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ABSTRACT: Delivery of proteins into cells may alter cellular
functions as various proteins are involved in cellular signaling by
activating or deactivating the corresponding pathways and, therefore,
can be used in cancer therapy. In this study, we have demonstrated for
the first time that PEGylated graphene oxide (GO) can be exploited as
a nanovector for efficient delivery of proteins into cells. In this
approach, GO was functionalized with amine-terminated 6-armed
polyethylene glycol (PEG) molecules, thereby providing GO with
proper physiological stability and biocompatibility. Proteins were then
loaded onto PEG-grafted GO (GO-PEG) with high payload via
noncovalent interactions. GO-PEG could deliver proteins to
cytoplasm efficiently, protecting them from enzymatic hydrolysis.
The protein delivered by GO-PEG reserves its biological activity that
regulates the cell fate. As a result, delivery of ribonuclease A (RNase
A) led to cell death and transport of protein kinase A (PKA) induced cell growth. Taken together, this work demonstrated the
feasibility of PEGlyated GO as a promising protein delivery vector with high biocompatibility, high payload capacity and, more
importantly, capabilities of protecting proteins from enzymatic hydrolysis and retaining their biological functions.
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■ INTRODUCTION

Proteins play an important role in regulation of gene expression
and cellular signaling pathways1 and, therefore, represent
tremendous opportunities in terms of biotherapeutics,2−4

vaccines,5 tissue engineering,6 and embryonic stem (ES) cell
regulation.7 Protein-based biotherapy especially metabolic
manipulation applications have several advantages over conven-
tional chemotherapy, such as serving a highly specific set of cell
functions and having less adverse effects and the capability of
escaping immune responses.8,9 However, poor cellular uptake
efficiency, limited transporting into tissues (in particular across
blood−brain barrier), and enzymatic hydrolysis have severely
restricted biomedical applications of functional proteins. To
overcome these hampers, various strategies, such as conjugating
proteins with a transduction domain10 and other bacterial
proteins,11 have been developed. Although using recombinant
fusion protein is a typical strategy for transporting proteins, its
synthesis is rather complicated.
Recently, various nanomaterials, such as liposomes,12,13

polymers,14 carbon nanotubes,15 and silica nanoparticles,16,17

have been employed as carriers for delivery of therapeutic

proteins with different degrees of success. For example, Dai et
al.15 explored carbon nanotubes as intracellular protein
transporters. In their work, proteins were nonspecifically
adsorbed on the sidewalls of acid-oxidized single walled carbon
nanotubes (SWNTs) and then transported into living cells.
They revealed that the cellular-uptake mechanism is an energy
dependent, clathrin mediated endocytosis. In addition, Huang
and colleagues13 used lipid-apolipoprotein nanoparticles to
specifically deliver therapeutic proteins into tumor tissue; the
protein drug loaded nanoparticles exhibited improved bio-
compatibility and reduced aggregation in vivo. Meanwhile, the
lipid nanoparticles can be modified with various ligands to
enhance the targeting ability and maintain biological stability in
vivo. However, how to improve the loading capacity of protein
drugs and the chemical and biological stability of protein
delivered in the biological environment still remains a great
challenge for researchers.
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In recent years, functional graphene oxide (GO) has been
extensively investigated for biomedical applications,18,19 such as
nanocarriers for delivery of chemical drugs and genes into cells
due to its excellent biocompatibility, low toxicity, and high
payload capacity.20−23 However, to the best of our knowledge,
exploration of GO for delivery of functional proteins has not
been reported. In this work, we have developed GO modified
with polyethylene glycol (GO-PEG) as a nanovector for
efficient delivery of proteins into cells. We have demonstrated
that the GO protects the protein against enzymatic hydrolysis
and that the proteins delivered into cells still retain their
functions for regulating cell apoptosis or proliferation.

■ EXPERIMENTAL SECTION
Materials. Native graphite flake was purchased from Alfa Aesar;

fluorescein isothiocyanate (FITC), chloroquine, ribonuclease A
(RNase A), and protein kinase A (PKA) were obtained from Sigma-
Aldrich. RPMI 1640 cell culture medium, fetal bovine serum (FBS),
and 0.25% Trypsin-ethylenediaminetetraacetic acid (EDTA) were
acquired from Gibco BRL (Grand Island, NY). Other reagents were
obtained from China National Medicine Corporation and used as
received. Milli-Q water was used in all experiments.
Instrumentation. UV−vis spectra and fluorescence spectra were

collected with Shimadzu UV-2550 spectrophotometer and Hitachi F-
4600 fluorescence spectrometer, respectively. Morphological analyses
were carried out on a Veeco Dimension 3100 atomic force
microscope. Confocal imaging was taken on a Nikon A1. Water-
Soluble Tetrazolium Salts Cell Proliferation and Cytotoxicity Assay Kit
(WST) was performed using a microplate reader (Perkin-Elmer Victor
X4). Flow cytometry analysis (FACS) was performed by FACSAria II
(Becton Dickinson).
Synthesis of PEGylated GO. GO was prepared by modified

Hummers method21,24 and then converted to carboxylated GO
according to our previous work.21 After that, GO was modified by
coupling the amino groups of amine-terminated six-armed poly-
ethylene glycol (PEG) to the carboxyl groups of GO in the presence of
N-ethyl-N′-(3-dimethylamino-propyl) carbodiimide hydrochloride
(EDC) according to the protocol described previously by Liu et al.20

Fluorescent Dye Labeling of Proteins. Protein was labeled by
fluorescein isothiocyanate (FTIC) for intracellular fluorescence
imaging of proteins. In brief, protein aqueous solution (10 mg/mL)
was mixed with excess FITC predispersed in DMSO (dimethyl
sulfoxide) and then reacted for 2 h at room temperature in dark. The
resulting FITC-labeled protein was purified by dialysis. The
concentration of the FITC labeled protein after dialysis was
determined by BCA (bicinchoninic acid) protein assay kit.
Protein Loading and Release. FITC-labeled BSA was used as a

model protein to investigate loading and release behavior of proteins.
Protein loading onto GO-PEG was achieved by simply mixing BSA-
FITC with aqueous solution of GO-PEG (0.25 mg/mL) at room
temperature overnight in darkness. The unbound BSA-FITC was
removed by filtration. The loading ratio (Rloading) was calculated by
checking fluorescence quenching according to the following equation:

= − ‐ ‐ ‐R F F1 /loading GO PEG/BSA FITC BSA FITC (1)

To study the release behavior of proteins from GO, GO-PEG/BSA-
FITC was added into different physiological solutions at 18 or 37 °C
and kept stirring for different time periods. Fluorescence of FITC was
recovered upon release of the FITC-labeled protein from GO sheet.
Therefore, protein release ratio (Rreleasing) can be quantified by the
following equation:
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where FBSA‑FITC and FGO‑PEG/BSA‑FITC represent the fluorescence of
BSA-FITC and GO-PEG/BSA-FITC, respectively. Freleasing stands for

the fluorescence of GO-PEG/BSA-FITC in different physiological
solutions.

Similarly, the other two protein models, RNase A and PKA, were
loaded onto GO sheets. In brief, FITC-labeled RNase A or PKA was
mixed with GO-PEG aqueous solution (0.25 mg/mL) at room
temperature and kept overnight in darkness, followed by removal of
excess free proteins by filtration.

Protein Stability against Enzymatic Digestion. The role of
GO-PEG in protecting proteins from enzymatic cleavage was probed
by trypsin digestion analysis. Briefly, trypsin aqueous solution
(0.125%) was introduced into each BSA-FITC or GO-PEG/BSA-
FITC samples with the same BSA concentration, 0.08 mg/mL, and the
enzyme reaction was performed at 37 °C for 1, 3, and 6 h, respectively.
All samples were heated to 100 °C for 10 min to stop the reaction.
Immediately after trypsin digestion, the trypsin-digested GO-PEG/
BSA-FITC and BSA-FITC were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), to determine the
amount of intact proteins.

Cell Proliferation and Cytotoxicity Assay. WST assay was
performed to investigate the cell proliferation and cytotoxicity. HeLa
and MCF-7 cells were cultured in RPMI 1640 medium with 10%
serum under a fully humidified atmosphere at 37 °C with 5% CO2. For
WST cell proliferation and cytotoxicity assays, the cells were seeded in
96-well plates at the density of 7 × 103 cells per well and incubated for
48 h. Cell viability was then measured by means of WST assay
according to the manufacturer suggested procedure.

Flow Cytometric Analysis of Apoptosis. Flow cytometric
analysis (FACS) was performed on FACSAria II flow cytometer at an
excitation wavelength of 488 nm and an emission wavelength of 610
nm, for 10 000 cells per sample. Apoptotic cell was analyzed by
staining with propidium iodide (PI). PI is an agent which could label
the apoptotic or necrotic cells, specifically. Briefly, the samples were
washed with PBS for three times and suspended in 1 mL of buffer.
FACS was performed immediately after adding PI.

Cellular Uptake. HeLa and MCF-7 cells cultured in 24-well plates
were incubated with a GO-PEG/BSA-FITC suspension for 1, 5, and
18 h and then rinsed with PBS. The concentration of BSA-FITC
loaded on GO-PEG was 30 μg/mL. Finally, confocal fluorescence
microscopy images were captured to investigate cellular uptake of GO-
PEG/BSA-FITC. Free BSA-FITC with the same concentration was
also incubated with cells as a control.

■ RESULTS AND DISCUSSION
In our strategy, GO was chemically conjugated with amine-
terminated 6-arm PEG and then loaded with three different
types of proteins, bovine serum albumin (BSA), ribonuclease A
(RNase A), and cyclic-AMP dependent protein kinase A (PKA)
via physisorption, respectively. The schematic illustration
(Figure 1) shows the formation of GO-PEG/protein complex.
In all cases, the proteins were covalently bound to fluorescein
isothiocyanate (FITC) and then loaded onto GO sheet. The
roles of FITC in this work are two fold: acting as a fluorescent
labeling agent for cellular imaging and facilitating adsorption of
the proteins onto GO via π−π stacking and other molecular
interactions. FITC-labeled BSA was first used as a model
protein to investigate loading and release behavior of proteins
and the intracellular uptake. Taking RNase A and PKA as active
cargo proteins, we further investigated the cellular uptake of
functional protein-GO complexes and the regulation of cell
functions by influencing intracellular protein synthesis and
signaling pathways.9 The results presented in the current work
may open up new possibilities for developing GO-based protein
delivery systems for protein therapeutics as well as regulating
cell functions.

Synthesis and Characterization of GO-PEG/BSA-FITC.
PEG was conjugated to GO via formation of amide bonds in
the presence of EDC as previously reported,18 followed by
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loading of FITC labeled protein via physical adsorption. GO
and GO-PEG was further confirmed by infrared (IR) and
Raman spectroscopy (see Figure S1 in the Supporting
Information). In IR spectra, a pronounced C−H band of the
PEG was observed, indicating successful conjugation of PEG
onto the GO sheet. As reported in previous literature,20 grafting
PEG molecules to GO can render its physiological stability and
biocompatibility. Meanwhile, fluorescent molecule, FITC,
serves as labeling dye of proteins. We also measured the
change of the ζ-potential of protein, FITC labeled protein, GO,
GO-PEG, and GO-protein complex (see Table S1 in the
Supporting Information). The data indicated the successful
formation of GO-protein complex and good stability of GO-
protein complex in aqueous solution. The morphology of GO-
PEG before (Figure 2) and after loading of BSA-FITC was
investigated by atomic force microscopy (AFM). GO-PEG is
less than 200 nm in lateral width and ∼1.8 nm in thickness (see
Figure S2 in the Supporting Information), which is a little
thicker than GO sheets (about 1 nm). Mixing of the GO-PEG
with BSA-FITC in solution overnight leads to further increase

in the thickness to about 3.6 nm, suggesting successful loading
of the BSA-FITC onto the GO sheets, forming GO-PEG/BSA-
FITC complexes. Thus-formed GO-protein complexes were
further characterized by UV−vis and fluorescence spectros-
copies. In the UV−vis spectra, two absorption peaks appear at
∼495 and ∼230 nm, characteristic of FITC and GO,
respectively (Figure 3A), indicating successful loading of the
dye-tagged protein on the GO sheet. Upon adsorption of BSA-
FITC to GO-PEG, the fluorescence of FITC was completely
quenched due to efficient fluorescence resonance energy
transfer (FRET) between GO and FITC,25 indicating the
strong interaction between BSA-FITC and GO-PEG (Figure
3B). The protein molecules, we think, are adsorbed onto the
GO surface via π−π stacking and hydrophobic and electrostatic
interactions between GO and the FITC-tagged protein.26

Loading and Release Behavior of Protein. Loading and
release behavior of protein is very important for practical
applications of a drug delivery system; therefore, we monitored
the loading and release process of the protein to and from GO
by fluorescence spectroscopy. The loading capacity (Rloading)
increases with BSA-FITC concentration following a linear
relationship (Figure 4A), quantified by the following equation:

μ= × −‐R C(%) 0.2694 ( g/mL) 3.8463loading BSA FITC

(3)

Owing to the large surface area of GO, the loading capacity
of BSA-FITC is extremely high, being 350% (w/w) in our
experimental condition, which is much higher than that of other
commonly reported nanovectors such as liposomes (loading
efficiency 60−90%).13,27 It was found that loading rate of BSA
on GO sheets was dependent to the concentrations of BSA-
FITC, indicating that the loading is a diffusion-driven process.17

The loading process of the FITC-labeled proteins onto GO is
very fast, as evidenced by the observation of complete
fluorescence quenching immediately after mixing GO-PEG
with BSA-FITC in aqueous solution. As shown in Figure 4B,
nearly half of the protein cargo was loaded onto GO in 1 min
after mixing BSA-FITC with GO-PEG. The loading process
continued and almost completed within 4 h. Nearly 80% BSA-
FITC was loaded on the GO surface upon adsorption
equilibrium. The high payload of proteins onto the GO sheets

Figure 1. Schematic diagram showing formation of GO-PEG/BSA-
FITC complex.

Figure 2. AFM images of GO-PEG (A) before and (B) after being loaded with BSA-FITC.
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is due to its strong π−π interaction with large surface area of
GO.
Next, the release of absorbed protein from GO surface at 18

and 37 °C was studied in phosphate buffer solution (PBS) and
cell culture medium (RPMI 1640 with and without 10%
serum), respectively. As shown in Figure 5, slow but steady

release of BSA from GO was observed. In the first 6 h, 13% of
the protein was released from GO-PEG in PBS buffer at 18 °C.
After 5 days, total released protein reached nearly 20%. The
release profiles of the protein from GO-PEG surface in the
different physiological conditions are similar. It is worth noting
that hardly any protein was released from GO surface in pure
water over 120 h (see Figure S4D in the Supporting
Information), indicating the strong noncovalent interaction
between FITC labeled proteins and GO sheets.20 The release
behavior of BSA from GO at 37 °C over a period of 48 h was
also studied in different media. Nearly 25% of the adsorbed

BSA-FITC was released gradually from GO in PBS during the
first 20 h (see Figure S4A in the Supporting Information). The
maximum release ratio is nearly 50% in 48 h. The release
behavior of BSA-FITC from GO-PEG in cell culture medium
(see Figure S4B, S4C in the Supporting Information) is similar
to that in PBS buffer. The release ratio of BSA-FITC in RPMI
1640 containing 10% serum and RPMI 1640 was 41.7% and
35.9%, respectively. As the release of absorbed proteins from
the GO surface needs energy, high temperature condition will
facilitate the release of BSA from the GO surface; therefore,
temperature dependent release profiles of BSA-FITC from GO-
PEG were observed. The favorable interactions between the
protein and the GO surface may be altered by other ionic
species in the solution similar to what has been observed
previously.17,26

GO’s Role in Protection of Proteins from Enzymatic
Digestion. As the efficacy of protein-based therapy also
depends, to a large extent, on the stability of proteins against
enzyme degradation,28 we investigated the stability of proteins
adsorbed on GO in the presence of protease in vitro. GO-
protein complexes (GO-PEG/BSA-FITC) and free protein
(BSA-FITC) were treated with a protein-digesting enzyme,
trypsin, at 37 °C, respectively. SDS-PAGE analysis reveals that,
after treatment for the first 1 h, no discernible change of the
amount of intact protein in the GO-PEG/BSA-FITC samples
(Figure 6 Lane 6) was observed compared to the control
sample (Figure 6 Lane 1). In contrast, the free BSA-FITC was
completely digested after incubation with the enzyme for 1 h, as
evidenced by the complete disappearance of the band with
relative molecular weights of BSA in the trypsin-treated BSA-
FITC samples. These results suggest that the BSA-FITC loaded
on GO-PEG could be protected from enzymatic degradation.
The mechanism for protection of protein from enzymatic
cleavage by GO is not clear at this moment. It is very likely that

Figure 3. (A) UV−vis and (B) fluorescence spectra of GO-PEG before and after being loaded with BSA-FITC.

Figure 4. (A) Plot of loading ratio of BSA-FITC on GO-PEG versus initial concentration of BSA-FITC. (B) Plot of loading ratio of BSA-FITC on
GO-PEG versus adsorption time.

Figure 5. Release behevior of BSA-FITC from GO-PEG at 18 °C in
PBS and cell culture medium with and without 10% serum,
respectively.
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the constraint of protein on GO-PEG would prevent the
protein from cleavage due to steric hindrance of the GO sheet
that prevents trypsin from binding to the protein to initiate
enzymatic digestion, similar to what was observed in the case of
delivery of DNA by GO.29−31 The current result clearly
demonstrated that GO-PEG is able to protect proteins
adsorbed from enzymolysis, which ensures that the biological
functions of the delivered proteins can be largely preserved. It is
also noted that, with increasing the enzyme digestion time, the
amount of intact BSA protein also decreased gradually (Lane 2
and 4 in Figure 6), because the protein was desorbed gradually
from GO surface and then hydrolyzed by trypsin, which is
consistent with the BSA release characteristic described above.
Cellular Uptake of the GO/Protein Complex. As

efficient cellular internalization is the key to drug delivery and
therapy, we have studied the uptake of GO-PEG loaded with
BSA-FITC by two cell lines (HeLa and MCF-7) by means of
confocal fluorescence microscopy. FITC labeling facilitates a
quick and reliable monitoring and tracking of the intracellular
localization of the protein. The HeLa cells were stained with a
nucleus staining dye, DAPI, which appears as blue color in dark

field. Cells treated with GO-PEG/BSA-FITC showed green
fluorescence localized in cytoplasm after incubation for 18 h,
while no fluorescence was observed for free BSA-FITC treated
in the same way (Figure 7 and Figure S5A in the Supporting
Information). Cellular uptake of BSA-FITC loaded on GO-
PEG was significantly higher than that of free BSA-FITC,
suggesting the important role of GO-PEG in transporting
protein into the cells. Formation of GO-PEG/BSA-FITC
complexes may facilitate escaping of BSA-FITC from endo-
somes and then release into the cytoplasm, as evidenced by
observation of fluorescence of FITC mainly throughout the
cytoplasm. The efficient delivery of proteins into cytoplasm
may be attributed to high payload of proteins on GO-PEG,
which protects protein from enzymatic digestion. The
mechanism of cell internalization of GO loaded with proteins
is still unclear so far. Most recently, we demonstrated that GO
may be uptaken by cells via energy dependent, clathrin-
mediated endocytosis.32 Apparently, much work is desired to
understand the cell entry mechanism and pathway of the
proteins loaded on GO.

Regulation of Cell Functions by GO Delivered
Proteins. Finally, we explored whether functional proteins
released from GO-PEG still retains their biological activity in
vitro. First, RNA-cleaving protein enzyme, ribonuclease A
(RNase A, MW 13.7 kD), was chosen to study protein-
modulated cell apoptosis. It is reported that RNase A can
degrade mRNA and tRNA nonspecifically and, therefore,
inhibit protein synthesis in cytoplasm,33 which has a wide range
of biological applications, such as antitumor, angiogenic, and
allergy-inducing activities.9,34 In order to understand regulation
of cell functions by the proteins delivered by GO-PEG, we first
checked the cytotoxicity of GO-PEG. WST result (Figure 8A)
reveals that GO-PEG showed very low cytotoxicity after
incubation with HeLa cells for 48 h. Meanwhile, incubation
with the same concentration of free RNase A-FITC (150 μg/

Figure 6. SDS-PAGE analysis of BSA-FITC without trypsin digestion
(lane 1) and GO-PEG/BSA-FITC and free BSA-FITC with trypsin
cleavage for 1 h (lane 6 and 7), 3 h (lane 4 and 5), and 6 h (lane 2 and
3), respectively.

Figure 7. Confocal fluorescence microscopy images of HeLa cells before and after being incubated with free BSA-FITC and GO-PEG/BSA-FITC,
respectively.
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mL) leads to slight decrease in cell viability. In contrast,
significant decreasing in cell viability was observed (about
42%), when HeLa cells were treated with GO-PEG/RNase A-
FITC of the same protein concentration, which was well above
the basal cytotoxicity caused by either GO-PEG or RNase A-
FITC alone. To further enhance the protein release efficiency
from endosome, chloroquine was used to trigger endosomal
release of the internalized protein into cytoplasm. Chloroquine
is an endosome disruption agent ascribable to increasing pH
and osmotic pressure inside endosomes, which lead to
endosome swelling and rupture eventually,35 and result in
enhancement of release. In our experiment, substantially
enhanced apoptosis was observed when the HeLa cells were
pretreated with 100 μM chloroquine. Nearly 25% increase in
cytotoxicity of GO-PEG delivered RNase A-FITC was shown in
the presence of chloroquine. Moreover, to further support the
result from the WST assay above, flow cytometry was
performed with PI staining. Apoptosis was quantified by the
rate of apoptotic HeLa cells. The FACS results (Figure S6 in
the Supporting Information) indicated that no significant
apoptosis was induced when cells were incubated with GO-
PEG and chloroquine. Only 1.7% of HeLa cells treated with
free RNase A-FITC exhibited apoptosis. In comparison, the
induced cellular apoptosis was increased to 47.9% and 76.0% of
cells incubated with GO-PEG/RNase A-FITC and GO-PEG/
RNase A-FITC with chloroquine pretreated, respectively, which
is consistent with the WST assay above. The WST and FACS
data together indicated that GO-PEG/RNase A-FITC com-
plexes were endocytosed into cells and then released from
endosomes, finally diffused throughout the entire cytoplasm.
More importantly, the FITC marked RNase A delivered into
cell by GO-PEG retains its biological activity resulting in
significant cell apoptosis. Compared to other nanovectors, for
example, carbon nanotubes,15 generic intracellular transporters
for various types of proteins (≤80 kD), can efficiently transport
proteins (≤80 kD) inside various mammalian cells via
endocytosis pathway. Dai and his co-workers reported that
the cell apoptosis induced by Cyt-C alone was about 10%,
which was lower than that of transporting by SWNTs (15%). In
our work, GO-PEG could efficiently deliver various proteins to
different cell lines leading to high levels of cell apoptosis (50%).
We further employed another protein model, protein kinase

A (PKA), to elucidate the influence of functional proteins
delivered by GO-PEG on the signaling pathways in cell. PKA
plays a major role in PKA/B-Raf signaling pathways, leading to
proliferation of cells in cytosol.36 Delivery of PKA into

cytoplasm would increase the activity of PKA-regulated
pathways, leading to cell growth. GO-PEG/PKA-FITC (20
μg/mL) and free PKA-FITC (as a control) with the same
protein concentration were introduced to MCF-7 cells,
respectively. We observed significantly enhanced cell growth
by incubating GO-PEG/PKA-FITC with MCF-7 cells for 48 h
(Figure 8B). This could occur only when PKA-FTIC is
delivered into the cells and retains its bioactivity. Pretreatment
of MCF-7 cells by chloroquine leads to more significant cell
proliferation due to more efficient endosome release of the
internalized GO-PEG/PKA-FITC. In contrast, no noticeable
cell proliferation was observed when the cells were incubated
with free PKA-FITC. Taken together, these results have
demonstrated clearly that the GO-PEG-based protein delivery
system ameliorates protein stability against enzymatic degrada-
tion and biological activity of regulating cell fate.

■ CONCLUSIONS

In summary, we have demonstrated the feasibility of PEG-
modified GO as a biocompatible and efficient nanovector for
loading and delivery of proteins into cytoplasm and that GO-
PEG prevents the proteins from enzymatic hydrolysis. We
further show that the proteins delivered by GO-PEG retain
their biological functions to induce apoptosis (by GO-PEG/
RNase A-FITC) or cell proliferation (by GO-PEG/PKA-
FITC). Collectively, this work provides insight into rational
design of efficient GO-based protein delivery systems for
protein therapy and metabolic manipulation.
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