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RNA interference (RNAi) has been used for cancer gene therapy in recent years. However, the application of
RNAI is hindered in the absence of safe and efficient gene delivery. In this article, a novel vehicle of graphene
oxide functionalized with polyethylenimine and polyethylene glycol (GO-PEI-PEG) was successfully syn-
thetized and then used to deliver plasmid-based Stat3 siRNA. The carrier can readily bind plasmid with high
transfection efficiency. Moreover, molecular biology studies reveal that Stat3-related gene and protein expres-
sions were significantly inhibited, suggesting that the formation of GO-PEI-PEG complexes could be utilized

as a promising gene delivery in cancer therapy.
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INTRODUCTION

Cancer is a leading cause and the most common
of the deadliest diseases, severely threatening human
health. Gene therapy is an attractive approach for treat-
ing diseases caused by cancer. As one of the most prom-
ising techniques, the RNA interference (RNAi) method
plays an important role in gene therapy (1). The process
of RNAI involves specific silencing of targeted protein
(2). Signal transducer and activator of transcription 3
(Stat3) has been recognized as an oncogene (3), which
is found to be overexpressed in a great number of solid
tumors, such as malignant melanoma and prostate
cancer (1,4). Constitutive activation of Stat3 has been
confirmed to promote the survival of cancer and to be
associated with immunologic escape in cancer (5-8).
Hence, knockdown of the Stat3 protein expression
using the RNAIi technique would effectively suppress
cell proliferation and induce apoptosis, leading to inhi-
bition of cancer growth (9—11). However, free siRNA
is quickly degraded by nuclease in vivo, resulting in
uptake inefficiency (12-14). To overcome these chal-
lenges, various nanomaterials have been widely used to
be gene vectors. Nanomaterials have several favorable

features, including excellent repeatability, better bio-
compatibility, and stability. Moreover, nanomaterial is
highly accumulated in tumor in vivo (15), owing to its
enhanced permeation and retention effect.

Graphene oxide (GO), a novel carbon nanomaterial,
has been studied broadly owing to potential biomedical
applications in recent years. For example, GO has been
applied to drug and gene delivery and photothermal
therapy (16,17). GO has several advantages over other
nonviral vehicles. First, GO possesses lots of hydroxyl,
carboxylic acid, and other reactive groups, which are
easily conjugated to other modifications, making GO tai-
lored for biomedical and other fields. Second, GO has
rich hydrophilic groups, hence holding a fine biocompat-
ibility. Finally, the preparation of GO can be developed
easily and inexpensively. Cationic polymers polyethylen-
imine (PEI) are considered to be a gold standard of gene
transfections and are widely used for gene delivery (18).
PEI can improve DNA binding and condensation and
transfection efficiency. Polyethylenimine functionalized
graphene oxide (GO-PEI) has been successfully used to
bind with plasmid EGFP, which leads to expression of the
green fluorescent protein in HeLa cells in vitro (16). In
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order to improve solubility and stability in physiological
solutions, polyethylene glycol (PEG) was introduced to
GO-PEI complexes. PEG also has distinctive biomedi-
cal features, such as reduced reticuloendothelial system
(RES) accumulation and notably improved tumor passive
targeting effect (19).

Therefore, GO-PEI functionalized with polyethylene
glycol (PEG) was studied as a remedial plasmid carrier in
this work. GO-PEI-PEG was used to mediate a plasmid-
based Stat3-siRNA for effective gene silencing of malig-
nant melanoma B16 cells, hoping to construct GO-based
gene delivery system for intensively future studies in vivo
in cancer therapy in clinic.

MATERIALS AND METHODS
Plasmids, Cell Lines, and Animals

Stat3-specific siRNA plasmids were constructed in our
laboratory. si-Stat3 (sequence: GCAGCAGCTGAACAA
CAT, spanning nucleotides 2,144-2,162; GenBank acces-
sion No. NM 003150) was used in the present study. A
negative control si-Scramble sequence was purchased from
Ambion (Austin, TX, USA). The mouse malignant mela-
noma B16 cells were purchased from the Shanghai Institute
of Cell Biology, Chinese Academy of Sciences (Shanghai,
China). Female C57BL/6 mice weighing 16-18 g, were
purchased from the Beijing Institute for Experimental
Animals (Beijing, China, Permit No. SCXK2009-0004).
All animals were raised in pathogen-free conditions and
in conformity with protocols approved by the National
Institute of Health Guide for care.

Preparation and Characterization of the Nanosheets

GO was prepared by a modified Hummer’s method
(20). Detailed experimental procedures and conditions for
the preparation of GO-PEI-PEG were performed follow-
ing our previous protocol (21). The structure of GO-PEI-
PEG is shown in Figure 1.

i3 =PEI f=PEG

Figure 1. Structure of GO-PEI-PEG.
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Cell Culture

B16 cells were maintained in culture with Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone), supple-
mented with 10% fetal bovine serum (FBS; Hyclone),
penicillin (100 pg/ml; Gibco) and streptomycin (100 pg/
ml; Gibco), and cultured in a humidified atmosphere at
37°C under 5% CO,,.

Transfection

B16 cells were added onto six-well plates at a density
of 8x10° cells per well 24 h before transfection. Cells
should achieve 60-80% confluence in DMEM without
antibiotics at transfections. Four micrograms of si-Stat3
and si-Scramble plasmid were, respectively, diluted in
250 ul FBS-free DMEM, and then the designated amount
of GO-PEG-PEI was added to the medium (weight ratio
GO-PEI-PEG/plasmid=15:1). After being gently mixed,
the mixtures were kept at room temperature for 60 min
before transfection. After 6 h of incubation under 37°C in
2 ml of FBS-free medium, cells were washed with PBS
and recultured in fresh DMEM. The gene expression was
monitored at 48 h posttransfection. For transfection effi-
ciency examination, laser confocal imaging (A1R-Al;
Nikon) and flow cytometry assays (FACScan; Becton
Dickinson, USA) were performed.

Semiquantitative Reverse Transcription-PCR (RT-PCR)
and Western Blot (WB) Assay

Total RNA and protein were extracted from B16 cells
at 48 h posttransfection. Detailed experimental pro-
cedures for the detection of the expression of various
genes and protein change were carried out as previously
described (22).

Cell Cycle Detection

B16 cells (8 x 103/ml) were collected from every group
after centrifugation (900 rpm, 5 min). Then the cells were
washed with cold PBS twice and added at a concentration
of 70% cold ethanol (1 ml). After that, the cells were put
at 4°C for 12 h. The next day, the cells were rewashed
with cold PBS twice, stained with 500 ul PI, and moni-
tored by flow cytometry assays.

Cell Ultrastructure

Animal models were prepared in a similar fashion as
detailed in our previous report (21). Briefly, the animals
were housed in plastic cages (with five or six mice/cage)
under controlled conditions of humidity (44 +5%), light
(12-h light/dark cycle), and temperature (22+2°C) in
the animal laboratory of Jilin University. The mice were
randomly separated into five groups (n=8) that were
subcutaneously planted with B16 cells. The research
procedures were described in detail previously (21).
After 9 days, the mice were injected intratumorally
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Figure 2. (a) Confocal microscopy images of B16 cells treated with mock, GO-PEI-PEG, GFP-si-Scramble plasmid carried by
GO-PEI-PEG and GFP-si-Stat3 plasmid carried by GO-PEI-PEG. (b) Flow cytometry analysis for transfection efficiency of B16 cells

in each group.

with different experimental substances. The mice of the
mock group were injected with 100 ul PBS, and experi-
mental groups were treated with different recombinant
plasmids by GO vehicle. The mice were inspected for
body weight and general state (including food and
drink, hair gloss level, and activity of the four limbs)
of each mouse daily. The mice were executed on day

30. Before killing the animals, they were anesthetized
with ketamine 100 mg/kg body weight, IP, under asep-
tic conditions. For conventional histology, tissues were
collected immediately, prefixed with 2.5% glutaralde-
hyde, postfixed in 1% osmiumtetroxide, dehydrated in
a graded alcohol series, embedded in epoxy resin, and
cut with an ultramicrotome. Thin sections poststained

Figure 3. Transmission electron microscope image of malignant melanoma cells treated with GO-si-Stat3. The arrows indicate GO

nanomaterials.
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with uranyl acetate and lead citrate were inspected with
transmission electron microscope (TEM).

Data Analysis

The data are shown as mean =+ standard deviation (SD).
Statistical significance of the comparisons among sam-
ples was determined using one-way analysis of variance
(ANOVA). A value of p<0.05 was recognized as statisti-
cally significant.

RESULTS
Transfection Efficiency

Transfection was used to evaluate the potential abil-
ity of GO-PEI-PEG to carry plasmids into B16 cells.
The si-Stat3 and si-Scramble plasmids were both labeled
with a green fluorescent protein (GFP) for visualization.
Confocal microscopy images showed that GFP gene was
expressed in GO-si-Stat3 and GO-si-Scramble (Fig. 2a).
The cells transfection with mock and GO-PEI-PEG served
as a negative control. The above results demonstrated that
the plasmids were successfully delivered into the cells by
conjugating with GO-PEI-PEG.
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Flow cytometry analysis was used to further quantify
the delivery efficiency of plasmid by GO-PEI-PEG. The
results were in accordance with the confocal imaging
analysis. B16 cells treated with GO-PEI-PEG/si-Stat3-
GFP and GO-PEI-PEG/si-Scramble-GFP showed strong
fluorescent signals (Fig. 2b). The fraction of cells with
strong fluorescent signals in the GO-PEI-PEG/si-Stat3-
GFP group was counted to be almost 60%, which were
significantly higher than the mock and GO groups. The
results were assessed directly proportional to the delivery
efficiency of plasmid Stat3 siRNA by GO-PEI-PEG, indi-
cating that GO-PEI-PEG could be an encouraging candi-
date of gene delivery nanocarriers.

Ultrastructure Investigation

In order to explore the uptake of GO and the changes of
ultrastructure, the ultrasection of B16 cells was observed
by TEM. As shown in Figure 3, GO was indeed internal-
ized by cells and located inside the cytoplasm around the
nucleus. There were some GO nanomatrials inside the
cytoplasm in different sizes. GO appeared as black dots
and showed high electron density. Moreover, GO sheets
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Figure 4. (a) Assay of relative Stat3 mRNA level using RT-PCR. (b) Calculation of relative Stat3 mRNA level in each group. (c) Stat3
and p-Stat3 protein expression was determined using Western blot. (d) Calculation of relative Stat3 and p-Stat3 protein expression in
each group. **p<0.01 versus mock, GO, and GO-si-Scramble.
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were encapsulated by lysosomes. GO sheets were not
observed inside the nucleus.

The Effect of Stat3 Knockdown on B16 Cells In Vitro

WB and RT-PCR analysis were used to detect Stat3 pro-
tein and gene expression, aiming at studying the ability of
these plasmids to silence Stat3 expression in B16 cells in
vitro. As shown in Figure 4, the mRNA and protein expres-
sions of Stat3 were decreased sharply in B16 cells transfected
with GO-si-Stat3 compared with the other three groups
(»<0.01). The results indicated that GO-based nanovectors
for delivery of the si-Stat3 plasmid specifically knocked
down the expression of Stat3 in the B16 cells effectively.

The Antitumor Mechanisms of Stat3 Knockdown
on B16 Cells

To study the potential antitumor mechanism of GO-si-
Stat3 in B16 cells in vitro, PI-stained assay was examined
to measure the tumor cell cycle. B16 cells treated with
GO-si-Stat3 in the G, phase (70.69 £0.01%) significantly
increased (Table 1). Therefore, B16 cells treated with
GO-si-Stat3 in the S phase (8.53+0.57%) proportion-
ally decreased, comparable with mock, GO, and GO-si-
Scramble groups. The results demonstrated that B16 cells
transfected with Stat3 siRNA delivered by GO-PEI-PEG
were blocked in the S phase of the tumor; thus DNA of
tumor cells was significantly inhibited.

The possible mechanism to silence Stat3 was determined
next using Western blot analyses. It is observed that the
Stat3-related protein expressions of cleaved caspase 3 and
Bax protein levels were significantly increased in GO-si-
Stat3, compared with control groups. In contrast, the expres-
sions of c-Myc, Bcl-2, and VEGF were markedly decreased
in GO-si-Stat3, compared with controls (Fig. 5c, d).

The images of TEM (Fig. 5a, b) showed that B16 cells
treated with GO-si-Stat3 had numerous apoptotic cells,
characteristic of small cells in size, shrinkage of cell
nucleus, high chromatin condensation, and chromatin
margination. The mitochondria in the cytoplasm became
swollen, and the mitochondrial cristaes were fractured.

DISCUSSION

To testify to the efficiency of the GO-PEI-PEG in
delivering plasmids, B16 cells were simultaneously

Table 1. Induction of Cell Cycle Analysis by
GO-PEI-PEG/si-Stat3 in B16 Cells (n=3)

GO—Gl Phase S Phase
Mock 50.83+ 2.78 41.02+7.35
GO 52.94+0.34 34.71+£0.07
GO-si-Scramble 54.91+3.32 30.49+1.02
GO-si-Stat3 70.69+0.01* 8.53+0.57*

*p<0.01 versus Mock, GO, and GO-si-Scramble.
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selected as cell models. The plasmids labeled with GFP
in the transfected cells were visualized, expressing GFP
by confocal microscopy. According to a previous report,
PEI has been widely used as a gene delivery (16). PEI
possesses the proton sponge effect, thus effectively pro-
tecting plasmids from nuclease degradation (23) and suc-
cessfully transporting them to the cells by penetrating
the cell membrane. PEI demonstrated enhanced cellular
uptake and transfection efficiency when it was linked to
carbon materials (24). The cells transfected with GO-PEI
had rather good transfection efficiency in accordance
with a previous literature report (16). PEG was coupled
to enhance the stability of the GO-PEI complex in a
physicochemical environment (25). The fluorescent sig-
nals from the laser confocal images (Fig. 2) indicated that
plasmid Stat3-siRNA was successfully delivered into the
cells by coupling with GO-PEI-PEG. Flow cytometry
analysis was consistent with the results of laser confocal
analysis. B16 cells transfected with si-Stat3-GFP plasmid
and si-Scramble-GFP plasmid revealed strong fluores-
cent signals, which indicated the abundant accumulation
of plasmid in the cells. The results suggested that the
GO-PEI-PEG could be used as efficient gene vectors.

To observe the uptake of GO nanomaterials loaded
with plasmids for B16 cells clearly, TEM analysis was
performed. These experimental results indicated that GO
entered the cytoplasm around the nucleus. The uptake
mechanism of GO inside the cell may be due to cell
endocytosis. Plasmids carried by GO may be delivered
into the nucleus, whereas GO nanomaterials are mainly
located inside the cytoplasm such as lysosomes, mito-
chondrion, and endoplasm. GO was encapsulated by
lysosomes under TEM. GO nanomaterials in different
sizes were seen, mainly due to ultrasound methods in
preparation of GO, resulting in GO nanosheets in diverse
sizes (Fig. 3).

Since GO was indeed internalized by B16 cells, can
si-Stat3 plasmid be delivered by GO inside the cells to
act as a biomedical function? In order to investigate the
RNA:I effect of plasmid-based si-Stat3, WB and RT-PCR
analyses were carried out. These experimental results
revealed that the Stat3 mRNA and protein expression
decreased significantly in the transfection with GO-si-
Stat3 compared with the other three groups (p<0.01).
Stat3 has been recognized as an oncogene. Previous data
showed that constitutive activation of Stat3 was impli-
cated in various tumor cells, including malignant mela-
noma (26-28). Stat3 plays an important part in promoting
proliferation, differentiation, antiapoptosis, and cell cycle
progression. For these reasons, the Stat3 signaling path-
way can be applied as a potential target in antitumor
therapy (29). Therefore, inhibition of Stat3 expression
accompanies tumor growth suppression and induction of
tumor cell apoptosis. In this article, plasmid-based Stat3
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Figure 5. (a) Transmission electron microscope image of B16 cells treated with GO-si-Stat3. The arrows indicate typical apoptotic cells.
(b) TEM image of B16 cells treated with GO-si-Stat3. The upper arrow indicates fractured mitochondrial cristaes. The lower arrow indi-
cates chromatin margination. (c) Western blot method of investigation of Stat3-related proteins in B16 cells. (d) Calculation of relative
Stat3-related protein expression in each group. **p<0.01 versus mock, GO, and GO-si-Scramble.

siRNA carried by GO may be released into the nucleus
and retain normal biologic activity. Hence, the expression
levels of Stat3 were markedly decreased in GO-si-Stat3.

The potential antitumor mechanism of GO-si-Stat3 in
B16 cells was evaluated using Western blot. As shown
in Figure 5c and d, the Stat3-related protein expres-
sion levels of Bcl-2, c-Myc, and VEGF in the B16 cells
transfected with GO-si-Stat3 were markedly decreased,
whereas expressions of Bax and cleaved caspase 3 were
notably elevated in GO-si-Stat3 compared with con-
trols. A possible explanation for this phenomenon is that
knockdown Stat3 gene downregulated antiapoptotic fac-
tors such as Bcl-2 and VEGF and also downregulated cell
cycle-related factors such as c-Myc (Table 1). B16 cells
transfected with Stat3 siRNA delivered by GO-PEI-PEG
were blocked in the S phase of the tumor; thus the DNA
of the tumor cells was significantly inhibited.

The results demonstrated that knockdown Stat3 upreg-
ulated the expression of several proapoptotic proteins,
including Bax and cleaved caspase 3, which are key com-
ponents of mitochondrial apoptotic pathways (30). As
shown in Figure 5a, lots of apoptotic cells were seen at
different stages by TEM. In the meantime, the morphol-
ogy of mitochondria in the cytoplasm became swollen,
and the mitochondrial cristaes were fractured (Fig. 5b).

In summary, GO-PEI-PEG is able to effectively trans-
fer plasmid-based si-Stat3 into B16 cells. Moreover,
Stat3 siRNA carried by GO retains normal biologic
activity. Based on the molecular biology, Stat3 protein
and related protein expressions were significantly inhib-
ited. From morphology, there were symptoms of apop-
totic cells, indicating that the formation of GO-PEI-PEG
complexes could be utilized as an effective gene delivery
strategy. These plasmid-based Stat3 siRNA delivered by
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functional graphene oxide complexes are expected to be
applied in cancer therapy in clinic in the future.
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