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ABSTRACT: As an emerging applied material, graphene has shown
tremendous application potential in many fields, including bio-
medicine. However, the biological behavior of these nanosheets,
especially their interactions with cells, is not well understood. Here,
we report our findings about the cell surface adhesion, subcellular
locations, and size-dependent uptake mechanisms of protein-coated
graphene oxide nanosheets (PCGO). Small nanosheets enter cells
mainly through clathrin-mediated endocytosis, and the increase of
graphene size enhances phagocytotic uptake of the nanosheets. These
findings will facilitate biomedical and toxicologic studies of graphenes
and provide fundamental understanding of interactions at the
interface of two-dimensional nanostructures and biological systems.
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■ INTRODUCTION
Graphene, a hexagonal carbon nanostructure similar to carbon
nanotubes and fullerene, has unique electronic, thermal, and
mechanical properties, showing tremendous application
potential in fields such as electronics and biomedicine.1,2

Graphene oxide (GO), which is oxidized graphite with
enhanced aqueous solubility, has been proven to be an efficient
biosensor,3 drug carrier,4,5 and photothermal cancer-killing
agent.6,7 GO nanosheets are able to enter cells which renders
them to become promising candidates for intracellular delivery
of drugs and cellular imaging. However, the mechanisms of how
the emerging nanostrucutures interface with biological systems
are still largely unknown. In particular, a fundamental
understanding of its ability to penetrate cell membranes and
other biological barriers is still lacking. For instance, whether
the nanosheets parallelly attach onto cell surface or vertically
insert into cell membrane? By what manner they enter cells?
Such cellular uptake properties of nanoparticles may affect cell
signaling, proliferation, differentiation, and nanoparticle ex-
cretion.8−10 Cellular uptake of nanoparticles with other shapes
has been studied.11 We and other researchers previously
discovered endosomal leakage and nuclear translocation of
multiwalled carbon nanotubes.9,12 However, the behavior of
sheet-shaped nanostructures has not been reported. Further-
more, the effect of size on cellular uptake of this type of applied

materials is also poorly understood. Such a knowledge gap may
impede further biomedical development of graphene and its
derivatives.
In this study, we aimed to elucidate the cellular uptake

mechanisms of the novel material. We report a detailed
investigation of the cell uptake of protein-coated GO
nanosheets (PCGO). Using various labeling techniques and
microscopic methods, we observed cell-surface adhesion of
PCGO, plasma membrane invagination, and intracellular vesicle
formation in a model cell line. We further separated PCGO by
size and discovered that protein-coated large and small size GO
nanosheets are taken up by cells predominantly through
phagocytosis and clathrin-mediated endocytosis (CME),
respectively. These findings provide fundamental understand-
ing of how graphene nanosheets interface with cell membrane
and size-dependent cellular uptake mechanisms, which will
facilitate both their nanomedicine and nanotoxicity studies.

■ EXPERIMENTAL SECTION
Materials. GO nanosheets were purchased from Cheaptubes.com

(Brattleboro, VT). Mouse mesenchymal progenitor C2C12 cells (from
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ATCC, Manassas, VA) were grown in Dulbecco’s Minimum Essential
Medium (DMEM, Gibco, Grand Island, NY) supplemented with 10%
heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA), 10%
FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL
streptomycin. Chemicals were purchased from Acros Organics (Geel,
Belgium), Sigma-Aldrich (St. Louis, MO), or otherwise indicated and
were used without further purification.
Labeling of GO by Fluorescein Isothiocyanate-Modified

Bovine Serum Albumin (FITC-BSA) and Characterizations.
1. Labeling. GO and FITC-BSA were dissolved in H2O (Milli-Q,
18.2 MΩ) with concentrations of 2 mg/mL, respectively. GO
and FITC-BSA solutions were mixed with mass ratio of 1:1
with gentle pipetting. The mixture was then incubated a 37 °C
overnight and centrifuged at 16 000g for 30 min at 4 °C. The
pellet was then washed 3 times with PBS and centrifuged at
16 000g, 10 min each time. The resulting pellet was resuspended
in H2O and stored in a refrigerator. The PCGO complex was
used in the same day of preparation for all assays.
2. Steady State Fluorescence Spectroscopy. Steady state

fluorescence spectra of GO and PCGO were measured using a

Hitachi F-7000 spectrofluorometer (Hitachi Co. Ltd., Tokyo, Japan).
Samples were excited at 488 nm and emission wavelength was set
from 500 to 600 nm. Scanning speed was 1200 nm/min. Excitation
and emission slit was set to 5.0 and 10.0 nm, respectively. PMT
voltage was set to 950 V. Measurements were performed at room
temperature (23 °C).

3. Atomic Force Microscopy (AFM). Size and thickness of GO and
PCGO were measured by AFM. Aqueous solutions of GO for each
experimental condition were prepared at a concentration of 0.25 mg/mL
and spin-coated on silicon dioxide surfaces measuring about 12 mm
square. The SiO2 was cleaned in argon plasma for at least 10 min prior
to spin coating. Spin coating was performed for 5.5 min at 3500 rpm
with 75 μL of sample solution (enough to completely wet the cleaned
SiO2 surface). Imaging was performed using a Nanosurf easyScan
2 AFM operated in tapping mode with VISTAProbes T190R 190kHz
cantilevers. Image analysis was performed using the SPM analysis
software Gwyddion (http://gwyddion.net).

4. Zeta-Potential Measurement. The zeta-potential of GO and
PCGO was determined using Zetasizer Nano-Z (Malvern Instruments,
Worcestershire, UK). The analysis was performed at 25.0 ± 0.2 °C

Table 1. Characterization of GO and PCGO Nanosheets

aGray sheets indicate GO and blue spots indicate FITC-BSA. bW and M represent water and cell culture medium, respectively. cThe density is
shown as the estimated number of proteins per square micrometer on nanosheets. The calculation is based on the quantity of proteins and the
surface area of GO.13
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using sample solutions in Milli-Q water or cell culture medium. The
zeta-potential was an average of three independent measurements.
Scanning Electron Microscopic (SEM) Characterization of

Cell Surface Adhesion by PCGO. Cells were seeded onto
Thermonox coverslips (NUNC, Rochester, NY) which were put on
bottoms of a 6-well plate. PCGO stock solution was added into cell
culture medium to a final concentration of 20 μg/mL. Control cells
were only fed with medium. After 30 min, cells were washed with PBS
and then fixed with 2.5% (v/v) glutaraldehyde (buffered in 0.1 M
sodium cacodylate) overnight. The cells were then postfixed with
1% osmium tetroxide for 1 h. The samples were then dehydrated
through a series of alcohol concentrations (35%, 50%, 70%, 90%,
and 95%) followed by further dehydration with 100% ethanol and
then dried in carbon oxide in a desiccator. The samples were then
mounted onto SEM aluminum stubs and sputter coated with Au/Pd
and then analyzed using the Philips XL 30 ESEM (FEI Company,
Portland, OR).
Confocal Laser Scanning Microscopic (CLSM) Character-

ization of Cellular Uptake of PCGO. C2C12 cells were incubated
with PCGO (20 μg/mL) for 30 min. Cells were then fixed with 4%
paraformaldehyde (PFA) for 1 h at room temperature and stained with
10 μg/mL WGA-Alexa Fluor 647 (Invitrogen, Carlsbad, CA) for 5 min
followed by 3 times of PBS washing (5 min each). Cells were then
mounted with VECTASHIELD mounting medium (with DAPI)
(Vector Laboratories, Inc. Burlingame, CA) at 4 °C overnight. The
images were analyzed using Laser Scanning Microscope LSM 510,
Version 3.2 SP2 (Carl Zeiss GmbH, Germany).
Flow Cytometric Measurement of Cellular Uptake. Cells

incubated with PCGO were washed with cold PBS for 3 times
followed by Trypsin digestion. Cells were suspended in culture
medium for flow cytometric analyes. Flow cytometry analyses were
performed on a Guava EasyCyte Mini flow cytometry system
(Millipore, Billerica, MA).
Separation and Characterization of Large and Small PCGO.

PCGO solution in H2O was centrifuged at 2000g for 5 min. The pellet
(PCGO1) was collected and resuspended in H2O. The supernatant
was centrifuged at 10 000g for 5 min, and the resulting pellet was
discarded. The resulting supernatant was collected and filtrated
through a 5 kDa ultrafiltrate concentrator (Corning, Inc., Corning,
NY). The concentrate was named as PCGO2. The concentration of
PCGO was measured by absorbance at 600 nm. (Absorption of FITC-
BSA was undetectable at this wavelength, and the absorption of PCGO
obeys Beer−Lambert law.)
Synthesis and Characterization of 5 nm Gold Nanoparticles

(GNPs) and Labeling of PCGO. Milli-Q water (90 mL) and
HAuCl4·3H2O stock solution (1 mL, 10 mg/mL) were added in a 200
mL flask with a vigorous stirring. Next, sodium citrate solution (2 mL,
38.8 mM) was added and stirred for 1 min. NaBH4 (0.75 mg) in 38.8
mM sodium citrate solution (1 mL) was then added and stirred for
5 min. The obtained GNPs solution was concentrated to 0.5 mg/mL
with an ultrafiltration tube (MWCO: 5000) as stock solution. GNPs
were characterized by TEM and UV−vis absorption spectroscopy.
Labeling of PCGO was completed by mixing PCGO and GNP

solutions with mass ratio of 1:1 followed by gentle shaking for 20 min.
The complex was stored in a refrigerator and used in the same day of
preparation. Attachment of GNPs onto PCGO was confirmed by
TEM observation.
Transmission Electron Microscopic (TEM) Characterization

of Cellular Uptake of Large and Small PCGO. C2C12 cells were
treated with 50 μg/mL (amount of PCGO) GNP-labeled PCGO for
30 min. Then, cells were fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 1 h in room temperature and rinsed.
Cells were then post fixed 1 h in 2% osmium tetroxide with 3%
potassium ferrocyanide and rinsed, next enbloc staining with a 2%
aqueous uranyl acetate solution and dehydration through a graded
series of alcohol, two changes of propylene oxide, a series of propylene
oxide/Epon dilutions, and embedded in 100% Epon. The thin (70 nm)
sections were cut on a Leica UC6 ultramicrotome, and images were
taken on a JEOL 1200 EX (JEOL, Ltd. Tokyo, Japan) using an AMT
2k digital Camera.

Quantification of Cellular Uptake of Large and Small PCGO
with Different Inhibitors. Cells were treated with 0.1% NaN3/50
mM 2-deoxyglucose or cytochalasin D (5 μg/mL) in serum-free
DMEM (0.1% BSA) for 1 h before incubation of PCGO (50 μg/mL)
with inhibitor in the fresh media for 1 h. For chlorpromazine, cells
were preincubated in serum-free DMEM (0.1% BSA) containing 10
μg/mL chlorpromazine for 30 min at 37 °C. The media was then
changed to fresh media containing the inhibitors plus PCGO (20 μg/mL)
and further incubated for 1 h. Cells were then washed, trypsinized, and
analyzed by flow cytometry.

■ RESULTS AND DISCUSSION

Labeling of GO with Protein. Single- or multi-layered
GOs are intrinsically undetectable by various microscopic
techniques in biological environments such as a cell. Moreover,
the dispersibility of GO in physiological solutions is rather low
because of the high ionic strength of such solutions. To
overcome such difficulties, we took advantage of the strong
protein-binding capability of GO and labeled the nanosheets
with FITC-BSA. Because of the size of BSA molecule, the direct
interactions between FITC and GO and, therefore, the
quenching of fluorescence can be minimized. We have used
the material for labeling of carbon nanotubes and made them
green fluorescent in live cells.9,10 Similarly, the labeled PCGO
was also fluorescent (Table 1) and highly dispersible in cell
culture medium. The binding barely changed the surface
potential of GO in water (−48.8 to −40.3 mV). In cell culture
medium, the ζ-potentials of GO and PCGO nanosheets are
similar (approximately −10 mV), indicating that more protein
binding occurred for both nanosheets. AFM images showed
that, compared to GO (1.8 ± 0.9 nm), PCGO nanosheets had a
maximum thickness of 9.1 ± 7.1 nm (Table 2), indicating that

proteins were binding to GO and increasing its thickness.
When equal masses of GO and FITC-BSA were mixed, no
protein was detected in the supernatant after centrifugation,
indicating that all proteins were adsorbed onto GO (Figure S1
in Supporting Information). Therefore, the mass ratio of GO to
FITC-BSA is approximately 1:1. Using the molecular weight of
the protein (∼67 kDa) and the surface area of graphene (∼900
m2/g),13 we calculated that there were approximately 10 000
protein molecules in one square micrometer of nanosheets.
Since PCGO was used in all assays celluar study, we tested the
stability of the complex. Results showed that PCGO can be
well-dispersed in cell culture medium (Figure 1I), and no

Table 2. Statistical Size Distribution Analysis of GO and
PCGO Based on Atomic Force Microscopy Measurements

sample
name

equivalent
disk diameter
(mean ± SD)

(μm)a

minimum
height per
nanosheet

(mean ± SD)
(nm)

maximum
height per
nanosheet

(mean ± SD)
(nm)

average
height on
nanosheet
surface
(nm)b

GO 0.84 ± 0.41 0.5 ± 0.3 1.8 ± 0.9 1.1
PCGO 0.63 ± 0.35 1.1 ± 0.2 9.1 ± 7.1 3.9
PCGO1 0.86 ± 0.37 1.2 ± 0.6 9.6 ± 7.2 5.2
PCGO2 0.42 ± 0.26 1.1 ± 0.3 5.2 ± 3.2 3.2

aThe equivalent disk diameter data were skewed, and the Box-Cox
transformation was applied to yield a more normal distribution.24 The
standard deviations of the transformed data were retransformed back
to the original data scale to obtain the reported standard deviation
values. bAverage height was measured across the surface area of all
nanosheets.
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FITC-BSA was released from GO for at least 24 h (Figure S2 in
Supporting Information).
Cell Surface Adhesion of PCGO. Cellular uptake

mechanisms of nanoparticles having various shapes have been
reported. For instance, spherical nanoparticles enter cells
through CME, caveolae-mediated endocytosis, phagocytosis,
or macropinocytosis, which all require energy.14−16 Tubular
nanoparticles enter cells through endocytosis or energy-
independent direct penetration.17,18 All these processes require
that nanoparticles attach to the cellular membrane before
engulfment or insertion.19 Unlike spherical or tubular nano-
particles, GO has large flat surfaces with irregular shapes.
Additionally, the flexibility and folding properties of GO’s thin
layers make them act as gauzelike shapes in biological medium.
GO has been reported to be an efficient intracellular
transporter for drug and gene delivery, indicating that it can
efficiently enter cells.2 On the basis of these observations, we
hypothesized that GO adheres to the cell surface and is then
internalized.
Driven by our preliminary hypothesis, we first investigated

whether PCGO could attach to the surface of cells and in what
orientation this occurred. A model cell line C2C12 (mouse
mesenchymal progenitor) was selected in this study. Upon
SEM examinations, large PCGO pieces were frequently
observed adhering face to face onto the cell surface (Figure
1B,C). We never observed any PCGO and cells binding
perpendicularly. On the basis of SEM observations, previous

report on nanoparticle−cell interactions, and properties of
PCGO, we speculate that the adhesion is a result of several
factors. First, the similar curvature between the nanosheets and
plasma membrane would facilitate their holding together.
Second, there are multiple binding forces between them,
including electrostatic and hydrophobic interactions between
nanosheets and phospholipid bilayers. Third, there could be
specific ligand−receptor interactions between proteins bound
to PCGO and membrane receptors. This factor might induce
receptor-mediated endocytosis of PCGO. On the basis of
∼10 000 BSA molecules per square micrometer area of GO
(AFM studies) and the cross section of BSA ∼14 × 4 × 4 nm,
we estimate that the average BSA coverage on the graphene
oxide surface to be 43%. Therefore, although the density of
protein molecules on GO surface is high, there is still space on
GO surface to facilitate the direct interactions of GO with cell
membrane structures. A detailed understanding on the driving
forces for the cell uptake requires future studies. Limited by
resolution of SEM on cells, small PCGO pieces could not be
identified. However, the attachment propensity of PCGO
revealed a unique interaction mode between two-dimensional
nanostructures with cells.

Cell Uptake of PCGO without Cytotoxicity. SEM
observations provided clear pictures of how PCGO nanosheets
were attached to the cell surface. To further investigate how
PCGO nanosheets altered cell membranes and entered cells,
we used other techniques. Because PCGO was fluorescent, we

Figure 1. Cell surface adhesion and energy-dependent uptake of PCGO nanosheets. (A−C) Scanning electron microscopy micrographs of C2C12
cells with medium only (A) and after 30 min incubation with PCGO (20 μg/mL). (B) A closer view indicating adhesion of one piece of PCGO on
the cell surface (C). (D−F) Confocal microscopic images of C2C12 cells with medium only (D) and after 30 min incubation with PCGO (20 μg/mL)
(E) PCGO on cell surface and (F) PCGO in cells. Arrows indicate PCGO. Red: cell membrane; blue: nucleus; green: PCGO. (G) Flow cytometry
measurements of C2C12 cells with medium only (1), 20 μg/mL PCGO for 30 min at 37 °C (2) or PCGO (20 μg/mL) for 30 min at 4 °C (3), as
indicated. (H) Mean fluorescence intensities of conditions (1), (2), and (3). (I) Photographs of DMEM complete cell culture medium (left) and PCGO
suspension in the medium (right).

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300253c | ACS Appl. Mater. Interfaces 2012, 4, 2259−22662262



used confocal microscopy to investigate the cell attachment and
engulfment of nanosheets. Fluorescent particles were found on
the cell membranes (labeled by thin arrows), consistent with
SEM observations (Figure 1E). The green fluorescent particles
inside cells (labeled by thick arrows) indicate that the
nanosheets enter cells after surface adhesion (Figure 1F).
The results also indicate that PCGO can enter cells as fast as
30 min. After reviewing the likely cell uptake mechanisms of
nanoparticles with various shapes, we speculate that the cellular
entrance of PCGO is an energy-dependent process. Such
process is temperature dependent. Next, we measured the
cellular uptake of PCGO at 37 and 4 °C using flow cytometry.
Mean fluorescence intensity (MFI) signified the relative
amount of PCGO taken up by cells. The result showed that
more than 80% of PCGO internalization was inhibited at 4 °C
(Figure 1G,H), indicating that this is an energy-dependent
process. Because the adhesion of PCGO on cell surface cannot
be inhibited at low temperature, this study also showed that the
fluorescence measurement by flow cytometry best describes
internalized PCGOs in cells. To understand whether the uptake
of PCGO caused toxicity in C2C12 cells, we examined
cytotoxicity using the WST-1 assay which measures metabolic
activity of live cells. Results showed that PCGO caused very
little inhibition of cell proliferation at doses up to 100 μg/mL
(Figure S3 in Supporting Information). Despite that some
reports showed toxicity of GO to mammalian cells, the coating
of proteins on GO might mitigate its cytotoxicity in mammalian
cells. The preincubation of GO (100 μg/mL) with fetal bovine
serum improved cell viability in A549 cells by as much as 20%
as compared to GO.20

Size-Dependent Cell Uptake of PCGOs. Size depend-
ence of cellular uptake is a crucial issue that needs to be
examined for various nanoparticles.21−23 It is still not known
whether uptake of PCGO is size dependent. To explore the
dependence of cell intake amount and internalization pathways
on particle size, we fractionated PCGO by centrifugations.
Large (PCGO1) and small (PCGO2) protein-coated nano-
sheets were separated and characterized using TEM and AFM,
respectively (Figure 2A,B). Since PCGO nanosheets were
stable as aforementioned, we do not expect any protein loss
during the separation process. Size distributions of large and
small nanosheets were obtained by AFM measurements and
analyzed statistically.24 Since the shape of nanosheets was
irregular, to facilitate the quantifications, we assumed that all
PCGO nanosheets were round-shaped. The area of nanosheets
was analyzed on the basis of AFM results. The equivalent disk
diameter calculated from the area was used to indicate the size
of nanosheets. On average, PCGO1 was 2-fold larger than
PCGO2 on the basis of assumed equivalent disk diameter
(Table 2). On the basis of density of proteins on nanosheets
and nanosheets’ sizes, one can estimate that the average
numbers of proteins on PCGO1 and PCGO2 were
approximately 11 600 and 2800, respectively.
We quantitatively measured the cellular uptake of PCGO1

and PCGO2 at 1, 2, and 14 h using flow cytometry. The cellular
uptake of PCGO was both time and size dependent (Figure 2C).
In a relatively short period of incubation (1 h), the fluo-
rescence signal from PCGO1 nanosheets was stronger than
that from PCGO2, probably due to the larger surface area of
PCGO1 and its having more bound fluorescent proteins per
sheet. However, PCGO2’s fluorescence surpassed that of
PCGO1 with time, indicating much more accumulation of
small PCGO in cells. One possibility is that large and small

nanosheets entered cells at similar rates, with smaller
nanosheets being less fluorescent because they bound fewer
FITC-BSA molecules. Over time, many more small nanosheets
than large nanosheets were engulfed.
Next, we examined the subcellular locations of PCGO using

TEM (Figure 3). Since PCGO has a low electron density, it is
difficult to distinguish nanosheets from other cellular
components using TEM (data not shown). To resolve this
issue, we used PCGO labeled with GNPs (5 nm) to guide the
observation (Figure S4 in Supporting Information). GNPs can
bind onto proteins on GO nanosheets through electrostatic
interactions25 and were not released within at least 2 h (Figure S5
in Supporting Information). Size-dependent cellular uptake
of PCGO−GNP after 1 h of incubation was quantitatively
determined using inductively coupled plasma mass spectrom-
etry (ICP-MS) according to the procedure we previous used for
GNPs array study.26−28 The cellular uptake amounts were similar
whether determined using ICP-MS or flow cytometry (Figure S6
in Supporting Information) for both PCGO1 and PCGO2.

Figure 2. Characterization of large and small PCGO nanosheets and
their size-dependent cellular uptake. (A) Transmission electron
microscopic photographs. Scale bars represent 1 μm for PCGO1
and 500 nm for PCGO2. (B) Atomic force microscopic images. Scale
bars represent 5 μm. (C) Quantification of uptake by flow cytometry.
C2C12 cells incubated with PCGO1 or PCGO2 (50 μg/mL) for 1, 2,
or 14 h, as indicated. ∗, p < 0.05; ∗∗, p < 0.01.
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These data indicate that the cellular uptake of different sized
PCGO have the same pattern with GNP-labeled PCGO.
Therefore, uptake of PCGO was not affected by GNP labeling.
Stages of internalization of large and small nanosheets were
observed on TEM images. After nanosheets attached to cell
membranes (Figures 3A and 4A), membranes underwent
specialization, invagination (Figures 3B and 4B), and vesicle
formation (Figures 3C and 4C). The observed membrane
attachment of large PCGO was consistent with observations
made using SEM and CLSM. The membrane invaginations
observed in Figures 3B and 4B indicate the features of
phagocytosis and CME, respectively. The existence of PCGO
in cellular vesicles was also consistent with our CLSM
observations. PCGO was not found in cytoplasm, mitochon-
dria, or nucleus in this study. However, the wrapping of large
PCGO nanosheets onto a pseudopodium was observed (Figure S7
in Supporting Information), indicating that cellular migration and
feeding processes might be disrupted.
Endocytosis of Large PCGOs Is Steered toward More

Phagocytosis. On the basis of the outlined observations, we
hypothesized that PCGOs of different sizes have different
uptake mechanisms. To examine this, we quantified the cell
uptake of both large and small PCGO nanosheets after
incubating the cells with inhibitors of energy-dependent cell
uptake, phagocytosis, and CME (Figure 5). A mixture of
sodium azide and 2-deoxyglucose (NaN3/DOG) depleted ATP
in cells and inhibited approximately 80% of cellular uptake of
PCGOs, regardless of their size. This result suggests that almost
all nanosheets had entered the cells using energy-dependent

processes, consistent with the uptake of pooled PCGO at 4 °C
(Figure 1G,H). Cytochalasin D (Cyto D) inhibits actin
polymerization and actin microfilaments formation. It inhibits
phagocytosis in cells that possess partial or full phagocytotic
function.29 C2C12 cells are known to possess phagocytic
activity.30 Cyto D inhibited cell uptake in a size-dependent
manner (Figure 5). It inhibited the uptake of PCGO1 much
stronger than it did that of PCGO2, indicating that larger
nanosheets entered cells predominantly through phagocytosis.
Chlorpromazine, a Rho GTPase and CME inhibitor,31 reduced

Figure 3. Ultrastructural examination of C2C12 cells incubated with
GNP-labeled PCGO1 (50 μg/mL, 30 min). (A) PCGO1 adhered on
the cell surface, (B) in cell invaginations, and (C) in intracellular
vesicles. Red arrows indicate GNP-labeled PCGO1. The scale bars
represent 100 nm.

Figure 4. Ultrastructural examination of C2C12 cells incubated with
GNP-labeled PCGO2 (50 μg/mL, 30 min). (A) PCGO2 adhered on
the cell surface, (B) in cell invaginations, and (C) in intracellular
vesicles. Red arrows indicate GNP-labeled PCGO2. The scale bars
represent 100 nm in A and B and 500 nm in C.

Figure 5. Inhibition of cellular uptake by various inhibitors. The
percentage of inhibition was generated from the ratios between mean
fluorescence intensities of cells incubated with PCGOs (50 μg/mL)
for 1 h with and without various inhibitors. All results are expressed as
mean ± SD; ∗, p < 0.05.
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the uptake of all PCGO nanosheets, yet the inhibition of
PCGO2 was much stronger than that of PCGO1, indicating
that smaller PCGO nanosheets entered cells primarily through
CME. Our TEM observations, flow cytometric quantification,
and inhibition assay results collectively showed that protein-
coated small nanosheets enter cells through CME, while large
nanosheets use both CME and phagocytosis. Because there is
still no detailed description of cellular uptake mechanisms of
two-dimensional nanosheets, we propose a working model for
the cellular uptake of large and small PCGOs (Figure 6). For
large PCGO, the nanosheets first attach onto cell surface
followed by membrane invagination and extending of
pseudopodia and are subsequently engulfed into phagosome.
For small PCGO, the nanosheets attach onto cell surface
followed by formation of clathrin-coated pits and are
subsequently engulfed into endosome. All nanosheets enter
lysosomes for excretion. The cellular uptake properties of
different sizes of PCGO provide insight into the bioactivity of
these nanostructures that can be used in designing biomedical
devices. Large nanosheets may preferentially translocate into
the reticuloendothelial system, and small nanosheets are
capable of being distributed in various organs. The in vitro
and in vivo activity of GO nanosheets may be regulatable by
controlling their size. Such hypothesis is consistent with recent
studies.32,33 In an in vitro study, small GO induced much more
cell viability loss than large ones.32 In an in vivo study, it was
reported that smaller sized surface functionalized graphene
nanosheets have lower liver and spleen distribution compared
to larger ones, which enhances their relative tumor accumu-
lation and makes them a promising photothermal therapy
agent.33

■ CONCLUSIONS

In summary, our results reveal that sheet-shaped GO
nanostructures with protein coating are able to adhere onto
cell surfaces and undergo size-dependent internalization.
Protein-coated small nanosheets enter cells mainly through
CME while protein-coated large nanosheets enter through both
CME and phagocytosis. Our findings help reveal the cellular
interaction properties of nanosheets and will facilitate
biomedical applications of graphene as well as toxicity studies

of these materials. Furthermore, these results provide a much
needed understanding of interactions at the interface of two-
dimensional nanostructures and biological systems in general.
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