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ABSTRACT: Nanomedicines are being developed to treat diverse
diseases; however, inadvertent or unintended health effects have to
be considered, especially for those targeting cancers. For cancers,
occurrence of metastasis hints an advanced phase of cancer
progression, and nanomedicines per se should be evaluated for
their effects on existing metastatic tumors and triggering metastases.
Graphene-based 2D nanomaterials, such as graphene oxide (GO),
due to its unique characteristics, have been extensively studied for
biomedical applications including cancer therapy. However, the
potential effect of GO on metastasis has not been determined yet.
Herein, we found that low-dose GO could induce significant
morphological and structural changes of the cellular membrane
within cancer cells, suggesting an epithelial−mesenchymal tran-
sition (EMT), with enhanced invasion/migration and the alterations of representative EMT indicators in GO-treated
cells. These changes resulted in enhanced lung metastasis of cancer cells in various metastasis models. The mechanistic
investigations unveiled that GO increased the protein levels of the TGF-β receptor, leading to a constitutively activated
TGF-β-Smad2/3 signaling pathway that drives the EMT. Collectively, our findings enhance the understanding of the
unintended side and detrimental effects of GO nanosheets in increasing the progression of metastatic tumors. Thus, the
likelihood of pro-EMT effects upon low-dose GO exposure should be considered when developing GO nanomedicines.
KEYWORDS: graphene oxide, metastasis, TGF-β receptor, Smad2/3, epithelial−mesenchymal transition

Whereas plenty of anthropogenic nanodrugs are
intended to treat diseases, it is possible that
nanomaterials may induce inadvertent health

effects. It is thus important to maximize the therapeutic
efficacy of the nanomedicines while avoiding potential
unintended side or detrimental effects. Indeed, many studies
have documented diverse toxic effects of various nanomaterials
in biological systems including oxidative stress and pro-
inflammatory effects.1 For nanomedicine to treat cancers,
although most are focused on treating the primary tumor,
nevertheless, their effects on cancer metastasis have not been
adequately investigated or understood. For example, carbon

nanotubes (CNTs) were found to cause neoplastic lesions in
the lung and pleura upon pulmonary exposure associated with
local and systemic inflammation.2,3 More recently, CNTs were
demonstrated to motivate breast cancer metastases, especially
to the lung, by creating pro-metastatic niches in the lung,
including reinforced inflammation, angiogenesis, and immune
suppression, namely, through an indirect mechanism by
creating a preferential “soil” for the “seed” (circulating tumor
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cells) to form metastatic loci.4 Moreover, another indirect
mechanism has recently been uncovered to favor breast cancer
metastasis: various nanomaterials increase endothelial leakiness
to promote intravasation and extravasation, resulting in
increased metastases.5 However, direct pro-metastasis mecha-
nisms induced by nanomaterials have not been determined
thus far. As metastasis to distant organs accounts for the largest
number of cancer deaths, it is thus rather imperative to look
into the effects of nanodrugs on metastasis.
Graphene-based nanomaterials (e.g., graphene oxide, GO)

are being developed as a promising nanomedicine for versatile
biomedical applications owing to their unique physicochemical
properties, such as hydrophilicity and better dispersion, 2D
planar structure, large surface area, and abundant different
functional groups.6 To this end, plenty of studies have reported
diverse utilization of GO in imaging, biosensing, and drug
delivery in cancer therapeutics.7 In the meantime, many studies
have documented the biotoxicity of GO, being confined to cell
death, thrombus formation, and pro-inflammation.8,9 Further-
more, the toxicological mechanisms have exclusively been
ascribed to physical damage, oxidative stress, and mechanical
stress, and a few adverse outcome pathways have been defined
to be responsible for such toxic effects, as described above,
such as NF-κB signaling activation in provoking inflammatory
cells and cytoskeletal meshwork impairments in wreaking
considerable havoc with the cellular defense system. Regarding
the outside molecules on a plasma membrane in sensing GO
intrusion, Toll-like receptors (TLRs), integrins, and trans-
forming growth factor-β receptor (TGF-βR) are verified to
dictate their downstream signaling in response to GO.10−13

However, the detailed interface between GO sheets and these
proteins is still elusive, and the molecular basis underlying GO-
elicited alterations on their downstream signaling is still a
mystery.
Despite many studies on GO toxicity in macrophages, there

is still a lack of understanding on the effects of GO exposure on
cancer cells, including tumor behaviors, target molecules, and
according signaling transductions, in particular, at low-dose
exposure.10,14 Our previous work recently uncovered alter-
ations of morphology and skeletal meshwork in tumor cells
responding to GO treatment, giving rise to the rationale of
sensitizing tumor cells to chemotherapeutics.10 Nevertheless, it
is unknown the effects of GO per se on the tumor behaviors
including metastasis. Under this setting, we here intended to
employ low-dose GO exposure by elaborating GO-elicited
effects on triggering new metastases or aggravating the extent
of existing metastases.

RESULTS AND DISCUSSION
To look into the effects determined by graphene-centric
properties but not by the functional modifications, we
deliberately prepared pristine GO materials with two different
lateral diameters. As shown in Figure S1a, our GO samples
displayed excellent water solubility and stability for 1 month.
Figure 1a shows that GO exists in typical sheet-like shape with
the thickness about 1 nm (Figure 1b), indicative of the
monolayer morphology, as determined by atomic force
microscopy (AFM) analysis. Further quantitative analysis
showed that the diameter of GO nanosheets mainly distributed
in the range of 400−900 and 200−600 nm for a large-sized

Figure 1. Characterization of GO. (a) Representative AFM images of GO nanosheets. The height profiles of GO sheets (b) and the size
distribution of GO-L and GO-S based on the AFM analysis (c) (histograms were developed by counting 100 sheets for each sample with a
Gaussian fit curve in each histogram, n = 100). Representative FT-IR spectra (d), C1 XPS spectra (e), and Raman spectra (f) for GO-L and
GO-S.
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GO group (GO-L) and a small-sized GO group (GO-S),
respectively, on the basis of the AFM results (Figure 1c).
Functional group analysis using Fourier transform infrared
(FT-IR) spectroscopy unraveled appreciable peaks at 3421,
2925, 1720, 1600−1450, and 1106 cm−1, which were ascribed
to the functional groups of O−H, C−H, CO, CC, and
C−O, respectively (Figure 1d). Additionally, X-ray photo-
electron spectroscopy (XPS) was utilized to examine the
surface chemical properties of the GO materials, and our data
indicated the major characteristic peaks of C 1s spectra
including C−C/CC (284.5 eV), C−OH (285.4 V), C−O
(286.5 eV), and CO (288.6 eV), recognizing typical surface
functional groups on GO nanosheets (Figure 1e). Moreover,
the Raman spectra data manifested representative D band
(∼1340 cm−1) and G band (∼1600 cm−1) for both GO-L and
GO-S, verifying the identity of GO materials (Figure 1f). Of
note, GO-L and GO-S possessed similar constant ratios of
oxygen-containing functional groups (Figure S1b). GO-L and
GO-S were also similarly negatively charged in deionized water
and cell culture medium with 1 or 10% fetal bovine serum
(FBS), as characterized by the ζ-potential determination
(Figure S1c).
As previously discussed,15 GO toxicity was confined to

physical destruction and oxidative stress toward cells.
However, most studies were carried out under relatively
high-dose exposure, which may not be able to reflect the
environmental health and safety (EHS) risks of GO materials.
Thereby, we here surveyed the low concentrations of GO
exposure with three different types of cancer cell lines,
including PC3, A549, and HepG2. As shown in Figure S2a,
GO-L and GO-S did not cause cytotoxicity to all three kinds
cell lines at concentrations under 100 μg/mL. Upon exposure
at 100 μg/mL, GO-L only incurred marginal decrease
(approximately 13.2%) of the viability of PC3 cells in contrast
to a greater decrease of cell viability upon GO-S (27.9%, p <
0.05), compared to untreated cells. However, both GO-L and

GO-S did not induce significant cytotoxicity to A549 cells and
HepG2 cells with the concentration up to 100 μg/mL. In
support of these results, no significant release of lactate
dehydrogenase (LDH), an indicator of the integrity and
permeability of plasma membrane,16 was detected in GO-
treated PC3 cells at the concentrations from 5 to 50 μg/mL
(Figure S2b). Based on the above findings, we selected 10 μg/
mL as the low-dose exposure in this study.
In the following, the interaction between GO sheets and the

cellular membrane was closely probed. Transmission electron
microscope (TEM) analysis was performed in PC3 cells after
treatment with GO nanosheets at 10 μg/mL for 24 h. As
shown in Figure 2a, TEM images unveiled many GO
nanosheets adhering onto the surface of plasma membrane
(denoted by blue arrows) and localizing in the cytoplasm
(indicated by green arrows). To depict in detail the interaction
between GO and cells, GO nanosheets were successfully
labeled with fluorescein isothiocyanate (FITC)-conjugated
bovine serum albumin (BSA), in that the surface of GO
nanosheets harbors strong protein-binding capacity due to
ample phenol hydroxyl and epoxide groups.17−19 After
treatment, GO nanosheets were tracked by confocal laser
scanning microscopy (CLSM) (shown in green, Figure 2b).
Meanwhile, cytoskeleton and nuclei were stained with
rhodamine−phalloidin (in red) and 4′,6-diamidino-2-phenyl-
indole dihydrochloride (DAPI, in blue), respectively. In
comparison to the mass of GO in the cytosolic part (denoted
by white arrows), more GO nanosheets were visualized to
associate with plasma membrane (indicated by yellow arrows)
after 6 and 24 h treatment, especially the latter (Figure 2b).
These data suggested active interaction between GO sheets
and cancer cells.
Afterward, we endeavored to address the resultant influence

of this close nano-bio interaction on cells. To visually display
the changes of cellular morphology and plasma membrane
structure in PC3 cells upon low-dose GO treatment, we

Figure 2. Cellular localization of GO. (a) Representative TEM images of PC3 cells upon GO treatment at 10 μg/mL for 24 h. Blue solid
wireframes and blue arrows indicate GO nanosheets adhering on the surface of plasma membrane. Green solid wireframes and green arrows
denote GO nanosheets within the cytoplasm. (b) CLSM images depicting cellular localization of GO nanosheets within PC3 cells at 6 and 24
h after treatment at 10 μg/mL (GO, in green; cytoskeleton, in red; nucleus, in blue). Yellow arrows indicate GO nanosheets associating with
the surface of the plasma membrane. White arrows indicate GO nanosheets distributed in the cytoplasm.
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scrutinized the surface of the cellular membrane using an AFM
platform, which is specialized in cell surface topography.10,14

As shown in Figure 3a−c, the topography images depicted
morphological changes of PC3 cells post low-dose GO
treatment, as evidenced by a collapsed plasma membrane
and a rougher membrane surface, compared to untreated cells.
Meanwhile, the corresponding step profiles of the plasma
membrane also reflected the changes of the surface in treated

cells responding to GO, as demonstrated by a step height
much greater than that in untreated cells (Figure 3d). As a
consequence, cellular morphology of GO-treated PC3 cells was
changed from a pebble-like shape to a spindle-like shape
(Figure S3); in particular, the length of PC3 cells increased
post-GO treatment compared with untreated cells (p < 0.05),
diagnostic of epithelial−mesenchymal transition (EMT) of
PC3 cells. To this end, we further interrogated the surrogates

Figure 3. Alteration of plasma membrane morphology. (a) Surface topographical scanning of cellular membrane of PC3 cells responding to
GO-L and GO-S at 10 μg/mL for 24 h through AFM analysis. Green solid wireframes show enlarged surface of plasma membrane in the
panel (b) and (c). (d) Step profiles of membrane surface with in the red dashed wireframes for GO-treated cells and untreated cells.

Figure 4. Alteration of plasma membrane components. (a) Western blot analysis of protein levels of typical EMT markers including E-
cadherin, N-cadherin, Vimentin, and Slug in PC3 cells at 3, 6, and 24 h after GO treatment at 10 μg/mL. (b) Protein levels of TGF-βR1,
Smad2/3, phosphorylated Smad2/3 (p-Smad2/3), and CD109 at 3, 6, and 24 h post-GO treatment at 10 μg/mL as determined by Western
blot.
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of EMT in PC3 cells upon GO treatment. As shown in Figure
4a, the protein level of E-cadherin, a classical epithelial
surrogate,20 was decreased in PC3 cells with GO treatment at
10 μg/mL. In the meantime, the levels of typical mesenchymal
markers, N-cadherin,21 Vimentin,22 and Slug,23 were reversely
increased in GO-treated cells when compared to untreated
cells. Together, these findings uncovered that low-dose GO
exposure triggered the EMT program of PC3 cells.
Next, we continued to embark on the molecular mechanisms

underlying GO-initiated EMT. As previously established,24

TGF-β signaling plays a central role in driving EMT through
transcriptionally regulating a number of downstream genes.
Upon ligand binding, its receptor TGF-βR complex activates
Smads (Smad2/3) through phosphorylating serine, and
phosphorylated Smad2/3 are the major effectors of TGF-β
signaling.25 Thereby, TGF-βR and Smad2/3 concentrations
were examined in GO-treated cells. As shown in Figure 4b, the
TGF-βR1 level was increased within PC3 cells upon GO-L and
GO-S treatment at 10 μg/mL for 3, 6, and 24 h, especially at
the later time points. Consistent with this observation, the
phosphorylated Smad2/3 level was observed in GO-treated
cells over the time course relative to untreated cells, in contrast
to slight variations of the total Smad2/3 concentration. These
observations therefore unveiled activation of TGF-βR-Smad2/
3 signaling in PC3 cells responding to GO treatment. To
interpret the mechanism responsible for reinforced TGF-βR

level, its intimate partner was assessed. CD109, a multifunc-
tional glycoprotein, has been unraveled to be a co-receptor of
TGF-β and a partner of TGF-βR and has also been
demonstrated to negatively regulate TGF-βR by promoting
the internalization and degradation of TGF-βR.26−28 Thus, the
level of CD109 was assessed in PC3 cells upon GO exposure.
In agreement with the increase of TGF-βR1 concentration, the
protein level of CD109 was diminished in cells treated with
GO-L and GO-S at 10 μg/mL, compared to untreated cells
(Figure 4b). Collectively, these results unearthed that low-dose
GO activated TGF-βR/Smad2/3 signaling by upregulating the
TGF-βR level.
Given that TGF-β signaling acts to advance tumor

development by promoting tumor cells to undergo EMT and
then to drive distant metastases from the primary tumor,29 we
hypothesized that low-dose GO treatment might enhance the
metastatic behaviors of cancer cells. To verify the hypothesis,
we first evaluated the migration/invasion capability of PC3
cells post-GO treatment in vitro. As shown in Figure 5a, the
motility/migration ability of PC3 cells was enhanced by GO-L
and GO-S at 10 μg/mL at 6, 12, and 24 h, compared with cells
without GO treatment, as determined by the wound healing
scratch assay. Furthermore, the transwell Matrigel migration/
invasion assay was carried out to substantiate the above results.
As shown in Figure 5b, GO-L and GO-S similarly enhanced
the migration/invasion of PC3 cells, as evidenced by a more

Figure 5. Effect of GO exposure on tumor cell migration and invasion in vitro. (a) Representative images of the cell wound healing scratch
assay for PC3 cells after GO treatment at 10 μg/mL at 6, 12, and 24 h. (b) Representative images of the transwell Matrigel invasion assay of
PC3, A549, and HepG2 cells post-GO treatment at 10 μg/mL for 24 h. Representative cellular morphological changes are shown in the top
panel. Quantified data are shown in the right panel (n = 3). (c) Transwell Matrigel invasion assay of PC3 and A549 cells with TGF-βR1
reduction upon GO exposure at 10 μg/mL for 24 h. Lentiviral shRNA construct was utilized to selectively knock down TGF-βR1, and two
steady transfectants were established and validated by Western blot analysis, termed as shRNA-#1 and shRNA-#2. Representative images are
presented in the middle panel, and the quantified data are shown in the right panel (n = 3); *p < 0.05, compared to the untreated group.
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than 2-fold increase of transmigrated cells, compared to
untreated cells (p < 0.05). Moreover, dose-related effects were
uncovered with the maximal enhancement of cell migration/
invasion at 10 μg/mL when compared to untreated control,
and this enhancement was undermined at higher concen-

trations, especially at 80 μg/mL (Figure S4, p < 0.05),
presumably due to GO-induced cytotoxicity under relatively
high concentrations. In line with the data observed in PC3
cells, low-dose GO increased the migration/invasion capability
of A549 cells and HepG2 cells, as characterized by the

Figure 6. Effects of GO on tumor cell migration and invasion in vivo. (a) Schematic diagram illustrating the establishment process of animal
models. (b) Bioluminescent images of lung metastasis in mice. Bioluminescence was examined on day 14 in mice that were injected with
4T1-LG12 cells via tail vein after GO treatment at 10 μg/mL for 24 h. (c) Lungs were then separated and assessed for bioluminescent
signaling. (d) Histological examination of lungs with H&E staining (the scale bar is 500 μm), and enlarged images corresponding to the
green solid wireframe are shown in the right panel; blue arrows indicate the metastatic tumor nodules. (e) Bioluminescent assessment of
tumor metastasis in the lungs and (f) optical images of primary tumors on day 14 in mice that were orthotopically injected at the fourth
mammary fat pads with 4T1-LG12 cells (3 × 105 cells/per mouse, n = 5).
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transwell assay (Figure 5b, p < 0.05). Moreover, all in
common, GO treatment altered the morphology of these
cancer cells from a pebble-like shape to a spindle-like shape (as
delineated in the top panel in Figure 5b), indicative of EMT,
consistent with the above-described results (Figure 3 and
Figure S3).
To further validate the role of TGF-βR in sensing GO

intrusion to provoke cancer cells migration/invasion, TGF-
βR1 was stably knocked down by lentiviral short hairpin RNA
(shRNA). We here obtained two different stable transfectants,
named shRNA-#1 and shRNA-#2, in both PC3 and A549 cells
showing reduction of their TGF-βR1 concentrations, as
evidenced by Western blotting (Figure 5c). Subjected to
TGF-βR1 reduction, the pro-migratory effect on PC3 and
A549 cells induced by GO was nearly gone (Figure 5d). In
analogy, the pretreatment of cancer cells by a selective TGF-
βR inhibitor, LY2109761, also abolished the GO-induced
effect on cancer cell migration/invasion (Figure S5).
Collectively, the above data highlighted the contribution of
TGF-βR1 in driving GO-elicited cancer cell migration/
invasion.
Importantly, EMT, a biological process through which

tumor cells escape from epithelial phenotypes into mesen-
chymal features, endows tumor cells with enhanced propensity
of metastasis and reinforced resistance to therapeutics.30,31

Thus, we inspected metastasis of tumor cells following GO
exposure. To more realistically reflect the metastasis
progression, we deliberately selected a murine breast cancer
metastasis model using a mouse cancer cell 4T1-derived
subline, 4T1-LG12. Of note, 4T1-LG12 harbors selective
inclination to colonize in the lung, as established in our
laboratory.32,33 First, 4T1-LG12 cells were pretreated with
GO-L and GO-S at 10 μg/mL for 24 h, and then its lung
metastatic ability was assessed through the orthotopic model
and the tail vein injection model, as depicted in Figure 6a.
Fourteen days after intravenous injection of cancer cells,
bioluminescent imaging analysis manifested increased bio-
luminescent signaling in the lungs of mice with transplantation
of GO-treated cells relative to those with transplantation of
untreated cells, as determined by the IVIS Lumina II imaging
system (Figure 6b,c, p < 0.05). In parallel to this observation,
direct counting of metastatic nodules in the lungs post-H&E
staining also showed an approximate 6-fold increase in the
GO-treated group in comparison to the untreated group
(Figure 6d and Figure S6a, p < 0.05) and more visible
metastatic nodules distributed on the surface of lungs in the
GO exposure group in comparison to the control group
(Figure S6b). Meanwhile, reinforced lung metastasis was also
demonstrated in the orthotopic model upon transplantation of
GO-treated cells, as evidenced by increased bioluminescent
signaling in the lungs of mice with transplantation of GO-
treated cells in comparison to those with transplantation of
untreated cells (Figure 6e and Figure S6c). Of note, no
significant influence was found in the primary tumor growth
(Figure 6f), in agreement with the in vitro data (Figure S2a).
The above data collectively verified that low-dose GO
treatment endowed cancer cells with enhanced metastatic
capability in vivo.

CONCLUSIONS
To summarize, different from the vast majority of previous
studies that mainly focused on the cytotoxicity and changes of
inflammatory microenvironment upon GO exposure, the

current study probed into the risks of GO in changing the
metastatic behaviors of cancer cells, which has been overlooked
in the past. Here, active interplay was defined between GO
sheets and cancer cells even at low-dose exposure, leading to
morphological and structural changes of cellular membrane,
suggestive of promoted EMT. Mechanistically, GO was found
to activate TGF-β signaling by increasing the concentration of
TGF-β receptor, leading to the activation of its downstream
signaling in promoting gene expression necessary for the EMT
program. As a consequence, the metastatic behaviors of cancer
cells were reinforced in response to GO treatment. Different
from activating macrophages as described in our previous
report,34 the current results showed that GO with two different
lateral sizes similarly promoted the EMT program and
metastatic propensity of cancer cells. This difference may be
ascribed to due to distinct doses, cell types, target molecules,
etc. Nonetheless, more efforts are warranted to address this
issue. Of note, these effects were elaborated in cancer cells
upon low-dose exposure in contrast to relatively high-dose GO
exposure in most previous studies. Given the increasing
applications of graphene materials in biomedicine, this study
emphasizes the urgent attention to invest more efforts in
determining their pro-metastatic effects. Thus, our findings
would enhance the understanding of unintended effects of
nanomedicines for cancer therapeutics and escalate the
development of nanodrugs with greater tumor-killing and
targeting efficacies with minimal side effects.

MATERIALS AND METHODS
GO Preparation and Characterization. GO materials adopted

in this study were obtained from Nanjing XFNANO Materials Tech
Co., Ltd. For AFM determination, GO nanosheets were deposited on
the surface of mica substrates (Beijing Zhongjingkeyi Technology
Co., Ltd., China) and dried with protection from light. AFM imaging
was carried out on a Dimension FastScan Bio AFM instrument in the
contact mode (Bruker, Santa Barbara, CA, USA). For the FT-IR
spectra and XPS analyses, the GO solution was dried through a freeze-
drying process, and prepared samples were tested by a Nicolet 6700
FT-IR spectrophotometer (Thermo Fisher Scientific Inc., USA) and
on an X-ray photoelectron spectroscopy. Raman spectra of GO were
acquired on an InVia Raman microscope (Renishaw, UK). ζ-Potential
measurements of the GO materials in two different media, deionized
water and culture media, at the concentration of 10 μg/mL were
assayed with a Zeta-sizer (Malvern Nano series, Malvern, U.K.).

Cell Lines and Tissue Culture. Human prostate cancer cell line
PC3, lung cancer cell line A549, and liver cancer cell line HepG2 were
obtained from the Shanghai Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences. A subline of mouse breast cancer
cell line 4T1, 4T1-LG12, which bears enhanced lung metastasis
capability, was established in our laboratory, as described in a previous
study.33 Cells were routinely cultured in Dulbecco’s modified Eagle’s
medium (DMEM) or Roswell Park Memorial Institute 1640 (RPMI-
1640) medium (Gibco BRL Life Technologies Inc., USA)
supplemented with 10% fetal bovine serum (Gibco BRL Life
Technologies Inc., USA) and 1% penicillin/streptomycin (Hyclone,
CA, USA) at 37 °C in the presence of 5% CO2.

Cytotoxicity Assay. To survey the cytotoxicity of GO, cells were
seeded in 96-well plates at a density of 1 × 104 cells/well. After a
series of concentrations of GO treatment (at 1, 5, 10, 20, 50, and 100
μg/mL) for 24 h, the cellular viability was assessed by cell counting
kit-8 analysis (CCK8, Solarbio Science & Technology Co., Ltd.,
Beijing, China).

Scratching Wound Healing Assay. Cells were first seeded in
micro-insert 4-wells in a μ-dish35 mm, high ibiTreat (ibidi GmbH,
Germany). When the cell density reached 90%, the culture inserts
were removed, in which 500 μm wide scratching gaps were formed.
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Thereafter, the wells were washed three times with phosphate
buffered solution (PBS, Solarbio Science & Technology Co., Ltd.,
Beijing, China) and were replaced with fresh medium containing GO
nanosheets at 10 μg/mL. The wells were examined and imaged at 6,
12, and 24 h post-GO treatment on a microscope (Olympus, Japan).
Cell Invasion Assay. Cell invasion assays were assessed using 24-

well transwell polycarbonate filters which were precoated with
Matrigel (BD Biosciences, USA). Briefly, cells were cultured in
medium with 1% FBS for 12 h and were afterward seeded onto the
upper chambers. Meanwhile, 600 μL of medium containing 10% FBS
was added to the lower chamber functioning as the chemoattractant.
After 2 h, when cells were well anchored on the upper chambers,
culture medium was replaced, which contained 1% FBS and 10 μg/
mL GO. About 24 h later, the upper chambers were separated and
fixed with methanol for 10 min and were then washed with PBS and
stained with 0.1% crystal violet. Penetrated cells were visualized and
counted under a microscope (CKX41, Olympus, Tokyo, Japan).
Characterization of Cellular Localization of GO. Post-

exposure to 10 μg/mL GO for 24 h, cells were successively washed
with PBS, fixed with 2.5% glutaraldehyde solution, and finally
embedded in epoxy resin. Approximately 70 nm thick specimens were
obtained and placed on the Formvar-coated copper grids. Then, the
specimens were stained with 0.5% uranyl acetate and 1% Reynolds
lead citrate. Cellular location of GO nanosheets was observed under a
JEOL JEM 2010F transmission electron microscope (Hitachi
Scientific Instruments, Japan).
Following our established method,10,34 GO nanosheets were

labeled with FITC-BSA (Bioss Inc., China). Therefore, FITC-BSA-
conjugated GO nanosheets were collected through centrifugation at a
speed of 16 000 g/min and were then washed with PBS three times.
PC3 cells were seeded in 3.5 cm confocal dishes (Thermo Fisher
Scientific Inc., USA) and were afterward exposed to FITC-BSA-
conjugated GO at the dose of 10 μg/mL for 6 and 24 h. After that,
cells were washed with warmed PBS and fixed with 4%
paraformaldehyde. Thereafter, cells were stained with rhodamine−
phalloidin (Solarbio Science & Technology Co., Ltd., China) and
DAPI (Solarbio Science & Technology Co., Ltd., China). Eventually,
cells were visualized under a confocal microscope (Leica, Germany),
and high-resolution images were obtained under a 63× objective.
FITC, rhodamine, and DAPI were excited at 488, 540, and 364 nm
and observed at 500−800, 419−493, and 550−650 nm, respectively.
Animal Experimentation. All animal experiments were per-

formed in accordance with the guidelines of the Animal Ethics
Committee at the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences. Female BALB/c mice (7−8 weeks old,
body weight around 20 g) were purchased from Vital River
Laboratories (Beijing, China). To establish the lung metastasis animal
model, 3 × 105 4T1-LG12 cells were injected via tail vein with or
without GO pretreatment. To establish the lung metastasis model
deriving from the primary tumor, GO-pretreated 4T1-LG12 cells (3 ×
105) were first dispersed in 30 μL of PBS-diluted Matrigel and were
thereafter injected at the fourth mammary fat pad. Tumor growth was
closely monitored for 14 days, followed by bioluminescent imaging
and lung tumor nodule examination. For the bioluminescence assay,
mice were administered with D-luciferin substrate (100 μL, 15 mg/
mL, XenoLight, USA) through intraperitoneal injection before
anesthetization with isoflurane and then imaged by an IVIS Spectrum
imaging system (Caliper Life Sciences, Hopkinton, MA, USA).
Western Blot Analysis. Cells were collected and lysed in RIPA

lysis buffer (Thermo Fisher Scientific, USA) with supplementation of
a protease inhibitor cocktail (Roche, Switzerland) in the ice for 30
min. Concentrations of total proteins were detected with the ABC
method (Thermo Fisher Scientific, USA). Equal amounts of proteins
in each group were subjected to sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS-PAGE), followed by the
standard Western blotting procedure, as described in our previous
report.10 The primer antibodies (Abs) were as follows: anti-E-
cadherin Ab (1:1000 dilutions, Proteintech, USA), anti-N-cadherin
Ab (1:1000 dilutions, Proteintech, USA), anti-Vimentin Ab (1:1000
dilutions, Proteintech, USA), anti-Slug Ab (1:500 dilutions,

Proteintech, USA), anti-CD109 (1:1000 dilutions, Proteintech,
USA), anti-TGF-βR1 Ab (1:1000 dilutions, Abcam, USA), anti-
Smad2/3 Ab (1:1000 dilutions, CST, USA), anti-P-Smad2/3 Ab
(1:1000 dilutions, CST, USA), and anti-β-actin Ab (1:2000 dilutions,
Proteintech, USA). The secondary Abs were goat anti-mouse HRP-
conjugated IgG (1:2000 dilutions, Proteintech, USA) and goat anti-
rabbit HRP-conjugated IgG (1:2000 dilutions, Proteintech, USA).
The target band signals were recorded with a BIO-RAD ChemiDoc
XRS chemiluminescence system (Bio-Rad Inc., CA, USA). The
densitometry of all the Western blots was analyzed by a Gel-Pro
analyzer (Media Cybernetics, USA).

Plasmid Transfection. To obtain TGF-βR1-knockdown trans-
fectants, two individual human TGF-βR1 shRNA sequences were
cloned into lentiviral vector PLKO.1 (Shanghai GenePharma
Co.,Ltd., China). The sequences for TGF-βR1 shRNA are as follows:
shRNA-#1 (shRNA1) (forward: CCGGGATCATGATTACTG-
T C G A T A A C T C G A G T T A T C G A C A G T A A T -
CATGATCTTTTTTG; reverse: AATTCAAAAAAGATCATG-
ATTACTGTCGATAACTCGAGTTATCGACAGTAA -
TCATGATC) and shRNA-#2 ( s hRNA2) ( f o rwa rd :
CCGGGAAGTTGCTGTTAAGATATTCCTCGAGGAATATCTT-
AACAGCAACTTCTTTTTTG; reverse: AATTCAAAAA-
AGAAGTTGCTGTTAAGATATTCCTCGAGGAATATCTT-
AACAGCAACTTC). PC3 and A549 cells were loaded with lentiviral
shRNA constructs targeting TGF-βR1, and puromycin (10 μg/mL,
Sigma-Aldrich, USA) was adopted to select TGF-βR1 shRNA-1# and
shRNA-2# stable transfectants.

Membrane Integrity Evaluation. Lactate dehydrogenase
(LDH) concentration in the culture medium was detected with a
commercial LDH kit (CytoTox-ONE homogeneous membrane
integrity assay, Promega, USA). Briefly, cells were seeded in 96-well
plates (1 × 104 cells/well) and were thereafter treated with GO at 10
μg/mL. Twenty-four hours later, 100 μL of CytoTOX-ONE reagent
was added into each well. Ten minutes later, a 50 μL stop solution
was added to stop the reaction. Fluorescence was recorded with a
Varioskan Flash Multimode plate reader (Thermo Fisher Scientific,
USA), with excitation wavelength at 560 nm and emission wavelength
at 590 nm.

Statistical Analysis. All data were represented as the mean ±
standard deviation. Statistical analysis was conducted by SPSS 16.0
software using independent t-test or one-way ANOVA test. A p value
less than 0.05 was considered to be statistically significant.
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