GLC-82 cells exposed to GO for 3 h. (c�f) TEM
assay of GO localization in GLC-82 cells exposed toGO for 72 h: nu, nucleus; cyt, cytoplasm;mt,mitochondria; er, endoplasmic
reticulum. The GO exposure concentration was 100 mg/L. Arrowheads indicate the localization of GO in GLC-82 cells.
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controlling GO toxicity, the SOLiD sequencing, a meth-
od widely used for analysis of miRNA expression pro-
filing,31 was performed to compare the miRNA expres-
sion profiling between control and 100 mg/L of GO
exposure. We performed a clustering analysis according
to length and chromosome location for the detected
miRNA sequences. The detected miRNA sequences ap-
peared as the size of 14�26 nucleotides (Figure 4a), and
among them, most SOLiD sequences were found to be
distributed between 19 and 22 nucleotides, which were
considered as mature miRNAs by subsequent miRNA
database blasting (Figure 4a). The miRNAs detected in

the SOLiD sequencing were located on all chromo-
somes including the sex chromosome X (Figure 4b).
Most SOLiD sequences were localized onto chromo-
some 1, 19, or X (Figure 4b). These data imply the
feasibility of RNAomics study and the possible partici-
pation of miRNAs in controlling GO cytotoxicity.

Dysregulated MiRNA Expression by GO Exposure. The dys-
regulated expression of miRNAs in GO-exposed GLC-
82 cells was investigated with the fold-change analysis
and developed for further analysis based on statistical
significance and use of a 2.0-fold-change cutoff. Anno-
tations of differentially expressed genes were acquired

Figure 3. Toxicity of GO on GLC-82 cells. (a) Effect of GO onmorphology of GLC-82 cells. Themorphology of GLC-82 cells was
examined based on CCK-8 assay after cells were treated with different concentrations of GO. (b) Effects of GO on cell viability
of GLC-82 cells. Cell viabilitywas examinedbasedonCCK-8 assay after GLC-82 cellswere treatedwith different concentrations
of GO. (c) Effect of GO onmembrane integrity of GLC-82 cells based on LDH assay. (d) ROS production in GLC-82 cells treated
with 100 mg/L of GO for 48 h. The positive control was prepared by culturing the cells with RPMI-1640 containing 100 μM of
H2O2 for 1 h prior to the addition of DCFH-DA. The cells without DCFH-DA treatment was taken as a negative control. The
control means that cells without exposure to GO were labeled by the DCFH-DA. (e) Effects of 100 mg/L of GO exposure on
apoptosis and cell cycle in GLC-82 cells based on FCM assay. Bars represent mean ( SEM, *p < 0.05, **p < 0.01.
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by comparing the miRNA sequences with the databases
of Genbank andmiRbase databases (Table S1, Figure 4c,
and Figure S2). In the present study, we found 653
differentially expressedmiRNAs (Table S1). Among these
miRNAs, 628 up-regulated miRNAs and 25 down-regu-
lated miRNAs were identified (Table S1, Figure 4c, and
Figure S2). The differential expression of miRNAs with
p value analysis suggested that the characteristic expres-
sion profiles existed in GO-exposed GLC-82 cells com-
paredwith that in control GLC-82 cells (Figure 4c). There-
fore, the expression patterns of miRNAs were globally
influenced by GO in GLC-82 cells.

Besides the SOLiD sequencing, we also randomly
selected several candidate miRNAs and performed the
quantitative analysis by real-time polymerase chain
reaction (PCR). After exposure to 100 mg/L of GO for
48 h, expression levels ofmir-466,mir-548j,mir-299-3p,
and mir-508-3p were significantly increased, and ex-
pression levels of mir-3656 and mir-663a were signifi-
cantly decreased compared with control (Figure 4d).
The expression patterns for these candidate miRNAs
were similar to those from SOLiD sequencing (Table S1
and Figure 4d). Moreover, the miRNA expression was
concentration-dependent in GO-exposed GLC-82 cells
(Figure 4d).

Prediction of Targeted Genes for Dysregulated MiRNAs in GO-
Exposed GLC-82 Cells and the Assessment of Gene ontology.
Using the TargetScan database, we predicted the
possible targeted genes for dysregulated miRNAs
by p < 0.05 cutoff. We found 181 and 845 possible
targeted genes for down- and up-regulated miRNAs,
respectively. Gene ontology analysis provides the on-
tology of defined terms and gene product properties.
Based on the dysregulated miRNA genes and their
predicted targeted genes, the biological processes
involved in the in vitro GO exposure were further
evaluated by DESeq. Our data showed 89 up-regulated
and 12 down-regulated gene ontology terms (Tables
S2 and S3). The significantly influenced gene ontology
terms were mainly classified into several categories,
which at least contained biological processes of cell
growth, cell cycle, cell death, inflammation, cell meta-
bolism, vesicle transportation, development, and cell
protection (Figure 5a,b and Tables S2 and S3).

Analysis of Signal Pathways Mediated by the Predicted
Targeted Genes for Dysregulated MiRNAs in GO-Exposed GLC-82
Cells. To obtain comprehensive insight into the molec-
ular basis of miRNAs differentially expressed in GO-
exposed GLC-82 cells, we further employed the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway

Figure 4. Results of SOLiD sequencing. (a) Length distribution of miRNAs detected from SOLiD sequencing. (b) Chromosome
localization of miRNAs examined revealed by SOLiD sequencing. (c) Differential expression of miRNAs with p value analysis.
(d) ExpressionpatternofmaturemiRNAsdetectedby real-time PCR after exposure toGO for 48 h. Bars representmean( SEM,
**p < 0.01.
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database to identify the related signal pathways
mediated by the predicted targeted genes for dysre-
gulated miRNAs in GO-exposed GLC-82 cells. KEGG

pathway mapping is the process to map molecular
data sets, especially large-scale data sets in genomics,
and the related signaling pathways can be extracted by

Figure 5. Assessment of gene ontology terms and signal pathways. (a) Gene ontology terms with gene counts more than
10 based on up-regulatedmiRNAs. (b) Gene ontology termswith gene countsmore than 5 based on down-regulatedmiRNAs.
(c) Predicted gene ontology terms based on differentially regulated miRNAs. (d) Predicted KEGG signal pathways based on
differentially regulated miRNAs.
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pathway mining tool. In the present study, we identi-
fied 98 up-regulated and 6 down-regulated signaling
pathways (Tables S4 and S5 and Figure 5c,d). The
activated signaling pathways possibly by GO exposure
mainly focused on signaling pathways related to thro-
mobosis, oxidative stress, inflammation, cell growth/
proliferation, apoptosis, cell cycle, cell metabolism,
membrane trafficking, development, stress response,
and G-protein-coupled signaling pathway (Tables S4
and S5), which was largely consistent with the data
from gene ontology.

Molecular Mechanism for Dysregulated MiRNAs in Regulating
the In Vitro GO Toxicity. To determine the molecular
mechanism for miRNAs in regulating in vitro GO toxi-
city, we searched the predicted targeted genes in-
volved in the control of cell death or cell cycle for
the dysregulated miRNAs in GLC-82 cells. We found
that CASP3, Bcl12L11, Bcl3, BAG6, TNFRSF8, H-RAS,
TP53TG3C, p21, MDM2BP, FAS, FASLG, GADD45G, CREB,
Bcl2L12, CCNE2, CCND3, CDK9, CDKL3, E2F3, E1F4G2,
E2FBP1, TGFBR3,MEGF4, eNOS, and NaNog genes were
the possible targeted genes for the dysregulated miR-
NAs in GLC-82 cells, and these genes are involved in
the molecular control of cell death and/or cell cycle
(Table S6).35�37 We further performed the quantitative
analysis for these genes in control and GO-
exposed GLC-82 cells by real-time PCR. Interestingly,
we found that expression patterns of CASP3, BAG6,
TNFRSF8, H-RAS, TP53TG3C, CREB, Bcl2L12, CCNE2,
CCND3, and MEGF4 genes were significantly altered
in GLC-82 cells exposed to 100 mg/L of GO for 48 h
compared with control (Figure 6a). After exposure to
100 mg/L of GO, expression levels of CASP3, TNFRSF8,
TP53TG3C, and MEGF4 genes were significantly in-
creased, whereas expression levels of BAG6, H-RAS,
CREB, Bcl2L12, CCNE2, and CCND3 genes were signifi-
cantly decreased in GLC-82 cells (Figure 6a). In humans,
CASP3 encodes a caspase-3 protein, TNFRSF8 a tumor
necrosis factor R (TNF R) receptor, TP53TG3C a TP53
target gene 3protein,MEGF4 a slit homologue 1protein,
BAG6 a large proline-rich protein, H-RAS a GTPase HRas,
CREB a cAMP responsive element binding protein,

Bcl2L12 a bcl-2-like protein, CCNE2 a G1/S-specific
cyclin-E2 protein, and CCND3 a G1/S-specific cyclin-
D3 protein (Table S6). The corresponding dysregulated
miRNAs in GO-exposed GLC-82 cells for these differ-
entially expressed genes are shown in Table S7.

In the present study, we provide the data to further
support such a hypothesis that high concentrations
of GO would cause oxidative stress and induce cell
death.15,16 In GLC-82 cells, exposure to GO at concen-
trations more than 50 mg/L resulted in severe reduc-
tion in cell viability and induction of LDH leakage
(Figure 3b,c). For the cellular mechanism of in vitro

GO toxicity in GLC82 cells, we raise two possibilities.
One possibility was the activation of oxidative stress,
and another possibility was the induction of apoptosis
and the dysregulation of cell cycle (Figure 3d,e). Thus,
the concentrations of pristine GO for drug delivery
should be carefully considered.

In GLC-82 cells, we found that GO was localized in
cytosol, mitochondria, endoplasmic reticulum, and
nucleus (Figure 3), which is largely consistent with
the observations in other assay systems such as C.

elegans and human fibroblast cells.23,28 GO could be
localized inmitochondria of intestinal cells ofC. elegans
and human fibroblast cells.23,28 Different from the
observations in human fibroblast cells and intestinal
cells of nematodes, some of the GO could also be
found to be located in the nucleus and endoplasmic
reticulum in GLC-82 cells (Figure 3). Previous studies
have demonstrated that some of the ENMs can be
translocated into the nucleus from the cytosol.38�41

One of the importantmechanisms for the translocation
of ENMs into nucleus is through the nuclear pore
complexes (NPCs) with a central channel up to
40 nm.38�41 Another mechanism for translocation of
ENMs into the nucleus is themitotic partitioning.38 Our
data suggest that GO was first accumulated along the
border of the nucleus and then gradually accumulated
inside the nucleus (Figure 2), which implies that at least
one of the possibilities for GO to be translocated
into the nucleus may be through the NPCs. The size
(approximately 51 nm) of GO in the examinedmedium

Figure 6. Expression of possible targetedgenes for dysregulatedmiRNAs in GO-exposedGLC-82 cells. (a) Expressionpatterns
of targeted genes for dysregulatedmiRNAs in GO-exposed GLC-82 cells. Bars representmean( SEM, **p < 0.01. (b) Model for
miRNAs in regulating the GO-induced apoptosis in GLC-82 cells. MiRNAs could regulate the GO-induced apoptosis by
influencing both the death receptor pathway and the mitochondrial pathway in GLC-82 cells.
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further suggest that GO in the cytosol has the possibi-
lity to be adjusted into a particle with a size less than
40 nm and then to be translocated into the nucleus
of GLC-82 cells through the NPCs.

So far, there is a huge knowledge gap between the
use of GO and the prediction of possible health risks.
That is, we still know little about the molecular me-
chanism for toxicity formation fromGO. Previous study
identified 30 differentially expressed proteins involved
in several biological aspects in GO-exposed human
hepatoma HepG2 cells with the aid of iTRAQ-coupled
2D LC-MS/MS proteome analysis.29 In organisms, miR-
NAs are repressors of gene expression at the transcrip-
tion level and widely participate in both physiological
and pathological processes.30 In the present study, we
performed the systematic investigation on miRNA
control of in vitro GO toxicity with the aid of SOLiD
sequencing technique. The reason for selectingGLC-82
cells as the in vitro assay system is that GO is predomi-
nantly deposited in the lung of animals after ex-
posure.23,24 On the basis of SOLiD sequencing, we identi-
fied 628 up-regulated and 25 down-regulated miRNAs in
GO-exposed GLC-82 cells (Table S1 and Figure 4c).
Expression of some selected dysregulated miRNAs
was concentration-dependent in GO-exposed GLC-82
cells (Figure 4d). Moreover, these dysregulatedmiRNAs
may be involved in many biological aspects including
cell growth, cell cycle, cell death, inflammation, cell
metabolism, vesicle transportation, development, and
cell protection in GO-exposed GLC-82 cells (Figure 5a,b
and Tables S2 and S3). Correspondingly, based on the
KEGG pathwaymapping for possible targeted genes of
dysregulated miRNAs, GO-activated signaling path-
ways were involved in thromobosis, oxidative stress,
inflammation, cell growth/proliferation, apoptosis, cell
cycle, cell metabolism, membrane trafficking, develop-
ment, stress response, and G-protein-coupled signaling
pathway inGLC-82 cells (Tables S4 and S5). These results
provide a systematically molecular basis at the miRNA
level for explaining the GO toxicity formation in lung
cells.

Especially, by combining both the predicted tar-
geted genes for dysregulated miRNAs in GO-exposed
GLC-82 cells and the known signaling pathway for
apoptosis control, we raise a model for miRNA control
of GO-induced apoptosis (Figure 6b). There are two
fundamental pathways for apoptosis control: the

death receptor pathway and the mitochondrial
pathway.35�37 The death receptor pathway is initiated
by cell surface receptor-mediated activation of
caspases, a family of cysteine proteases, and the
mitochondrial pathway involves both the P13/
AKT-activated Bcl-2 family and p53 signal.35�37 In
GO-exposed GLC-82 cells, the dysregulated miRNAs
could activate the death receptor pathway by influen-
cing the functions of tumor necrosis factor R (TNFR)
receptor and caspase-3 (Figure 6b). Moreover, the
dysregulatedmiRNAs could activate themitochondrial
pathway by affecting the functions of p53 and Bcl-2
in GO-exposed GLC-82 cells (Figure 6b). Therefore,
miRNAs could regulate the GO-induced apoptosis by
influencing both the death receptor pathway and the
mitochondrial pathway in GLC-82 cells. Besides these,
BAG6 can alsomediate cell death by forming a complex
with UBL4A and GET4.42 The oncogenic H-Ras can
induce DNA damage and subsequent senescence.43

Furthermore, some of the examined genes regu-
lated by dysregulated miRNAs in GLC-82 cells are also
involved in cell cycle control. For example, p53 can
negatively regulate the activity of cyclin D.36 CCND3, a
cyclin D gene, and CCNE2, a cyclin E gene, activate
cyclin-dependent kinases.44,45MEGF4 is involved in the
induction of cell proliferation.46 CREB regulates the cell
cycle arrest in cancer cells.47

CONCLUSION

In summary, in the present study, we performed the
systematic investigation on miRNA response to the
in vitro GO exposure using GLC-82 cells as the assay
system. Our data here provide an important basis for
our further understanding the molecular mechanism
at the miRNA level for GO toxicity formation. The
identified dysregulated miRNAs in GLC-82 cells may
serve as the potential biomarkers for assessing the GO
toxicity. Moreover, although the pristine graphene and
GO tend to be toxic in a dose-dependent manner,
the functionalized nano-GO exhibits a much reduced
in vitro and in vivo toxicity.5,26,48�51 Considering the
potential of the graphene family in medical applica-
tions,52,53 the obtained knowledge here will also
be useful for guaranteeing the future development
of related safe nanotechnologies associated with
the graphene family by specific surface chemical
modifications.

EXPERIMENTAL SECTION

Reagents and Preparation of GO. GO was prepared from the
natural graphite powder by a modified Hummer's method.33,34

Graphite (2 g) and sodium nitrate (1 g) were added to a 250 mL
flask, and then the concentrated H2SO4 (50 mL) was slowly
added with stirring on ice. After being stirred for 30min, KMnO4

(7 g) was added to the mixture over 1 h, and 90 mL of H2O was
slowly dripped to cause an increase in temperature to 70 �C

after the temperature of the mixture warmed to 35 �C. Diluted
suspension was stirred at 70 �C for another 15 min and further
treated with a mixture of 7 mL of 30% H2O2 and 55 mL of H2O.
The resulting warm suspension was filtered to result in a
yellow-brown filter cake, which was washed with a solution
of 3% HCl, followed by drying at 40 �C for 24 h. Finally, GO was
obtained by ultrasonication of as-made graphite oxide in
water for 1 h.
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Characterization of GO. Prepared GO materials were character-
ized by TEM (JEM-200CX, JEOL, Japan), AFM (SPM-9600,
Shimadzu, Japan), FTIR (Avatar 370, Thermo Nicolet, USA),
Raman spectroscopy (Renishaw Invia Plus laser Raman spectro-
meter, Renishaw, UK), and Nano Zetasizer (Malvern Instrument
Ltd. UK). TEM images were collected on the field emission JEM-
200CX transmission electron microscopy, equipped with a CCD
camera. A few drops of the GO suspension solution were
deposited on the TEM grid, dried, and evacuated before anal-
ysis. To perform AFM measurement, GO suspension solutions
were pipetted on Si substrates, and substrates were air-dried
and placed directly under the AFM tip. Zeta-potential was
analyzed by Nano Zetasizer using a DLS technique.

GLC-82 Cell Line. GLC-82 is one specific lung cancer cell line,
which was established from the cancerous tissue in a female
patientwith pulmonary adenocarcioma from a high lung cancer
incidence area (Gejiu, China).32 The etiology of lung cancer in
Gejiu was closely associated with radiation of radon, arsenic,
and industrial dust, which partly imitated the malignant trans-
formation induced by chemical substances in normal cells.32

The cells were grown in RPMI-1640 medium (GIBCO, BRL, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS) (GIBCO,
BRL, USA) and antibiotics (100 U/mL streptomycin and 100 U/mL
penicillin) at 37 �C in a humidified incubator with 5% CO2. The
freshly preparedmedium was replaced every day. The confluent
cells were harvested with 0.25% trypsin-ethylene diamine tetra-
acetic acid (EDTA) solution.

GO Suspension Preparation and Exposure. GO was dispersed in
sterilizeddeionziedwater toprepare the stock solution (1.0mg/mL).
Stock solutionwas sonicated for 30min (40 kHz, 100W) anddiluted
to different concentrations (12.5, 25, 50, 100, and 200 mg/L) with
RPMI-1640 medium just prior to exposure. RPMI-1640 medium
was usedas a control. All the other chemicalswereobtained from
Sigma-Aldrich (St. Louis, MO, USA).

Distribution of GO. To examine the distribution of GO in GLC-
82 lung cancer cells by TEM, GLC-82 cells were plated in 6-well
plates and cultured overnight and then treated with GO
(100 mg/L). GLC-82 cells were collected and washed twice
with phosphate buffer saline (PBS) buffer and fixed with 2.5%
glutaraldehyde and 1% osmium tetroxide. The fixed cells were
dehydrated through graded ethanol, washed, and embedded
in Epon/Araldite resin. Serial sections were collected using an
Ultracut E microtome. Images were obtained on an electron
microscope (JEM-200CX, JEOL, Japan).

CCK-8 Assay. The CCK-8 assay was used to evaluate cell
viability. GLC-82 cells were seeded in 96-well plates (5 � 103

cells per well) and grown overnight, and then incubated with
GO. After 24, 48, or 72 h incubation, the cells were washed with
D-Hank's buffer, and 200 μL of WST-8 solution (Dojindo Molec-
ular Technologies, Inc., USA) was introduced to each well to
incubate for an additional 3 h at 37 �C. The optical density (OD)
of each well at 450 nm was examined on a microplate reader
(Thermo, Varioskan Flash).

LDH Activity Assay. Cell membrane integrity was analyzed by
measuring the release of LDH with an LDH assay kit (Nanjing
Jiancheng Bioengineering Institute, China). GLC-82 cells were
plated in 96-well plates (5 � 103 cells per well) and cultured
overnight, and then incubated with GO for 48 h. The absor-
bance at 490 nmwas recorded on amicroplate reader (Thermo,
Varioskan Flash) and normalized by protein concentrations.
The LDH release (% of control) is presented as the percentage
of (ODtest � ODblank)/(ODcontrol � ODblank), where ODtest is for
the cells treated with GO, ODcontrol is for the control sample, and
ODblank is for the wells without cells.

Assay of ROS Production. 20 ,70-Dichlorofluorescein diacetate
(DCFH-DA) (Nanjing Jiancheng Bioengineering Institute, China),
an oxidant-sensitive dye, was employed for ROS detection. GLC-
82 cells were plated in 96-well plates (5� 103 cells per well) and
cultured overnight, and then exposed to GO (100mg/L) for 48 h.
The positive control was prepared by culturing the cells with
RPMI-1640 containing 100 μM of H2O2 for 1 h prior to the
addition of DCFH-DA. The ROS was detected by 20 μMof DCFH-
DA labeling. The cells without DCFH-DA treatment were taken
as a negative control. After 1 h labeling, the cells were washed
with D-Hank's buffer three times, and the cells were observed

and images taken by a fluorescence microscope. All of the
procedures were performed in the dark. The DCFH-DA-labeled
cells were further counted, and the percentage of positive cells
was calculated. For each treatment, we took at least five pictures
in different areas for counting positive cells and calculating the
percentage of positive cells.

FCM Assay. GLC-82 cells were plated in 6-well plates and
cultured overnight, and then exposed to GO (100mg/L) for 48 h.
After being washed twice by PBS buffer, the cells were fixed
with 70% ethanol and stained with propidium iodide (PI)
(100 mg/L). DNA indices for the cell cycle were monitored using
a standard method from Becton Dickson FACS (BD Biosciences,
San Jose, CA). Each histogram represented 10 000�100 000
cells for measurement of the DNA index. Histogram analysis
was performed using a CellQuest program (BD Biosciences). We
counted the sub-G0/G1 peak in the hypodiploid distribution
below a DNA index of 1 (<2n). Based on the forward light scatter
and PI fluorescence, apoptotic nuclei were identified as a
hypodiploid DNA peak and were distinguished from cell debris.

Small RNA Extraction and SOLiD Sequencing. The cells were
seeded on 35 mm dishes and cultured overnight, and then
exposed to GO (100 mg/L) for 48 h to harvest with trypsin�
EDTA. After being washed, the cells were lysed to extract small
RNA for RNAomics assay. Briefly, the small RNAs were extracted
according to the manufacturer's instructions from the mirVana
miRNA isolation kit (Ambion) and converted into a double-
stranded cDNA library followed by the adaptor ligation. The
quality of library was performed by Agilent 2100 bioanalyzer
after gel purification with Qiagen MinElute reaction cleanup kit
and gel extraction kit. The double-stranded cDNA library was
compatible with the Applied Biosystems SOLiD system for the
next-generation high-throughput sequencing. The results of
SOLiD developed by ABI could be in the form of nucleotide
sequences and their coverage. By comparing those sequences
with the databases of Genbank (www.ncbi.nlm.nih.gov/Genbank)
and miRNAbase (http://www.mirbase.org), registered miRNAs
could be determined from all the detected sequences.

Bioinformatics Analysis. The dysregulated expression of miR-
NAs in the GO-treated GLC-82 cells was analyzed by DESeq (an
R package, a powerful tool to estimate the variance and test for
differential expression). The data were extracted as up- or
down-regulated miRNAs according to a cutoff of 2-fold change
and were presented in the scatter diagram after normalization.
The predicted targeted genes of miRNA significantly influenced
by GO treatment were analyzed by TargetScan database (http://
www.targetscan.org). Subsequently, to deeply exploit the pos-
sible molecular mechanisms involved, the predicted targeted
genes prominently affected were enriched to both the gene
ontology biological processes and the KEGG pathways through
bioinformatics approaches (http://www.geneontology.org and
http://www.genome.jp/kegg/) to be presented as gene ontol-
ogy terms (GO terms) and signal pathways, respectively.

Reverse Transcription and Quantitative Real-Time PCR. Total RNA
was isolated from cells using Trizol (Invitrogen, UK) according to
the manufacturer's protocols. The purities and concentrations
of RNA were evaluated by OD 260/280 in a spectrophotometer.
cDNA synthesis was performed in a 12.5 μL reaction volume
containing 625 ng total RNA, 0.5 mM reverse-transcript primers,
50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol,
20 units of ribonuclease inhibitor and 100 U of reverse tran-
scriptase (Takara, China). After incubation at 25 �C for 5 min and
42 �C for 60 min, reverse transcriptase was inactivated at 70 �C
for 15 min, and cDNAs were stored at 4 �C for further real-time
PCR. After the cDNA synthesis, the relative expression levels
were determined by real-time PCR in an ABI 7500 real-time PCR
system with Evagreen (Biotium, USA). All reactions were per-
formed in triplicate with the same cDNA samples. All reactions
were performed in 10 μL reaction volume including cDNA and
primers. PCR was processed with the following cycles: a 10 min
activation and denaturation step at 95 �C, followed by 40 cycles
of 15 s at 95 �C and 60 s at 60 �C. The primer information is
shown in Tables S8�S10.

Statistical Analysis. All data were presented as mean ( stan-
dard error of the mean (SEM). Graphs were generated using
Microsoft Excel (Microsoft Corp., Redmond, WA). Statistical
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analysis was performed using SPSS 12.0 (SPSS Inc., Chicago,
USA). Differences between groups were determined using
analysis of variance (ANOVA). Probability levels of 0.05 and
0.01 were considered to be statistically significant.
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