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T
he emerging applications of gra-
phene oxide (GO) in anticancer drug
delivery,1�3 gene transfection and

delivery,4,5 cell and tumor imaging,6�8 pro-
tein inhibition,9 photothermal therapy,10,11

and DNA manipulation12,13 have aroused
the need to deeply understand the interac-
tion of GOwith cells at themolecular level to
expedite practical applications, envisaging
new functions and adverse effects. It was
generally believed that GO with nanometer
lateral sizes (nGO) might be engulfed by
cells through endocytosis, resulting in dis-
ruption of the cytoskeleton as graphitic
nanoribbons,14 programmed necrosis on
macrophages, and massive reactive oxygen
species (ROS) generation, which reduce cell
viability and undermine macrophagic mor-
phology and functions.15 On the other
hand, the micrometer-sized GO (mGO)

sheets could be taken by cells through the
phagocytotic pathway,16 but it took a lon-
ger time for them to penetrate the cells
compared to nGO.17 It was demonstrated
that the mGO can induce in vitro and in vivo

mutagenesis only after 24 h or even longer
incubation, suggesting the difficulty of
the mGO sheets in cellular penetration.18

Alternatively, it was also speculated that
GO sheets might not be engulfed by cells;
instead, they could be absorbed on the cell
membrane as the first step.16 Thus, the GO
may affect the cellular processes via the
interaction with the cellular membrane or
membrane proteins.19 Additionally, the the-
oretical study showed that the bending
stiffness of mGO sheets was close to that
of lipid bilayers of cells, supporting the
possibility of the interaction between GO
and membrane proteins.20 Very recent work
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ABSTRACT A deep understanding of the interaction of a graphene oxide (GO)

sheet with cells at the molecular level may expedite its biomedical application and

predict its new functions and adverse effects. Herein we inspect the interaction

between micrometer-sized GO (mGO), commonly used in biomedical research, and

cells at the molecular level through a variety of techniques. A major finding is that,

instead of direct cellular penetration, the mGO sheets can stimulate the cellular

response by interacting with the membrane protein and the membrane.

Specifically, it is illustrated that even within a short exposure time the mGO

sheets can induce the formation of vacuoles in the cytosolic compartment and enhance the cell permeability. The vacuolization is only observed in the cells

that strongly express aquaporin (AQP1), indicating the specific interaction of the mGO with AQP1. Moreover, inhibition of the AQP1 activity prevents the

formation of vacuoles, revealing that the interaction of the mGO with AQP1 occurs most probably at the vestibule of AQP1 at the extracellular side.

Additionally, though the cell permeability was enhanced, it only improves the penetration of small molecules, not for macromolecules such as proteins.

These findings are potentially valuable in cancer therapy because AQPs are strongly expressed in tumor cells of different origins, particularly aggressive

tumors, and it will also be beneficial for drug transport across barrier membranes.
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demonstrated that the interaction between GO
and Toll-like receptor 4 (TLR4), a single membrane-
spanning receptor, could induce TNF-R production
that usually triggers the programmed necrosis on
macrophages in an autocrine loop, and notably, the
macrophage uptake of GO may not be required for
induction of necrosis.15 Based on coarse-grained and
all-atom molecular dynamics, analytical modeling,
confocal laser scanning microscopy (CLSM) fluores-
cence imaging, and electron microscopic imaging,
Li et al. proposed that multilayered GO sheets could
directly penetrate the lipid bilayer and enter cells at
edge asperities and corner sites.21More interestingly, it
was believed that the strong dispersion interaction
between GO sheets and lipid molecules could result
in the extraction of a large amount of phospholipids
from Escherichia coli membranes during the pene-
tration.22 Chances that mGO interacts with the cell
membrane in these modes, however, might be slim
compared to other weak interactions, such as hydro-
gen bonding, electrostatic, and hydrophobic interac-
tions. Nevertheless, these findings suggest the possi-
bility that the mGO sheets elicit their cellular level
effect via interaction with membrane or membrane
proteins without penetrating the cells. Actually, it was
shown recently that GO sheets could disturb the cell
membrane of bacterial and fungal spores and might
induce the decrease of the bacterial membrane
potential and the leakage of electrolytes of fungal
spores.23 However, information on the interaction of
GO sheets, especially mGO, that are often used in
biomedical research, with cells at the molecular level,
remains to be elaborated.
Here, we describe the interaction of mGO with cells

at the molecular level. We demonstrate that mGO
sheets do not enter the cells within a short exposure
time; instead, they interact with the membrane pro-
tein, aquaporins (AQPs), of the cells and induce the
formation of vacuoles in the cytosolic compartment. In
addition, due to the interaction of mGO with the cell
membrane, the permeability of the cells is also en-
hanced. The findings might open a novel biomedical
application of mGO because AQPs are strongly ex-
pressed in tumor cells of different origin.24

RESULTS

mGO Induces the Formation of Vacuoles in the Cytoplasm.
ThemGO used in this work was obtained following the
procedure described in our previous work.25 They
adopt a single atomic layer structure with a thickness
of about 1 nm and a lateral size of 0.5�4 μm, in which
about 71% range between 0.8 and 2 μm, and were
characterized with atomic force microscopy and UV�
vis, IR, and Raman spectroscopies (Supporting Informa-
tion Figure S1).25,26 As mentioned previously, these
mGO sheets could penetrate into the cells after 24 h or
even longer incubation times. However, within a short

incubation time, the mGO cannot (or is difficult to) be
taken by the cells.16,17,27 To understand this phenom-
enon, themGO sheetswere incubatedwithMCF-7 cells
from 20 min to 24 h. Unexpectedly, small light-colored
vacuoles were spotted inside the cell under an optical
microscope in a short incubation time (Figure 1). The
size and number of vacuoles were amplified with in-
creasing incubation time and concentration of mGO
in the culture (Figure 1 and Supporting Information
Figure S2). These phase-lucent vacuoles were absent in
the control group without mGO (Supporting Informa-
tion Figure S2, row c). No sign of loss of membrane
integrity, cell lysis, shrinking of cytoplasm, condensa-
tion of nucleus, or fragmentation of cells into smaller
bodies was observed. Similarly, vacuoles were also
found in the stomach cancer MGC-803 cells, human
gastric cancer SGC-7901 cells, human gastric adeno-
carcinoma cell line AGS, lung cancer A549 cells, HeLa
cells, and GES-1 cells under the same experimental
conditions (Figure S3). Such vacuoles are quite similar
to the lysosomes upon chemical treatment or stress
conditions.28 To further identify these vacuoles, the
MCF-7 cells incubated with mGO were examined by
transmission electron microscopy (TEM) after being
fixed. As shown in Figure 1g,h, a number of vacuoles
with variable sizes were observed in the cytoplasm of
MCF-7 cells, similar to the aforementioned optical
microscope imaging results. More clearly, the high-
magnification TEM image (Figure 1h) shows that most
of the intracellular vacuoles have irregular shapes
and lack a distinguishable double-layered membrane,
suggesting that they might not be lysosomes or auto-
phagosomes.29 The low electron density inside the
vacuoles also indicates that they are not mGO,17,21

and there are no other organelles or their fragments
within these vacuoles.

As-Induced Vacuoles Are Neither Lysosomes nor Autophago-
somes. To further confirm whether the as-induced vac-
uoles contain any organelles, their fragments, or pro-
teins, MCF-7 cells were first transfected transiently with
the PSICOR-GFP plasmid and then incubated with
mGO. As depicted in Figure 2c, there is apparently no
green fluorescence inside the vacuoles (black dots in
Figure 2c), revealing that there is no protein in them. By
comparing Figure 2b,d, it can be found that vacuoles
are not stained by lysotracker red either, implying that
the vacuoles are not acidic. These data clearly verify
that the vacuoles are neither lysosomes nor mGO
sheets taken by the cells.

Vacuolization in the cytoplasm is a typical morpho-
logical feature of cellular autophagy,30 thereby it is
possible that the vacuoles observed might be auto-
phagosomes. Figure 2e displays the images of the
MCF-7 cells incubated with 100 μg mL�1 of mGO in
the presence of 10 mM 3-methyladenine (3-MA), a
widely used inhibitor of autophagy.31 The inhibitor
3-MA apparently did not block the vacuolization
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induced by mGO, indicating that the vacuoles are not
autophagosomal in origin, which is in agreement with
the absence of the double-layer membrane shown by
TEM (Figure 1g,h). To further corroborate the result,
MCF-7 cells were transfected with the GFP-LC3 plasmid.
LC3 is microtubule-associated protein light chain 3 that
targets the phosphatidyl ethanolamine on autophago-
some membranes, thus the relative amount of bright
LC3 puncta that are flagged by the fluorescence of GFP
correlates with the number of autophagosomes in the
cell.29,32 As shown in Supporting Information Figure S4a,
intracellular vacuoles did not overlap with the smaller
green fluorescent autophagosomes. In fact, autophago-
somes often fused with lysosomes, forming autophago-
lysosomes that can be tracked by lysosome tracker.29

However, the overlap of green and red fluorescence of
the lysosome tracker and vacuoles did not occur either
(Supporting Information Figure S4c). These results to-
gether show that the vacuoles induced by mGO sheets
are neither lysosomes nor autophgosomes.

Formation of Vacuoles Slows Cell Proliferation. It was
generally accepted that mGO exhibited cytotoxicity
because it may stimulate a series of cellular responses
after being taken by the cells.15�18,33,34 However,
with a short incubation time (1.5 h), cells could not
take mGO quickly17,35 and the formation of vacuoles is
therefore probably a result of cellular responses upon

exposure to mGO. These responses could be related to
activities such as diffusion, osmosis, mediated trans-
port, etc. that occurred on the cell membrane, which
may be analogous to the generation of autophago-
somes within cells upon starvation.36 Even though
numerous vacuoles were spotted inside the cells, there
was no phenotypic sign of necrosis or apoptosis, and
the cells were in a healthy state (Figure 1). The vacuoles
were also observed under microscope in two daughter
cells, suggesting that vacuoles are probably inherited
in cell proliferation (Figure S5). Nevertheless, the cell
proliferation assay was performed with the cells incu-
bated with different amount of mGO for 3 h, and no
obvious cytotoxicity was observed (Figure 3a). The
cytotoxicity of the mGO was low, and 86% of cells
were still alive even after 24 h of incubation with
100 μg mL�1 of the mGO (Supporting Information
Figure S6). However, we found that the proliferation
rate of the cells indeed slowed when the cells were
washed with phosphate-buffered saline (PBS) twice
after incubation with mGO and reincubated in a com-
plete culture medium for another 1, 2, and 3 days. With
the increased concentration of mGO, the effect was
more pronounced (Figure 3a). Meanwhile, it was also
found that, with the increase of incubation time, the cell
recovery rate was slow but could eventually get back
to their regular state. The results provide a hint that

Figure 1. mGO induces the formation of vacuoles. Microscopy images of the MCF-7 cells incubated with 50 μg mL�1 of the
mGO for (b) 20min, (c) 1.5 h, (d) 3 h, (e) 6 h, and (f) 24 h. Control cells in the absenceofmGO (a). Scale bar: 20μm. TEM images of
the MCF-7 cells incubated with mGO (200 μg mL�1) for 1.5 h; arrows indicate the vacuoles (g). High magnification of the
vacuoles (h). TEM image of the control MCF-7 cell (i). Each experiment was repeated at least three times.
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something might occur inside the cells when they were
incubated with mGO. Optical microscope images of the
cells revealed that the vacuoles in themGO-treated cells
fused to each other, forming larger vacuoles during the
cell incubation in the fresh medium on the first day
(Supporting Information Figure S7b). The large vacuoles
then disappeared gradually during the following 2 days
of incubation (Supporting Information Figure S7c,d),
and the cells returned to their normal status.

The heterogeneity of the vacuoles for different
incubation times was quantified by counting the num-
ber and size of the vacuoles per 20 cells. As shown in
Figure 3b, after the incubation with mGO for 3 h, most
generated vacuoles are smaller in size, less than 2 μm,
while with the time increase, the size of the vacuoles
grows and some are 5�12 μm; a few even grow to
20�30 μm when the cells are incubated for 1�2 days.
Interestingly, the number and size of the vacuoles
decrease on the third day of incubation, and only a
few small-sized vacuoles exist. This process was also
monitored by flow cytometric measurement to exam-
ine the effect of vacuoles on the cell cycles, which are

more informative to the cell growth process.37 As
shown in Figure 3c�e, compared to the control cells,
cell cycles were dramatically affected after the incuba-
tion with mGO for 3 h (Figure 3d); about 37.5% of the
cells were arrested in S phase, while in the control cells,
it was only 19%. To display the difference clearly,
panels c and d in Figure 3 were overlapped and are
displayed in Figure S8. The recovery of the mGO-
treated cells after the reincubation in fresh culture
medium is accompanied by the decrease of S phase
population. To further quantify the number and size of
the vacuoles spotted at different phases of a cell cycle,
fluorescence ubiquitination cell cycle indicator (FUCCI),
a fluorescent protein (FP)-based sensor that employs
a red (RFP) and a green (GFP) fluorescent protein
fused to different regulators of the cell cycle, was
employed.38 The dynamic color change from red to
yellow to green indicates the progression of the cell
from G1, G1/S transition and S, G2, M phases. As shown
in Figure 3f, there are more vacuoles at the G1/S phase
than at the other phases, and the vacuoles with 1�2 μm
size only appeared in the G1/S phase, too. Combining
these results together with the flow cytometric data,
one can see that the cells are arrested at S phase, where
the maximum number and the largest vacuoles are
found, suggesting that possibly a certain number and
size of vacuoles could affect the cell phases, eventually
affecting cell proliferation. This result is different from
the effect of longer incubationwithmGO to the cells, in
which mGO sheets were engulfed by the cells.17,18

Vacuolization was not observed in the cells incubated
with nanometer-sized GO even for longer incubation
time, possibly due to their small size (Supporting Infor-
mation Figure S9). S phase arrest induced by mGO
suggests theDNAdamagemay occur at a certain point,
leading to a slow proliferation.39 The recovery from S
phase arrest, on the other hand, indicated the restora-
tion of DNA synthesis after mGO sheets were removed.
Even though the vacuoles were formed in the cyto-
plasm, the cellular activity was still affected, further
highlighting that the formation of vacuoles is a stimu-
lus response of the cells to the mGO rather than a
consequence of the cellular uptake. More importantly,
the results also specify that vacuoles possibly contain
water or liquid of small molecules that are not harmful
to the cells because the enlargement, collapse, and the
disappearance of the vacuoles occurred at the stage
of the cell recovery instead of cell death (Supporting
Information Figure S7).

Origin of the Vacuoles. The fact that vacuoles affect the
cell proliferation and the affected cells could recover
after the removal of mGO, that there are no proteins in
the vacuoles, and the vacuoles have low density under
optical microscopy and low electron density under
TEM, prompted us to examine the origin of vacuoles.
To do this, the vacuolated MCF-7 cells were first
incubated in a hypertonic PBS solution, and some

Figure 2. Vacuoles are not lyzosomes or autophagosomes.
(a) CLSM fluorescence image of the PSICOR-GFPDNA trans-
fected MCF-7 cells. (b) Fluorescence image of the MCF-7
cells that were stained with lysotracker. (c) Transfected
MCF-7 cells incubated with mGO (20 μg mL�1) for 3 h. (d)
Fluorescence images of the MCF-7 cells that were pre-
treated with mGO (20 μg mL�1) and then stained with
lysotracker. Scale bar: 10 μm. (e,f) Microscopy images of
MCF-7 cells that were treated with mGO (100 μg mL�1) in
the presence and absence of 10 mM 3-methyladenine for
1.5 h. (g) Images of the cells thatwere incubatedwith 10mM
3-methyladenine alone as a control.
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vacuoles diminished 1 h later, as indicated by arrows in
Figure 4b. In the control group (Figure 4c), the number
of vacuoles remains roughly the same. The disappear-
ance of the vacuoles in the cytoplasm in hypertonic
solution is a positive sign that they are likely associated
with water transport of the cells, and in other words,
vacuoles may contain water. The assumption was
further supported by the morphological transform of
the suspended cells when exposed to the culture
medium containing a high concentration of mGO.
Figure 4e,f shows the images of the suspended MCF-7
cells that were incubated with the mGO for 1.5 and
3 h, respectively. With the incubation time increase,
some cells started to develop protrusions (indicated by
arrows). Suchphenomenonwasnot noted in the control
cells that were incubated with regular PBS. The result
showed evidently that the incubation with mGO en-
hanced the water influx of the cells.

Generally, water influx in mammalian cells is either
through the membrane by diffusion, macropinocyto-
sis, and/or through water channels, more specifically,
aquaporins.40,41 Free diffusion is a slow and inefficient
process that may not be a major water transport
process in our case. Macropinocytosis is a nonselective
internalization process of fluid,41,42 which is relatively
efficient and thus is possible in this case. However,
extracellular fluid tracer, lucifer yellow (LY), in the
medium was taken up in the mGO-treated cells in

15 min, but LY was not found in the vaculoles, as
shown in Figure 5, precluding that the vacuoles are
formed through macropinocytosis. It should be noted
that LY can be taken by mGO-treated cells but not the
control cells, implying that the permeability of the cells
is probably changed (see Discussion).

AQP is a highly efficient water transport channel.
AQP1, a typical AQP, is strongly expressed in the
membrane of breast cancer cell line MCF-7;43,44 we
first examined whether the vacuole formation induced
by mGO is linked to AQP1 by inhibiting its transport
activity. Actually, the transport ability of the AQP1 can
be blocked specifically by Hg2þ, for which it reacts with
the sulfhydryl of cys189 that is located close to the
entrance of the water channel.45 When MCF-7 cells
were first incubatedwithHgCl2 and then exposed to the
mGO, we found, unexpectedly, that there was almost
no vacuole formed in the cell plasma (Figure 6a). It
was also found that the cells were first treated with
HgCl2 followed by incubationwith β-mercaptoethanol,
which easily binds to HgCl2, and finally with mGO,
vacuoles appeared again (Supporting Information
Figure S10a). In contrast, vacuoles were not observed
in the control cells that were pretreated with HgCl2
and β-mercaptoethanol without further incubation
with mGO (Supporting Information Figure S10b,c).
The inhibition of AQP1 transport activity by HgCl2
apparently also hinders the formation of vacuoles

Figure 3. Effect of the vacuoles induced by mGO on the proliferation and cycle of MCF-7 cells. (a) Cells were first incubated
with mGO (20, 50, and 100 μg mL�1) for 3 h (0 day) and then washed with PBS twice and reincubated in a complete culture
medium for another 1, 2, and3days. Cells grown in a complete culturemediumwithoutmGOwere the control. Data represent
mean( SD; the experiment was performed three times; t test, *p < 0.05 and **p < 0.01. (b) Number and size of the vacuoles
found in the cells after different incubation time. The sizes of circles indicate their relative sizes. The number of the cells that
counted were 20 at each incubation time. (c�e) Flow cytometric analysis of the cell cycles of the MCF-7 cells that were
incubated with RPMI 1640 medium (c) and mGO (100 μg mL�1) for 3 h (d) and were recultured in fresh culture medium for
another 3 days (e). Insets are bright-fieldmicroscopy images of the corresponding cells (scale bars: 20μm). (f) Number and size
of the vacuoles found in different phases of cell cycle, which were determined using a cell cycle indicator. Data represent
mean ( SD; t test, **p < 0.01.
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induced bymGO. The inhibitory experiments were also
carried out with another two inhibitors, acetazolamide
andHAuCl4, and similar results were obtained (Suppor-
ting Information Figure S11).46,47 These results provide
solid evidence that the formation of vacuoles is asso-
ciated with AQP1 of the cells. Further, these findings
also reveal that the mGO does not interfere with the
narrow water channel of AQP1.48

To reach a more definitive conclusion, similar ex-
periments were performed on AQPs that are abundant

in human erythrocytes.49 As displayed in Supporting
Information Figure S12, the hemolysis of human ery-
throcytes is proportional to the concentration of mGO
in the culturemedium, and HgCl2 also could inhibit the
hemolysis that was induced by the mGO, which is very
consistent with the observation on MCF-7 cells. Under
optical microscopy, the burst of the human erythro-
cytes was observed as early as 20min of the incubation
with a lower ratio of mGO to cell numbers (compared
to the experimental conditions used with MCF-7 cells),

Figure 4. Vacuoles are associated with water influx of cells. Microscopy images of the adherent MCF-7 cells that were
incubatedwith 100 μgmL�1 of mGO for 1 h (a). The preincubated cells were reincubated in hypertonic PBS solution (145mM
NaCl) (b). Reincubated cells were then cultured in regular PBS solution (scale bar: 20 μm) (c). Microscopy images of the
suspended MCF-7 cells incubated with 200 μg mL�1 of mGO for 0, 1.5, and 3 h (d�f) (scale bar: 50 μm). (g�i) Controls of the
suspended MCF-7 cells incubated without mGO for 0, 1.5, and 3 h, respectively.

Figure 5. Vacuoles were not formed via macropinocytosis. Microscopy images of the mGO-treated MCF-7 cells that were
incubatedwith lucifer yellow (0.5 mgmL�1) in PBS for 15min. (a) Bright-field image of the cells; (b) fluorescence image of the
cells excited at 450 nm; (c) overlay of (a) and (b). Scale bar: 15 μm. Arrows indicate the vacuoles.
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which is possibly because erythrocytes are rich in AQPs.
When the mGO-treated human erythrocyte suspen-
sion solution was transferred into a confocal dish,
vacuoles were observed (Figure S13), which indicated
that mGO-evoked hemolysis of erythrocytes is related
to their vacuolization induced by the mGO. In fact,
mGO-induced hemolysis of human erythrocytes was
reported previously, but it was believed that hemolysis

was caused by ROS that generated upon GO exposure
for 24 h.50

Encouraged by the aforementioned results, we
carried out a further study with two human glioma cell
lines, U87-MGandU251-MG, because the expression of
AQP1 ismuch stronger in the latter than in the former at
protein and RNA levels, as shown in Figure 6b,c, and
reported in the literature.51 Additionally, glioma cells

Figure 6. Vacuole formation is associated with the AQP1 of the cells. (a) Microscopy images of the MCF-7 cells that were
treated with mGO (100 μg mL�1) for 1.5 h without and with HgCl2 pretreatment (200 μM). Control cells were pretreated with
200 μM of HgCl2 only. Scale bar: 20 μm. (b) mRNA expression of AQP1 in U87-MG and U251-MG cells. RT-PCR was used to
amplify AQP1 present in the two cell lines. (c)Western blot analysis of AQP1protein expression in U87-MGandU251-MG cells.
(d) Comparison of the microscopy images of the U87-MG and U251-MG cells incubated with 20, 50, and 100 μg mL�1 of the
mGO for 20 min, 1.5 h, 3 h, and 6 h. Scale bar: 20 μm. (e) Blown-up images of the U87-MG and U251-MG cells incubated with
100 μg mL�1 of mGO for 1.5 h. Scale bar: 20 μm.
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quickly adjust their cell volume in response to osmotic
challenges as they invade into the narrow and tortuous
extracellular spaces of the brain primarily through
AQPs.51 Figure 6d compares the effect of mGO on
these two cell lines under the same conditions. Similar
to MCF-7 cells, intracellular vacuoles were observed in
U251-MG cellswith the concentration ofmGOas lowas
20 μg mL�1 after 1.5 h of incubation. No vacuole was
spotted in U87-MG cells even with a high concentra-
tion of mGO for a longer incubation time. Figure 6e
show the blown-up images of these two cell lines
under the same conditions. We also checked the
AQP1 expression level in MCF-7, A549, AGS, and
SGC7901 cells, and all of them have a high AQP1
expression level (Figure S14). These findings unam-
biguously convinced us that mGO sheets interact with
the cells via membrane protein AQP1, eventually
resulting in the formation of vacuoles.

DISCUSSION

We have inspected the interaction of the mGO with
the cells within a short exposure time. Generally, the
cytotoxicity of mGO was believed to be via cellular
uptake, but in fact, it is difficult for themGOused in this
research to penetrate cells very rapidly. Hence, mGO
probably influences the cells via interaction with the
cell membrane and/or membrane protein. AQPs are
membrane proteins that are heavily expressed inmany
human cell lines. They are tetramers, and each mono-
mer serves as a water channel. The monomer has six
transmembrane R-helices arranged in a right-handed
bundle, with five interhelical loop regions that form the
extracellular and cytoplasmic vestibules.48 Two hydro-
phobic loops contain an asparagine-proline-alanine
motif, which overlaps the middle of the lipid bilayer
of the membrane forming a 3-D “hourglass” structure
where water flows through.48 The hourglass geometry
of AQP1 reduces the end effects and maximizes water
permeability.52 We may simplify the hourglass struc-
ture of APQ1 by assuming that it is made of a central
cylinder water channel connected with two conical
vestibules (Figure 7). HgCl2, an AQP1 inhibitor, can
block the formation of vacuoles induced by the mGO,
indicating that the mGO did not interfere with the
central cylinder region of AQP1. The only site thatmGO
possibly interacts with should be the vestibule of AQP1
at the extracellular side, at which it may modulate the
angle of the conical entrance of AQP1 by expanding its
opening (indicated by the arrow in Figure 7). It was
shown that the conical entrance of the hourglass
structure of AQP1 with a suitable opening angle can
indeed provide a large increase of the hydrodynamic
channel permeability.52 The hydrophobic interaction
between mGO and AQP1 is expected because mGO
has a large hydrophobic basal plane,53 which had been
shown that it could interact with the proteins;54 several
conserved hydrophobic residues lining the aqueous

pathway of AQP1 permit rapid and efficient water
transport;48,54 they thus could interact with mGO. To
verify the hydrophobic interaction between AQP1 and
mGO, optical microscopy images of the MCF-7 cells
after the incubation with identical concentration of the
mGO and chemically reduced mGO (CR-mGO1 (mode-
rately reduced) and CR-mGO2 (deeply reduced)) were
compared (Supporting Information Figure S15). The
deeper the reduced mGO is, the more hydrophobic
it is.54 Apparently, the more hydrophobic mGO is, the
more vacuoles were generated, suggesting the stron-
ger hydrophobic interaction between mGO and AQP1.
The result was also supported by the finding that the
stronger hemolysis of human erythrocytes was ob-
served with the CR-mGO2 (Supporting Information
Figure S12c). Obviously, hydrophobic interaction plays
a critical role in the interaction of the mGO with AQP1
because the amine-modified mGO could induce the
formation of vacuoles, as well (Supporting Information
Figure S16). In principle, such hydrophobic interaction
between AQP1 and mGO could also happen between
other membrane proteins andmGO. However, besides
the formation of vacuoles, no other phenotype fea-
tures were observed in the cell lines tested, which
implies that other techniques may be necessary to
explore that. Whether or not the conclusion is applic-
able to other types of membrane proteins remains to
be discovered through detailed biological study, which
is currently underway in our laboratory.
In theory, such types hydrophobic interactions could

also occur between the membrane lipid and mGO.55

Actually, it was reported that the tail end of a GO
nanosheet is possibly trapped by the membranes due
to strong van der Waals attractions from the mem-
brane lipids and GO interactions, thus the permeability
of the membrane could be affected.22 To inspect
whether the membrane permeability of the cells was
also affected under this condition, theMCF-7 cells were
dyed with Annexin V-FITC and propidium iodide (PI)

Figure 7. Schematic drawing of the interaction ofmGOwith
AQPs and the membrane.
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after the pretreatment with the mGO.56 Figure 8 dis-
plays the fluorescence images of the dyed cells with
and without pretreatment of mGO. No fluorescence of
Annexin V-FITC was observed in the control and the
mGO-treated cells, meaning that no apoptosis oc-
curred under the experimental conditions, which is in
line with the proliferation assay result (Figure 3). In
contrast, in the mGO-pretreated cells, the fluorescence
of PI was observed, and the fluorescence intensity of PI
increased with the incubation time, revealing that the
permeability of the cell membrane was enhanced,
which is in agreement with the penetration of LY
observed in Figure 5. The penetration improvement
to the cells was also observed in the uptake of rhoda-
mine 123 (Supporting Information Figure S17). How-
ever, the permeability of the cell membrane was not
markedly enhanced because a majority of GFP protein
cannot penetrate the mGO-treated cells (Supporting
Information Figure S18). On the other hand, it was
known that the AQPs are imbedded tightly in the
membrane,49 thus the change in the membrane in-
duced by mGO could possibly affect the conformation
of AQPs, which may contribute partially to the en-
hanced water influx induced by the mGO. The mem-
brane permeability change in the MCF-7 cells revealed
that the interaction between mGO and the cell mem-
brane did exist. The result was further supported by the

fact that mGO enhanced cell permeability of the
U87-MG cells in which expression of AQP1 is low (Sup-
porting Information Figure S19).51 Altogether, the ac-
cumulation of phase-lucent vacuoles is consistently
observed in the tested cell lines that strongly express
AQP1 (Supporting Information Figure S14), confirming
that they are the consequences of the interaction of
the mGO with AQP1. For those cells that weakly
express AQP1, the mGO likely perturbs primarily the
cell membrane. The findings that the mGO-treated
cells (expressing AQP1) are vulnerable to vacuolization
and have high cell permeability are potentially valu-
able in cancer therapy because AQPs are strongly
expressed in tumor cells of different origins, particu-
larly aggressive tumors.57 Recently, it was demon-
strated that the AQP expression is involved in more
advanced clinical progression of breast cancer and
might be a biomarker and potential therapeutic target
for breast cancer.44 In addition, the enhanced cell
permeability by mGO suggests that the mGO could
be used as an agonist of AQPs, which will be beneficial
for drug transport across barrier membranes, such as
the blood�brain barrier.24

CONCLUSION

In this work, the interaction of the mGO, used often
in biomedical research, with cells at themolecular level
was inspected through variety of techniques. Different
from the cellular uptake that was generally believed,
the mGO sheets were not taken by the cells when they
were exposed to the cells for a short time. Instead, the
mGO sheets interact with the membrane and mem-
brane protein AQP1, eliciting a cellular response. With-
in a short exposure time, the cell permeability was
enhanced, and vacuoles were formed in the cytosolic
compartment. The former effect is primarily contribu-
ted by the distortion of the cell membrane as a
theoretical prediction,22 while the latter was the result
of the interaction of mGO with AQP1. The fact that
these unexpected phenomena were only observed in
the cells that strongly express AQP1 further confirmed
the interaction of AQP1 with mGO. The formation of
vacuoles being associated with the activity of AQP1
suggests that mGO could be used to tune the water
transport of cells without severe cytotoxicity.17 Owing
to the fact that AQPs are strongly expressed in many
tumor cell lines of different origins, the findings are
potentially valuable in cancer therapy and have begun
to be explored;24 it also will be beneficial for drug
transport across barrier membranes for mGO which
could enhance cell permeability.

MATERIALS AND METHODS

Cell Culture, TEM, and Microscopy Imaging and Cell Viability and
Toxicity Assay. Human breast cancer MCF-7 cells were cultured

in RPMI 1640 with 10% newborn calf serum and 1% antibiotics
(penicillin and streptomycin) at 37 �C under 5% CO2. Human
glioma cells U87-MG and U251-MG were cultured in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10%

Figure 8. mGO treatment improves the cell permeability.
(a) Microscopy images of the MCF-7 cells that were treated
without and with mGO (100 μg mL�1) for 1.5 and 3 h.
(b) Fluorescence images of the cells stained with 2 μL of
Annexin V-FITC for 10 min of incubation. (c) Cells were
incubated with propidium iodide (10 μg mL�1) for another
3 min. Scale bar: 50 μm.
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newborn calf serum and 1% antibiotics. Glioma cells were kind
gifts from Prof. Weilin Jin (Shanghai Jiao Tong University). For
microscopy imaging, the MCF-7 cells were seeded in a 24-well
plate with the density of 5� 104 cells per well 24 h prior to use.
For aquaporins' inhibition assay, MCF-7 cells were preincubated
with 200 μMHgCl2 and dispersed in RPMI 1640 for 7 min before
the mGO treatment. Autophagy inhibition was realized by
preincubation with 10 mM of 3-MA. The images of cells were
captured by a phase-contrast inverted microscope (Nikon
ECLIPSE, TS100). The control cells and experimental groups were
incubated with the tracer lucifer yellow (Sigma, 0.5 mg mL�1

in PBS) for 15 min and immediately captured by microscopy
after removal of the LY. The procedures for TEM sample
preparation and measurement were the same as those pre-
viously described.17 Briefly, the MCF-7 cells treated with
200 μg mL�1 of mGO were washed with PBS three times
carefully. After fixation, negative staining, and dehydration,
the cells were put into resin to finally obtain a resin block. The
resin block was sliced into ultrathin sections. These sections
were transferred onto a copper grid for TEM measurement (FEI,
USA, Tecnai G2 Spirit BioTWIN).

The viability and toxicity assay was performed according to
the literature.58 MCF-7 cells were seeded in 96-well plates with
4000 cells per well. The cells were incubated with 20, 50, 100,
and 200 μg mL�1 of GO for 24 h. After being washed with PBS,
fresh culturemediumwith 20 μL of MTT (5mgmL�1) was added
in each well. Four hours later, the suspensions were replaced
with 200 μL of dimethylsulfoxide to dissolve the insoluble
formazan, and the cell viability of each group was determined
by measuring their absorbance at 490 nm using a thermo
multiskan MK3 ELISA plate reader.

Cell Cycle Analysis. The MCF-7 cells that were pretreated with
mGO for 3 h were fixed for 24 h in 70% ethanol at �20 �C.
The cells were washed with PBS and stained with 50 μgmL�1 of
propidium iodide containing RNase (100 μgmL�1), incubated at
37 �C for 30 min, and then measured by FACS Calibur (BD
Biosciences, Mountain View, CA). The procedure was the same
with the control group and the experimental group after
being recultured in complete culture medium. The G1, S, and
G2/M populations were quantified by Flowjo 7.6.1 software.59

The status of the cells was imaged by microscopy before
harvest.

Cell Staining and Imaging. The MCF-7 cells were seeded on the
collagen-coatedΦ14mm coverslips at a density of 2� 105 cells
per well in 24-well plates. The cells were transiently transfected
with PSICOR-GFP or GFP-LC3 plasmid. The transfection com-
plexes were prepared by mixing 0.8 μg of plasmid with 2 μL of
Hieff Trans transfection reagent (YEASEN, USA) in culture me-
dium. To remove the transfection complexes, the medium was
replaced with complete culture medium 5 h later. The cells 24 h
post-transfection were treated with mGO (20 μg mL�1) for an
additional 3 h. The MCF-7 cells were stained with 50 nM of
lysotracker red (Beyotime, China) for 2 h to locate the lyso-
somes. CLSM images were captured under 488 nm excitation.
Gauging the locations of LC3 puncta and lysosomes through a
confocal laser scanning microscope (A1R, Nikon, Japan) was
under 405 and 561 nm excitation, respectively.

Hemolysis of Red Blood Cells. Fresh ethylenediaminetetraacetic
acid-stabilized human whole blood samples were collected
from a healthy volunteer. Typically, 1 mL of whole blood was
added to 2 mL of PBS and centrifuged at 500g for 10 min to
isolate red blood cells (RBCs) from serum. This purification step
was repeated five times, and then RBCs were dispersed in PBS.
To test the hemolytic activity, 500 μL of RBC suspension (around
4� 108 cellsmL�1) was cultured inmGOor CR-mGO suspension
solutions in PBS at the concentrations from 20 to 200 μg mL�1.
For HgCl2 inhibition, RBCs were preincubated with HgCl2 for
10 min and then replaced with the medium containing mGO.
Samples of RBCs suspended in deionized water and PBS were
used as the positive control and negative control, respectively.
All the samples were placed on a rocking shaker in an incubator
at 37 �C for 1.5 h. After incubation, the sampleswere centrifuged
at 10 016g for 5 min. The hemoglobin absorbance in the
supernatant was measured at 570 nm, with 630 nm as a
reference, using a thermo multiscan MK3 ELISA plate reader.

Each experiment was repeated three times. Percentage of
hemolysis was calculated according to the literature.50

mRNA Isolation and PCR. Total RNAwas extracted from the U87
and U251 cells using total RNA extraction reagent (Vazyme
Biotech, China). RNA quality was determined by electrophoresis
(1.5% agarose gels). The cDNA was synthesized and amplified
using the HiScript II One Step RT-PCR kit (Vazyme Biotech,
China) according to the manufacturer's instruction. Oligonu-
cleotide primers (Sangon Biotech, China) were designed for
AQP1 (forward GGCCACGAC CCT CTT TGT CTT CAT, reverse TCC
CAC AGC CAG TGT AGT CAA TAG) andGAPDH (forward CTT TGG
TAT CGT GGA AGGA, reverse CAC CCT GTT GCT GTA GCC). Then,
0.1 μg of mRNA was included in the PCR reaction. PCR condi-
tions were as follows: denaturation at 94 �C for 5 min followed
by 35 cycles at 94 �C for 30 s, 56 �C for 30 s, 72 �C for 1min, with a
final extension at 72 �C for 10 min. Amplified products were
examined by electrophoresis (1.5% agarose gel) .

Western Blot Analysis. Confluent dishes of U87-MG, U-251-MG,
MCF-7, and A549 cells were lysed and harvested in RIPA buffer
(50 mM of Tris-HCl, pH 7.5, 150 mM of NaCl, 1% of Triton X-100,
1% of sodium dodecyl sulfate, SDS) supplemented with pro-
tease inhibitor (Roche, Swiss). Protein quantification was per-
formed using a BCA assay kit (Beyotime, China). Samples were
loaded onto a 10% SDS-PAGE (polyacrylamide gel electro-
phoresis) gel. The gel was transferred at 200 mA for 2 h at room
temperature onto polyvinylidine difluoride paper (Beyotime,
China). Membranes were blocked in blocking buffer (5% dried
milk in Tris-buffered saline plus 0.05% Tween 20), incubated
overnight with the primary monoclonal antibody AQP1 (Santa
Cruz, CA) at 1:1000 at 4 �C, washed 5 � 5 min, incubated in
horseradish peroxidase-conjugated secondary antibodies
(Beyotime, China) at 1:1000 for 1 h followed by another round
of washing (5 � 10 min), and reacted with chemiluminescence
detection reagent (Beyotime, China) for an additional 3min. The
protein was visualized by exposure to a luminescence detection
system (Tanon, China).
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