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ABSTRACT: Functionalized graphene has good potential in biomedical applications. To address a better and multiplex design
of graphene-based gene vectors, the graphene-oleate-polyamidoamine (PAMAM) dendrimer hybrids were synthesized by the
oleic acid adsorption and covalent linkage of PAMAM dendrimers. The micromorphology, electrical charge property, and
amount of free amine groups of the graphene-oleate-PAMAM hybrids were characterized, and the peripheral functional groups
were identified. The PAMAM dendrimers could be tethered onto graphene surface in high density. The graphene-oleate-
PAMAM hybrids exhibit relatively good dispersity and stability in aqueous solutions. To evaluate the potential application of the
hybrids in gene delivery vectors, cytotoxicity to HeLa and MG-63 cells and gene (plasmid DNA of enhanced green fluorescent
protein) transfection capacity of the hybrids were investigated in detail. The graphene-oleate-PAMAM hybrids show mammalian
cell type- and dose-dependent in vitro cytotoxicity. Under the optimal condition, the hybrids possess good biocompatibility and
gene transfection capacity. The surface modification of graphene with oleic acid and PAMAM improves the gene transfection
efficiency 13 times in contrast to the ultrasonicated graphene. Moreover, the hybrids show better transfection efficiency than the
graphene oxide-PAMAM without the oleic acid modification.
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■ INTRODUCTION

Graphene, as a new type of carbon nanomaterials, has been a
shining star in material science since it was discovered in 2004.
Although the interesting electrical, optical, mechanical,
chemical, and electrochemical properties of graphene spawn a
huge field of scientific research, it was not until 2008 that some
groups reported the potential applications of graphene in
biomedicine.1−5 In the past few years, many works exhibit that
graphene can be used as an excellent matrix for biomolecule
immobilization to prepare highly sensitive biosensors for the
detection of DNA,4,6,7 proteins,8,9 and glucose,10,11 etc. On the
other hand, motivated by the successes of carbon nanotubes in
biomedicine, the functionalized graphene has been also
explored in drug delivery and cancer therapies.5,12−16 Ultrahigh
surface area and delocalized π-electrons of the single-layered
graphene enable highly efficient loading of various aromatic
drug via π−π stacking.2,3,17−22 By functionalization of graphene
with targeting ligands, anticancer drugs can be selectively
delivered to specific types of cancer cells.23 Moreover, various
graphene-based nanocomposites with interesting optical and

magnetic properties have been developed for multi-modal
imaging and imaging-guided cancer therapy.24−26

Despite many works indicating the promising potential of
functionalized graphene in biomedical applications, the
information about the intracellular gene delivery by graphene-
based carrying materials is limited. In 2010, Yang et al.24 first
revealed that the nanographene sheets coated with poly-
(ethylene glycol) (PEG) show highly efficient tumor passive
uptake. Almost at the same time, Lu et al.27 proved that the
PEG-functionalized nanoscale graphene oxide (GO) can
protect oligonucleotides from enzymatic cleavage and effi-
ciently deliver oligonucleotides into mammalian cells. Since
then, graphene and GO functionalized with polyethylenimine
(PEI),21,25,28−35 chitosan,19 or PEG36 have been used as
delivery vectors of plasmid DNA and small interfering RNA.
For example, chitosan-grafted GO19 exhibits good aqueous
solubility and biocompatibility as well as reasonable gene
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transfection efficiency. Linear33 and branched21,25,28−31,34,35

PEI with different molecular weight, as a typical transfection
reagent, have been used for graphene or GO functionalization
by covalent linkage21,25,28,30,31,33,34 and electrostatic assem-
bly.29,35 The PEI-functionalized graphene or GO hybrids
exhibit less cytotoxicity and comparable or better gene
transfection efficiency than pure PEI. The good gene
transfection ability can be attributed to the multivalent effect
of PEI conjugated to the GO, which is favorable for formation
of a stable polyelectrolyte complex with pDNA and high
positive surface charge.25 Concerning the non-viral vectors,
besides efficient complex formation with DNA, high cellular
uptake and efficient endosomal escaping ability are also crucial
properties that lead to high gene delivery efficiency. Graphene
possesses the unique optical property of absorbing near-
infrared (NIR) light, which has been explored for photo-
dynamic therapy (PDT), photothermal drug delivery, and gene
transfection. Tian et al.37 showed that the NIR light-induced
local heating of GO-PEG-Ce6 nanosheets may increase the
cellular uptake of GO-PEG-Ce6, and hence enhance the PDT
efficacy against cancer cells. They owe the enhanced uptake of
GO-PEG-Ce6 to the increased cell membrane permeability at
NIR light heating. Moreover, Kim et al.38,39 demonstrated that
upon NIR light irradiation, the photothermal effect initiated by
the functionalized reduced GO can also accelerate endosomal
escape of the functional reduced GO by disruption of
endosomal membranes, which improve the gene/drug intra-
cellular delivery efficiency of the functionalized reduced GO.
These results suggest the external stimuli (NIR light heating)
has the ability to affect the cellular uptake and endosomal
escape of the graphene-based vectors. It inspires us whether it is
possible to improve the gene transfection efficiency of
graphene-based vectors by modification of the graphene surface
with appropriate functional groups, that is, introduction of
“chemical stimuli”, which may influence the stability of cell
membrane, and hence improve the cellular uptake of
functionalized graphene. To address this purpose, a better
and multiplex design for graphene surface modification is highly
desired.
In this work, we reported the polyamidoamine (PAMAM)

dendrimer and oleic acid functionalized graphene as biocom-
patible and efficient gene delivery vectors. PAMAM dendrimers
are a class of highly branched spherical polymers with high
molecular uniformity, narrow molecular distribution, and
specific size and shape. At physiological pH, positively charged
primary amine surface groups in PAMAM dendrimers can bind
to negatively charged DNA phosphates to form a PAMAM/
DNA complex, rendering PAMAM the inherent ability to
associate, condense, and efficiently transport DNA into a wide
number of cell types. Moreover, contrary to PEI, which is
nondegradable, PAMAM dendrimer is a biodegradable polymer
with a backbone of polymer chains consisting of peptide bond.

For this reason, it exhibits comparatively less genotoxicity and
cytotoxicity.40 These exclusive properties give PAMAM great
potential in biomedicine, especially in drug and gene delivery
carriers.41−45 Recently, it has been reported the functionaliza-
tion of graphene sheets with PAMAM dendrimers46 by 1,3-
dipolar cycloaddition and amide-bond condensation reactions.
Additionally, PAMAM-GO47 hybrids are synthesized by in situ
repetitive Michael addition and amidation reactions, being used
to prepare electrochemical DNA biosensor. To the best of our
knowledge, however, graphene-PAMAM-based gene delivery
vector, which combines the advantages of graphene and
PAMAM, has not been investigated. In this work, we prepared
PAMAM-functionalized graphene by two steps: oleic acid was
first functionalized onto the graphene surface by chemical
adsorption, and then PAMAM dendrimers were covalently
tethered onto graphene by amidation process (Figure 1). Oleic
acid was selected to functionalize graphene because, in addition
to being capable of interacting with graphene by chemical
adsorption48,49 and the terminal carboxyl groups can be used to
link PAMAM by covalent amidation reaction, oleic acid is
naturally present in a variety of animal and vegetable sources,
showing high affinity to cellular membrane50 and the capability
of promoting membrane destabilization,51 and hence may
render the functionalized graphene good gene transfection
efficiency. Additionally, GO-PAMAM was also prepared by
amidation process for comparison. The success of the PAMAM
functionalization on graphene or GO was verified and
characterized by Fourier transform infrared (FTIR) spectros-
copy, transmission electron microscopy (TEM), zeta potential
measurement, and ninhydrin assay. The graphene-oleate-
PAMAM hybrids display relatively good dispersive property
in aqueous solution. Because of the positively charged primary
amine groups, the PAMAM functionalized graphene or GO can
immobilize gene molecules by electrostatic interaction. Herein,
we evaluated the application of graphene-oleate-PAMAM and
GO-PAMAM in intracellular delivery of a model gene molecule
(plasmid DNA of enhanced green fluorescent protein, pEGFP-
N1). The transfection experiments and cytotoxicity assays
uncovered that in contrast to the non-functionalized graphene
and GO-PAMAM (the PAMAM was directly tethered onto GO
surface by amidation reaction), the graphene-oleate-PAMAM
hybrids exhibit better transfection efficiency as well as a
minimal level of cytotoxicity to human cervical cancer (HeLa)
and human osteosarcoma (MG-63) cells under the optimal
condition. It is believed that, by the oleic acid and PAMAM
dendrimer functionalization, graphene will have great potential
for biological application in gene delivery.

■ EXPERIMENTAL SECTION
Chemicals and Instruments. Graphene (diameter, 0.5−2 μm;

thickness, 0.8−1.2 nm; single layer ratio, ∼80%; purity, 98%) was
purchased from Nanjing XFNano Material Tech Co., Ltd. (China). 1-

Figure 1. Schemes demonstrating the synthesis of graphene-oleate-PAMAM hybrids.
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Ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC, hydrochlor-
ide form) and N-hydroxy-succinimide (NHS) were purchased from
Bio Basic Inc. Chloroquine disphosphate salt and amine group
terminated PAMAM dendrimers (generation 4.0) were obtained from
Sigma-Aldrich. Oleic acid and dimethyl sulfoxide (DMSO) were
purchased from Sinopharm Chemical Reagent Co., Ltd. The pEGFP-
N1 was kindly provided by College of Life Science, Hunan Normal
University. The pEGFP-N1 was transformed to DH 5α Escherichia coli
and purified using EZ Spin Column Plasmid Maxi-Preps Kit (UNIQ-
200, Sangon Biotech, Shanghai). The HeLa and MG-63 cells were
obtained from Cancer Research Institute of Xiangya Medical College.
RPMI-1640 medium (Gibco, containing 10% heat-inactivated new-
born calf serum, 100 IU mL−1 penicillin, and 100 μg mL−1

streptomycin) was purchased from Invitrogen Corp. Trypsinase
(0.25% + 0.02% EDTA) and (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyl tetrazolium bromide, MTT) were purchased from Amresco.
Ninhydrin was purchased from Tianjin Sibafu Chemical Co., Ltd.
(China). Phosphate buffered saline (PBS, pH 7.4, containing 1.56 g
L−1 Na2HPO4·H2O + 0.20 g L−1 KH2PO4 + 8.00 g L−1 NaCl + 0.20 g
L−1 KCl) solution was used in the experiments. All other reagents were
of analytical grade or better. Milli-Q ultrapure water (>18 MΩ cm,
Milli-pore Co., Ltd.) and fresh prepared solutions were used
throughout.
The micromorphologies of pristine graphene, GO, graphene-oleate-

PAMAM, and GO-PAMAM hybrids were characterized by TEM
(JEOL 3010; accelerating voltage, 300 kV). For TEM sample
preparation, one drop of aqueous suspension of interest was placed
on a lacey support film, and the excess suspension was removed. The
samples were used after drying at room temperature. The FTIR
spectra (KCl tablet of the solid material of interest, the transmission
mode) were recorded on a Nicolet Nexus 670 FTIR spectropho-
tometer (Nicolet Instrument Co., Madison, WI) with the Ominic
software. Measurements of zeta potential and size distribution of
graphene-oleate-PAMAM and GO-PAMAM suspended in ultrapure
water or RPMI-1640 medium were carried out by Zetasizer-3500
(Nano ZS, Green badge, ZEN3500, Malvern Instruments Ltd.). The
concentrations of GO-PAMAM and graphene-oleate-PAMAM sus-
pended in water or RPMI-1640 medium are all 0.1 mg mL−1. The
samples were ultrasonically dispersed, and then zeta potential and size
distribution were measured by the aqueous flow cell in the automatic
mode at room temperature. The proliferation morphologies of HeLa
and MG-63 cells were observed with an inverted optical microscope
(Olympus IM). The transfected HeLa and MG-63 cells were
characterized by fluorescence microscopy (Nikon, Eclipse Ti−S).
Ultraviolet−visible (UV−vis) spectra were recorded on a UV-2450
UV−vis spectrophotometer (Shimadzu Co., Kyoto, Japan).
Preparation of Graphene-Oleate-PAMAM and GO-PAMAM

Hybrids. The synthesis of graphene-oleate-PAMAM hybrids was
schematically shown in Figure 1. First, 1.0 mg of received graphene
was dispersed in 1.0 mL of alcohol solution and sonicated (150 W) for
13 h under hermetic condition. Next, 0.5 mL of oleic acid was added
into 0.5 mL of ultrasonicated graphene alcohol suspension (1.0 mg
mL−1) under magnetic stirring, and N2 gas was introduced into the
mixture for 1 h, followed by 12 h-reaction under magnetic stirring and
heliophobe environment. The product obtained was purified by
centrifugation (13 000 rpm, 30 min) and rinsed with alcohol three
times. The purified graphene−oleic acid complexes were dispersed in
1.0 mL of ultrapure water for future use. The PAMAM was tethered
onto the surface of graphene−oleic acid by covalent binding between
the amine groups of PAMAM and the carboxyl groups of oleic acid
using EDC and NHS as coupling reactants (Figure 1). Briefly, 10.0 mg
of EDC was added into 0.5 mL of graphene−oleic acid aqueous
suspension (0.5 mg mL−1), and the mixture was stirred for 30 min.
Next, 10.0 mg of NHS was added into the mixture, followed by 2-h
reaction under magnetic stirring. The activated graphene−oleic acid
was purified by centrifugation (13 000 rpm, 30 min), rinsed with
ultrapure water three times, and dispersed in 0.5 mL of ultrapure
water. Thereafter, 0.1 mL of PAMAM methanol solution was added
slowly into the suspension, and the mixture was allowed to react for 12
h under magnetic stirring and heliophobe environment. The product

obtained was purified by centrifugation (13 000 rpm, 30 min) and
rinsed with ultrapure water three times to remove excess PAMAM.
The graphene-oleate-PAMAM aqueous suspension (0.5 mg mL−1; this
concentration is the mass concentration of graphene but used to
denote the concentration of the hybrids; hereafter, unless otherwise
specified, the concentrations of graphene-oleate-PAMAM or GO-
PAMAM are denoted by the mass concentration of graphene or GO)
was prepared for future use.

For the preparation of GO-PAMAM, 80.0 mg of received graphene
was first treated by mixed acids (concentrate H2SO4 + HNO3, v/v 22.5
mL:7.5 mL) at 45 °C for 30 min, followed by 1-h reaction at 80 °C.
Next, the mixture was diluted to 90 mL by ultrapure water and
refluxed at 100 oC for 2.5 h. The suspension was dialyzed (dialysis
tubing, MD 34, retain molecular weight 8000−14 000 D, Solarbio) in
ultrapure water until the filtrate was neutral. The GO obtained was
dried at 30 °C for 12 h and then stored in a desiccator for future use.
The GO-PAMAM was synthesized by directly covalent linking
between the amine group of PAMAM and the carboxyl group of
GO. The synthetic process is the same as that of graphene-oleate-
PAMAM hybrids.

Determination of Free Amine Group Amounts. The amounts
of free amine groups on the surface of graphene-oleate-PAMAM and
GO-PAMAM hybrids were determined using the ninhydrin assay.52

First, a standard curve using glycine was obtained by the following
steps. In brief, 200 μL of glycine aqueous solution at different
concentrations was mixed with 800 μL of ninhydrin buffer solutions
(0.6 g of ninhydrin + 15 mL of isopropanol + 30 mL of n-butanol + 60
mL of alcohol + 9 mL of acetate buffer, pH = 5.4). The mixture was
incubated in a water bath at 100 °C for 20 min, and then centrifuged at
13 000 rpm for 5 min. The absorbance of the supernatant was
measured by a spectrophotometer (UV-2450, Shimadzu Co., Kyoto,
Japan) at 570 nm. For determination of the free amine groups in the
graphene-oleate-PAMAM and GO-PAMAM samples, 200 μL of 0.5
mg mL−1 graphene-oleate-PAMAM or GO-PAMAM aqueous
suspension was used in the ninhydrin assay as described above. All
measurements were performed in triplicate. The amount of free amine
groups in the hybrids was calculated according to the standard curve,
and expressed as millimolar of amine group per gram of the graphene
or GO.

Delivery of GFP Gene into Cells. All of the cell cultures were
conducted in a flask in RPMI-1640 medium containing 10% heat-
inactivated newborn calf serum, 100 IU mL−1 penicillin, and 100 μg
mL−1 streptomycin at 37 oC in a humidified atmosphere containing
5% CO2. The HeLa or MG-63 cells (about 1.6 × 104) were seeded
into 96-well culture plates and allowed to grow for 24 h. The
incubated cells were washed with PBS, and then the medium was
replaced with 150 μL of fresh RPMI-1640 containing 1.0 μg of
pEGFP-N1 and graphene-oleate-PAMAM or GO-PAMAM at different
mass ratios of the functionalized graphene to pEGFP-N1. The
transfection medium is free of heat-inactivated newborn calf serum,
penicillin, and streptomycin. Additionally, 1 μL of chloroquine (20
mM) was added into the transfection medium for HeLa cells to trigger
endosomal rupture.53 However, the MG-63 cells were incubated with
the transfection medium without chloroquine. After the cells were
incubated for 6 h, the culture medium was renewed, and the cells were
washed with PBS and then allowed to grow for another 24 h with fresh
RPMI-1640 containing 10% heat-inactivated newborn calf serum at 37
°C in a humidified atmosphere containing 5% CO2. A series of
graphene-oleate-PAMAM-pEGFP-N1 or GO-PAMAM-pEGFP-N1
samples at different mass ratios (1:1, 2:1, 3:1, 4:1, 5:1, and 7.5:1,
functionalized graphene:pEGFP-N1) were prepared and tested under
the same experimental conditions. The transfection experiments were
reproduced at least three times in independent experimental runs.
GFP-transfected cells that emitted fluorescence were imaged under a
fluorescence microscope (Nikon, Eclipse Ti−S). At least five fields per
sample were selected to take a bunch of pictures. The fluorescent cells
and total cells were counted using Photoshop software. The
transfection efficiency was calculated as the percentage of the
fluorescent cells out of the total number of cells.54 For comparisons,
pristine graphene, ultrasonicated graphene, and GO were also
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incubated with HeLa cells using the same procedures as described
above.
MTT Assay. Cytotoxicity of the graphene-oleate-PAMAM and GO-

PAMAM to HeLa and MG-63 cells was assessed by MTT assay. The
HeLa or MG-63 cells (about 1.6 × 104) were seeded into 96-well
culture plates and allowed to grow for 24 h. The cultured cells were
washed with PBS, and then the medium was replaced with 200 μL of
fresh RPMI-1640 containing different amounts of graphene-oleate-
PAMAM or GO-PAMAM. After incubation with the hybrids over 24
h, the cells were washed with PBS, and then 200 μL of RPMI-1640
medium and 20 μL of MTT reagents (5 mg mL−1) were added into
each well. The cells were allowed to grow for another 4 h until a purple
precipitate was visible. The medium was then removed, and 150 μL of
DMSO was added. The well was vibrated to completely liberate the
crystals, and the absorbance at 554 nm was measured by a Multimode
Microplate Reader (Infinite M1000, TECAN, Switzerland). Cytotox-
icity of the pristine graphene, ultrasonicated graphene, and GO was
also evaluated by MTT assay as described above. The cells without the
treatment of graphene-based nanomaterials were taken as the control
group. Additionally, the proliferation morphologies of the HeLa and
MG-63 cells, as complementary evidence demonstrating the cellular
viability, were also observed by bright-field optical microscopy
(Olympus IM).

■ RESULTS AND DISCUSSION
Characterization of the Graphene-Oleate-PAMAM

and GO-PAMAM. Figure 2 shows the TEM images of pristine

graphene, ultrasonicated graphene, graphene−oleic acid,
graphene-oleate-PAMAM, GO, and GO-PAMAM. In contrast
to pristine graphene (Figure 2A), the ultrasonicated graphene
(Figure 2B) or graphene−oleic acid (Figure 2C) retains a
smooth surface after the ultrasonication treatment or oleic acid
modification. However, the GO surface (Figure 2E) seems to
be different from that of the pristine graphene. This
morphological change could be due to the defect formation
and functional group (such as −OH and −COOH) addition
(confirmed by FTIR spectrum of GO, Figure S1E, Supporting
Information), induced by the treatment of mixed acids.55 After
modification with PAMAM, the surface of graphene-oleate-
PAMAM (Figure 2D) or GO-PAMAM (Figure 2F) exhibits an
obvious difference. New species in relatively high density,
corresponding to PAMAM dendrimer molecules, can be
observed, indicating successful functionalization of PAMAM
on graphene−oleic acid or GO surface. The covalent tethering
of PAMAM was further confirmed by FTIR spectroscopy (the
results are shown in Figure S1, Supporting Information). The
complete disappearance of the stretching vibration of CO
group at 1705 cm−1 in the graphene−oleic acid spectrum (at
1723 cm−1 in the GO spectrum) suggests a complete reaction
of −COOH in the graphene−oleic acid or GO with PAMAM
dendrimers. Moreover, the characteristic bands of amide
(−CO−NH) I and II at 1643 and 1557 cm−1 in the
graphene-oleate-PAMAM spectrum (at 1646 and 1535 cm−1

in the GO-PAMAM spectrum) demonstrate the covalent
linkage between carboxyl and amine groups.
The amounts of free amine groups in the graphene-oleate-

PAMAM and GO-PAMAM were determined by ninhydrin
assay. Figure 3A and B shows the absorbance curves of the
ninhydrin assay and the dependence of peak absorbance (Apeak)
on the glycine concentration (CGlycine). The Apeak at 570 nm,
being related to the amount of free amine groups, increases
linearly with the glycine concentration in the range of 0.5−4.0
mM. The regression equation in the linear range can be
obtained and expressed as Apeak = 0.2236CGlycine − 0.1043.
Figure 3C shows the absorbance curves of ninhydrin assay
using the graphene-oleate-PAMAM and GO-PAMAM. The
Apeak values of the graphene-oleate-PAMAM and the GO-
PAMAM are 0.173 and 0.389. The amounts of free amine
groups were calculated and equal to 2.48 and 4.41 mM g−1 (the
amount of amine group (mM) versus the mass of graphene or
GO (g)). The results of ninhydrin assay suggest that more
PAMAM dendrimers have been tethered onto the GO surface,
resulting probably from a greater amount of carboxyl groups
being functionalized onto the GO surface by the mixed acid
treatment. The weight ratios of PAMAM/graphene or
PAMAM/GO in the graphene-oleate-PAMAM and GO-
PAMAM were calculated and equal to 0.55 and 0.98.
The zeta potential and size distribution of the graphene-

oleate-PAMAM, GO-PAMAM, graphene-oleate-PAMAM-
pEGFP, and GO-PAMAM-pEGFP were investigated. Table 1
lists the zeta potential of the graphene-based nanomaterials
dispersed in ultrapure water and RPMI-1640 medium. The
ultrasonicated graphene aggregated rapidly in ultrapure water
or RPMI-1640 medium, and no zeta potential data were
obtained. The GO bears a negative charge (about −27 mV in
water and −16 mV in RPMI-1640 medium), resulting from the
functionalized carboxyl groups on the GO surface. After the
functionalization of positively charged PAMAM, the graphene-
oleate-PAMAM and GO-PAMAM hybrids show positive zeta
potential in water (about 26 and 19 mV) and RPMI-1640

Figure 2. TEM images of pristine graphene (A), ultrasonicated
graphene (B), graphene−oleic acid (C), graphene-oleate-PAMAM
(D), GO (E), and GO-PAMAM (F).
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medium (about 8 and 6 mV). Additionally, the size distribution
analysis indicates that the average sizes of the graphene-oleate-
PAMAM and the GO-PAMAM dispersed in ultrapure water are
about 309 and 273 nm. From the results of the ninhydrin assay
(Figure 3), the amount of free amine groups in the graphene-
oleate-PAMAM is less than that in the GO-PAMAM, but the
graphene-oleate-PAMAM exhibits a slightly larger zeta
potential than the GO-PAMAM. This may be due to the
smaller average size of the GO-PAMAM in ultrapure water
suspension. The modifications of graphene−oleic acid and GO
with PAMAM make them positively charged in aqueous
solution, being helpful for the immobilization of gene
molecules. On the other hand, the zeta potential and size
distribution of the graphene-oleate-PAMAM and GO-PAMAM
after pEGFP complexation were also evaluated. The results

Figure 3. (A) Absorbance curves of the ninhydrin assay at different glycine concentrations. (B) The dependence of peak absorbance at 570 nm on
glycine concentration. (C) Absorbance curves of the ninhydrin assay using the graphene-oleate-PAMAM and GO-PAMAM.

Table 1. Zeta Potential of the Graphene-Based
Nanomaterials Dispersed in Water and RPMI-1640
Mediuma

zeta potential in different dispersion
medium (mV)

samples H2O RPMI-1640

ultrasonicated graphene non applicable non applicable
graphene-oleate-PAMAM 25.9 ± 0.8 7.8 ± 2.8
GO −27.5 ± 0.4 −16.0 ± 0.1
GO-PAMAM 18.6 ± 1.7 6.0 ± 1.1
graphene-oleate-PAMAM-pEGFP non applicable 0.67 ± 1.3
GO-PAMAM-pEGFP non applicable −11.1 ± 3.7

aData listed are the means ± standard deviation (n = 3).

Figure 4. Viability of HeLa cells after being incubated with pristine graphene (A, black line), ultrasonicated graphene (A, blue line), GO (A, red
line), graphene-oleate-PAMAM (B, black line), and GO-PAMAM (B, red line) for 24 h in RPMI-1640 culture medium at 37 °C in a humidified
atmosphere containing 5% CO2. The cellular viability was calculated as a percentage from the viability of the control (untreated) cells. The viability
of the control cells was considered 100%. The results are means ± standard deviation (SD) from six independent experiments.
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demonstrate that the zeta potential of the complexes dispersed
in RPMI-1640 medium decreases (Table 1). The average sizes
of the graphene-oleate-PAMAM-pEGFP and GO-PAMAM-
pEGFP dispersed in RPMI-1640 transfection medium are about
629 and 481 nm, being attributed to the immobilization of
pEGFP molecules.
The dispersive properties of the graphene-oleate-PAMAM,

GO-PAMAM, and their pEGFP complexes were evaluated
(Supporting Information, Figure S2). The prepared graphene−
oleic acid and graphene-oleate-PAMAM hybrids have good
dispersive property in ultrapure water (Supporting Information,
Figure S2A). No obvious precipitates are observed in the
aqueous suspensions of graphene−oleic acid and graphene-
oleate-PAMAM after being stored over 6 h, but part of the GO-
PAMAM aggregates are observed after being suspended for 1 h.
For the graphene-oleate-PAMAM and GO-PAMAM dispersed
in PBS and RPMI-1640 medium (Supporting Information,
Figure S2B and C), the homogeneity of the hybrid suspension
remains within 1 h; however, part of the hybrids aggregate after
6 h, indicating the decrease of the dispersive stability in PBS
and RPMI-1640 medium. In future applications, the dispersive
property may be improved through a pre-centrifugation to
remove the accumulated hybrids.53 The graphene-oleate-
PAMAM-pEGFP and GO-PAMAM-pEGFP complexes in
RPMI-1640 transfection medium seem to be stable over 6 h,
but it is hard to discriminate the complexes from the
suspensions because of the small concentration (about 26.7
μg mL−1) of the complexes and the influence of RPMI-1640
color.
Cytotoxicity of the Graphene-Oleate-PAMAM and

GO-PAMAM. Concerning the potential applications of the
graphene-based nanomaterials in biomedicine and biology, the
toxicity is one of the most important issues. The in vitro
cytotoxicities of the graphene-oleate-PAMAM and GO-
PAMAM to HeLa and MG-63 cells were evaluated by MTT
assay (shown in Figure 4 and Figure S3, Supporting
Information). For comparison, the cellular toxicities of pristine
graphene, ultrasonicated graphene, and GO to HeLa cells were
also investigated. Six independent experiments were performed
under identical conditions to estimate the reproducibility of the
MTT assay. The error bar in Figure 4 shows the standard
deviation (SD) of the six experiments. The viability of HeLa
cells incubated with 100 μg mL−1 pristine graphene over 24 h is
slightly larger than that of the control cells (Figure 4A, black
line), indicating that the pristine graphene has no obvious effect
on the viability of HeLa cells in the studied concentration
range. For the ultrasonicated graphene, GO, graphene-oleate-
PAMAM, and GO-PAMAM, the viability of HeLa cells
gradually decreases with the increase of the concentration of
graphene-based materials, showing dose-dependent cytotox-
icity. The GO exhibits larger cytotoxicity than the ultra-
sonicated graphene. Incubating HeLa cells with 100 μg mL−1

GO for 24 h leads to an about 38% decrease in cellular viability
(Figure 4A, red line). The functionalization of GO with
PAMAM improves the GO biocompatibility (Figure 4B, red
line). For ultrasonicated graphene and graphene-oleate-
PAMAM, they show a similar effect on the viability of HeLa
cells. In the studied concentration range, the modification of
ultrasonicated graphene with PAMAM does not improve the
biocompatibility. However, the cellular viability of HeLa cells
retains about 80% after being incubated with 100 μg mL−1

graphene-oleate-PAMAM for 24 h, suggesting the hybrids are
biocompatible to HeLa cells. Moreover, the morphologies of

HeLa cells after being incubated with the pristine graphene,
ultrasonicated graphene, GO, graphene-oleate-PAMAM, and
GO-PAMAM were also characterized by optical microscopy.
The microscopic studies complementarily confirm the MTT
assay results (shown in Figures S4−S8, Supporting Informa-
tion). In contrast to HeLa cells, however, the graphene-oleate-
PAMAM and GO-PAMAM show significant effects on the
viability of MG-63 cells when the concentration is larger than
20 μg mL−1 (Supporting Information, Figure S3). The
graphene-oleate-PAMAM exhibits larger cytotoxicity to MG-
63 cells than the GO-PAMAM. Incubating MG-63 cells with
100 μg mL−1 graphene-oleate-PAMAM or GO-PAMAM for 24
h leads to about 95 % or 42 % decrease in cellular viability.
Accordingly, the cell number greatly reduces after being
incubated with 100 μg mL−1 graphene-oleate-PAMAM or
GO-PAMAM (shown in Figures S9,S10, Supporting Informa-
tion).
Recently, the in vitro cytotoxicity of graphene and its

derivatives to different mammalian cell lines has been studied
and reviewed.56−58 It seems that the in vitro cytotoxicity of
graphene-based nanomaterial is dependent on some aspects
such as dose,59 size,60 and shape59 of the graphene, and the
surface functional groups19,28,29,31 as well the mammalian cell
type.58,61 In our work, the GO obtained by the mixed acid
oxidation of graphene shows dose-dependent cellular toxicity to
HeLa cells, and the PAMAM functionalized GO has little effect
on the HeLa cell’s viability in the studied concentrations,
suggesting appropriate surface functionalization of GO plays a
role in enhancing the biocompatibility, as separately evidenced
in other works.19,28,29,31 On the other hand, the pristine
graphene exhibits different effects on the viability to different
kinds of mammalian cell lines. For example, some studies
suggest that, in contrast to GO, pristine graphene appears to be
more toxic to human skin fibroblast cells60 and neural
phaeochromocytoma-derived PC12 cells.59 However, pristine
graphene and functionalized graphene obtained by nitric acid
oxidation exhibit excellent hemocompatibility with red blood
cells and platelets, inducing negligible alteration of cytokine
expression and no premature immune cell activation or
suppression at 75 μg mL−1 after 72 h-incubation.62 The
pristine graphene and ultrasonicated graphene studied in our
work show no obvious effects on the viability of HeLa cells.
Moreover, the graphene-oleate-PAMAM and GO-PAMAM
exhibit little cytotoxicity to HeLa cells but large cytotoxicity to
MG-63 cells at high concentration (larger than 20 μg mL−1),
indicating the cell-specific in vitro cytotoxicity of the graphene-
based nanomaterials.61 Although a large amount of information
regarding the in vitro cytotoxicity of graphene and its
derivatives has been gathered, many aspects including the
detailed toxicity mechanism at the molecular level remain to be
unclear. More systematic investigations, especially the cell line-
dependent cytotoxicity, are still highly demanded to fully
understand the toxic effect and address the safety concerns for
future development of the graphene-based nanomedicines.

Gene Transfection Capacity of the Graphene-Oleate-
PAMAM and GO-PAMAM. The capacity of the graphene-
oleate-PAMAM and GO-PAMAM for intracellular delivery of
gene molecules was evaluated. Figure 5 shows the bright-field
optical and fluorescence images of HeLa and MG-63 cells that
were successfully transfected with GFP gene by the graphene-
oleate-PAMAM (the transfection images of GO-PAMAM to
HeLa and MG-63 cells are shown in Figures S11 and S12,
Supporting Information). According to our previous work,63 no
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fluorescence is observed in HeLa cells transfected with the
naked pEGFP alone. Other study also confirms that the
transfection efficiency of naked DNA is normalized to a zero
value.64 The results of Figure 5, Figure S11 and S12
(Supporting Information) demonstrate that the prepared
graphene-oleate-PAMAM and GO-PAMAM hybrids can
efficiently deliver pEGFP-N1 into HeLa and MG-63 cells,
and the exogenous GFP gene has been successfully expressed.

On the other hand, some large complexes are observed on the
cellular surface (shown in Figure 5C; Figure S11A, and Figure
S12A, Supporting Information), resulting from the aggregation
and adsorption of the graphene-oleate-PAMAM-pEGFP or
GO-PAMAM-pEGFP. The effects of the aggregation on the
cellular uptake and the transfection efficiency of the graphene-
pEGFP complexes are unclear. Future work is required to
elucidate this issue.
It has been reported that the charge ratio of carrying material

to plasmid DNA is one of the important factors that influences
the transfection efficiency. The mass ratio of the graphene-
oleate-PAMAM (or GO-PAMAM) to pEGFP-N1 was opti-
mized. Figure 6 shows the GFP transfection efficiency of the
graphene-oleate-PAMAM and GO-PAMAM to HeLa and MG-
63 cells at different mass ratios. The graphene-oleate-PAMAM-
pEGFP-N1 complexes prepared at the mass ratio of 4:1 exhibit
the largest GFP transfection efficiency to HeLa cells (about
18.3%, Figure 6A). However, the optimal mass ratio is 2:1 for
MG-63 cells, and the transfection efficiency of graphene-oleate-
PAMAM is about 9.9% (Figure 6B). For GO-PAMAM hybrids,
the GFP transfection efficiencies to HeLa and MG-63 cells are
7.0% and 8.6% when the optimal mass ratio (3:1) is selected
(Figure 6C and D). These results demonstrate that the
transfection efficiency of PAMAM functionalized graphene
seems to be related to the type of mammalian cell lines, and
optimal conditions (such as the mass ratio) need to be used to
maximize the gene transfection efficiency. The transfection
efficiency difference between HeLa and MG-63 cells may be
due to their different capacity for uptake of the graphene-based
complexes. Additionally, chloroquine may play a role in the
gene expression. It has been shown that chloroquine is a

Figure 5. Bright-field (A,C) and fluorescence (B,D) images of HeLa
(A,B) and MG-63 (C,D) cells successfully transfected with GFP gene
by using the graphene-oleate-PAMAM hybrids. The mass ratio of
graphene-oleate-PAMAM to pEGFP: for HeLa cells, 4:1; for MG-63
cells, 1:1.

Figure 6. GFP transfection efficiency of graphene-oleate-PAMAM (A,B) and GO-PAMAM (C,D) to HeLa (A,C) and MG-63 (B,D) cells at different
mass ratio.
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membrane-permeable base that can localize inside endosomes
and cause an increase in pH. The resulting osmotic pressure
can lead to swelling of the endosomal compartments and
eventual rupture.65 In our transfection experiments, HeLa cells
were incubated with the graphene-oleate-PAMAM or GO-
PAMAM in the presence of chloroquine to trigger endosomal
rupture.53 For MG-63 cells, however, the transfection experi-
ments were carried out without chloroquine. We found that
obvious cell apoptosis occurred when the MG-63 cells were
incubated with the graphene-oleate-PAMAM in the presence of
chloroquine (the results not shown). Further systematic work is
required to understand the cellular toxicity mechanism and the
role of chloroquine in the graphene-based delivery vector.
On the other hand, the transfection ability of the non-

functionalized graphene including pristine graphene, ultra-
sonicated graphene, and GO to HeLa cells was also investigated
for comparison (the results are shown in Figures S13−S15,
Supporting Information). The modification of graphene with
PAMAM greatly improves the GFP transfection efficiency. For
example, the transfection efficiency of graphene-oleate-
PAMAM and GO-PAMAM to HeLa cells reaches 18.3% and
7.0%, being about 13 and 5 times as large as those of
ultrasonicated graphene (1.4%, Figure S14C, Supporting
Information) and GO (1.4%, Figure S15C, Supporting
Information). The enhancement of transfection efficiency can
be attributed to the large amount of positively charged primary
amine groups on the PAMAM surface, which makes the
graphene-oleate-PAMAM and GO-PAMAM efficient for the
immobilization of gene molecules, and consequently results in
larger transfection efficiency. Moreover, the graphene-oleate-
PAMAM and GO-PAMAM also exhibit better transfection
capacity than pure PAMAM dendrimers (about 4.1% to HeLa
cells63). In contrast to commercial cationic liposome, however,
the transfection level of graphene-oleate-PAMAM is lower than
that of Lipofectamine 2000 (about 27.1% to HeLa cells63).
Some works have reported the transfection property of the

functionalized graphene. It is generally agreed that the
transfection efficiency of graphene can be improved by
appropriate surface functionalization,12 as evidenced in our
results. Moreover, the type of functional groups that function-
alized onto the graphene surface may be also one of the
important factors that affect the transfection efficiency. In
contrast to GO-PAMAM, the transfection efficiency of the
graphene-oleate-PAMAM to HeLa and MG-63 cells improves
about 160% and 15 %. The better transfection ability of
graphene-oleate-PAMAM may be attributed to the oleyl
functional groups in the graphene-oleate-PAMAM hybrids.
Oleic acid plays important roles in cell homeostasis by serving
as a metabolic energy source, building blocks for membrane
lipids, and cellular signaling molecules. It has been shown that
oleic acid has high affinity to cell membrane,50 and may directly
or indirectly interact with membranes. In addition, oleic acid
can destabilize the plasma membranes of treated cells, leading
to a loss of plasma membrane integrity.66 NMR study indicates
that oleic acid extracts a fraction of the endogenous stratum
corneum membrane components, promoting phase separation
in the membrane system and resulting in membrane
destabilization.51 Concerning the gene delivery, membrane
destabilization including cellular and endosomal membrane
destabilization aids the cellular uptake and endosomal escape of
gene delivery complexes.67 The oleic acid derivatives such as
the oleyl-PEG-folate68 and oleic acid-PEI69 complexes exhibit
significantly more effective gene delivery efficiency. However,

the effect of oleic acid on the gene transfection of the oleic acid-
based hybrids may be highly complex, and the exact mechanism
is unclear. The cellular uptake of free oleic acid has long been
considered to be a passive process, involving partitioning of the
oleic acid molecule into the lipid bilayer of the plasma
membrane, but further studies demonstrate the presence of
different lipid-binding proteins both in the cytosol as well in the
cell membranes, and their involvement in the uptake and
intracellular transport of the oleic acid molecules.70,71 The
cellular uptake of oleic acid is also concentration- and cell type-
dependent. On the other hand, the interaction mechanism
between the graphene-oleate-PAMAM and cells may be
different from that of free oleic acid. This significantly
complicates elucidation of the role of oleic acid in enhancing
the transfection efficiency of graphene-oleate-PAMAM. Further
detail studies are needed to elucidate the interaction
mechanism of the graphene-oleate-PAMAM with cells and
the effect of oleic acid on the gene transfection efficiency.
For gene delivery vectors, the gene transfection efficiency

and cellular toxicity are two dominating factors that should be
considered. On the basis of the above results, the graphene-
oleate-PAMAM has good GFP transfection efficiency to HeLa
and MG-63 cells. Moreover, the graphene-oleate-PAMAM
shows good biocompatibility to HeLa cells. Although the
hybrids exhibit obvious cytotoxicity to MG-63 cells at large
concentration (>20 μg mL−1), the concentration of graphene-
oleate-PAMAM, at which the hybrids show maximum trans-
fection efficiency to MG-63 cells, is about 13.3 μg mL−1.
Therefore, the prepared graphene-oleate-PAMAM will have
good potential applications in efficient and biocompatible gene
delivery vectors. Graphene has been proposed as a potential
non-viral delivery vector for gene therapy because of its ability
to enter cells and high surface area that can act as a template for
cargo molecules such as proteins and nucleic acids. However,
the development of graphene-based gene carrier system is still
in its nascent stages. In contrast to commercial cationic
transfection agents such as Lipofectamine 2000, although it has
been reported that the dual-polymer-functionalized nanoscale
GO exhibits higher transfection efficiency,72 many more studies
are needed to determine the advantages and limitations offered
by the functionalized graphene. The graphene-based nanoma-
terials would enter cells by cell-type-dependent mechanisms,72

and their transfection efficiency may be dependent on some
aspects. Besides the mass ratio of functionalized graphene to
gene molecules and the type of mammalian cell lines, a better
and smarter design of surface chemistry on graphene is
necessary. Most efforts, yet, are separately devoted to modify
graphene with different functional groups for improving the in
vitro performances of graphene-based gene vectors. Whether
and how the structure of graphene (e.g., size and thickness)
would affect the gene transfection efficiency remains an
important question that requires further investigation. More-
over, the in vivo situations and long-term toxicity of the
graphene-based gene vectors have not been comprehensively
understood, and a centralized toxicity database is also highly
sought after.

■ CONCLUSION
We have synthesized the graphene-oleate-PAMAM hybrids by
the oleic acid adsorption and covalent linkage of PAMAM. The
PAMAM dendrimers can be tethered onto the oleic acid-
functionalized graphene surface in high density. The graphene-
oleate-PAMAM hybrids exhibit relatively good dispersity in
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aqueous solutions. The hybrids show mammalian cell type- and
dose-dependent in vitro cytotoxicity: they are biocompatible to
HeLa cells and the cellular viability retains about 80% when the
hybrid concentration is up to 100 μg mL−1; however, they
exhibit obvious cytotoxicity to MG-63 cells as the concentration
is larger than 20 μg mL−1. Under the optimal conditions, the
graphene-oleate-PAMAM possesses good biocompatibility and
greatly improved GFP gene transfection efficiency (18.3%) in
contrast to the ultrasonicated graphene (1.4%) and the GO-
PAMAM without oleic acid modification (7.0%). It is expected
that the graphene-oleate-PAMAM hybrids may be utilized as
biocompatible and efficient gene carriers, which hold potential
applications in gene delivery systems.
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