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ABSTRACT: Graphene oxide (GO) has attracted more and
more attention as a promising nanomaterial in biomedical
research and applications. In this study, we explore the ability
of GO as nanocarrier for synthetic DNA strands. Immunos-
timulatory CpG oligodeoxynucleotides (ODNs) are attached
to Poly-L-Lysine (PLL) functionalized, polydisperse GO, or
uniform small GO (sGO) nanosheets. Both types of GO-CpG
ODN nanoconjugates can be delivered into murine Raw264.7
macrophages and possess immunostimulatory activity, while
sGO-CpG appears to be a more efficient stimulator. In
addition, sGO-CpG nanosheets exhibit higher cellular uptake but better biocompatibility compared to the larger GO-CpG
counterpart. Furthermore, PLL functionalized sGO-CpG has higher immunostimulatory activity than azide functionalized sGO-
CpG. Together, our studies provide evidence that sGO can be utilized as an ideal intracellular nanocarrier for synthetic single-
stranded DNA, and sGO-PLL-CpG conjugates may serve as a potential proinflammatory therapeutic tool.
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■ INTRODUCTION

Synthetic oligonucleotides, such as antisense DNA, aptamers,
and small interfering RNAs (siRNAs), are highly attractive
candidates for clinical therapeutic applications.1−3 However,
naked oligodeoxynucleotides (ODNs) cannot actively pass
through the cell membrane and are prone to being degraded by
nucleases before finding their targets. It is highly demanding to
build simple and efficient delivery strategies for ODNs, which
can simultaneously address multiple challenges including the
efficiency of cellular uptake, protection from nuclease
degradation, conservation of bioactivities, and potential cellular
toxicities of delivery vehicles.4−6 The rapid progress of
nanobiotechnology has provided unprecedented opportunities
to develop biocompatible, low-toxicity, and highly efficient
approaches for exogenous ODN administration in target organs
or cells.7−11

Graphene oxide (GO), a two-dimensional carbon nanosheet,
is a heavily oxidized graphene derivative. Due to its large surface
area, high stability in aqueous dispersion, and low cyto-toxicity,
GO has been widely explored for biological and biomedical
applications,12−15 including bioimaging,16,17 biosensors,17−19

and drug and ODN delivery.20−23 GO sheets are conventionally
prepared by a random “top-down” chemical exfoliation from
graphite powder,24 which results in polydisperse lateral sizes
ranging from tens of nanometers to a few micrometers and

greatly limits its potential applications.25 Therefore, several
approaches have been developed to synthesize GO sheets with
uniform small size, such as density gradient ultracentrifugal rate
separation26 and pH-assisted selective sedimentation.27 Re-
cently, our group has developed a high yield and low-cost
method to produce uniform ultrasmall GO (sGO) nanosheets
via several rounds of oxidation.28 These nanosheets have a
lateral size of less than 50 nm and exhibit better
biocompatibility and higher cellular uptake efficiency compared
to polydisperse GO.
Unmethylated cytosine−guanine (CpG) dinucleotide motifs,

which occur frequently in viral and bacterial genomes but rarely
in mammalian genomes, can be recognized by endosome
localized Toll-like receptor 9 (TLR9) of host cells and induce
the expression of proflammatory cytokines via the NFκB
pathway and the MAPK pathway.29−33 Synthetic CpG ODNs
show similar immunostimulatory activity and are widely used as
a therapeutic tool for various diseases including infection,
allergies, and cancer.34−38 Several studies including ours have
explored new approaches based on nanotechnology to enhance
cellular uptake and immunostimulatory effects of CpG
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ODNs.39−43 Various DNA nano-assemblies, nanoparticles, and
nanotubes have been utilized as carriers for CpG ODNs.44−47

While these methods have significantly improved the
applicability of CpG ODNs in biological studies and even
clinical trials, safer, simpler, and low-cost strategies for the
administration of CpG ODNs are still in demand.
In this study, we aimed to explore the ability of GO as a

cellular nanocarrier for immunostimulatory CpG ODNs, using
either polydisperse GO or uniform sGO. These two types of
CpG nanoconjugates were compared in their cytotoxicity,
cellular uptake efficiency, and immunostimulatory activities. In
addition, we tested the possibility of PLL and azide as ideal
crosslinkers between GO and CpG ODNs and compared their
effects on immunostimulatory activities of CpG nanoconju-
gates. Our results revealed PLL functionalized sGO as
biocompatible and a highly efficient delivery vehicle for CpG
ODNs.

■ RESULTS AND DISCUSSION

Characterization of CpG Nanoconjugates. Polydisperse
GO was synthesized according to a modified Hummers’

method.24 Repeated oxidation was then performed to obtain
uniformed sGO nanosheets. As shown in Figure S1, the
solution of sGO had lighter color compared to GO, indicating
reduced light absorption during oxidation. Atomic force
microscopy (AFM) images of two types of GO nanosheets
were showed in Figure 1a and b. The thicknesses of GO and
sGO were quite similar, ranging from about 1.1 nm to 1.4 nm.
However, their lateral sizes were dramatically different. The
lateral size of polydisperse GO ranged from hundreds of
nanometers to several micrometers, while the lateral size of
sGO nanosheets was quite uniform and was less than 50 nm.
Two types of GO nanosheets were subsequently functionalized
with PLL. The lateral size of PLL-conjugated GO or sGO was
not changed by this covalent modification, while the
thicknesses of both GO nanosheets were significantly increased.
The thickness of polydisperse GO was about 3.6 nm, indicating
the coverage of PLL on the nanosheets. Of note, the thickness
of sGO was about 10 nm, suggesting the formation of
multilayers of the sGO-PLL nanocomplex (Figure 1c and d).
Both GO-PLL and sGO-PLL solution turned darker in color
(Figure S1), which also confirmed the covalent modification.

Figure 1. Characterizations of GO and GO-PLL. AFM images of GO (a), sGO (b), GO-PLL (c), and sGO-PLL (d).
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PLL functionalization provides plenty of amino groups for
electrostatic interaction with negatively charged CpG ODNs.
The efficiency of CpG ODNs absorption was compared
between GO-PLL and sGO-PLL. As shown in Table S2, both
GO-PLL and sGO-PLL can absorb more than 90% of total
CpG ODN in solution as determined by the reduction of UV
absorption. With an increased amount of GO-PLL/sGO-PLL
in the mixture, absorption of CpG ODNs was slightly
increased.
Cytotoxicity of CpG Nanoconjugates. Ideal delivery

vehicles for CpG ODNs must present good biocompatibility.
Therefore, we examined the cytotoxicity of GO-PLL, sGO-PLL,
and corresponding CpG conjugates at various concentrations
(6.25-50 ug/mL) in RAW264.7 cells. At 6.25 ug/mL, GO-PLL
and sGO-PLL slightly reduced cell viability, while neither GO-
PLL-CpG nor sGO-PLL-CpG showed noticeable cytotoxicity.
The effect of GO-PLL-CpG or sGO-PLL-CpG on cell viability
could be observed at higher concentrations, with the latter
showing less toxicity. At the highest concentration tested (50
ug/mL), GO-PLL-CpG and sGO-PLL-CpG reduced the
viability of RAW264.7 cells by 28% and 15%, respectively
(Figure 2). Interestingly, sGO-PLL-CpG showed slightly but

consistently less toxicity than sGO-PLL at various concen-
trations, suggesting that CpG ODNs could enhance the
biocompatibility of its carrier.
Immunostimulatory Activity of CpG Nanoconjugates.

To test whether these conjugations affect the bioactivity of
CpG ODNs, we incubated these CpG nanoconjugates with
RAW264.7 cells and examined their immunostimulatory
activities by measuring levels of secreted proflammatory
cytokines in the medium. While GO-PLL or sGO-PLL alone
had no immunostimulatory activity, both GO-PLL-CpG and
sGO-PLL-CpG stimulated secretion of TNF-α and IL-6. At a
concentration of 50 ug/mL, the immunostimulatory activity of
sGO-PLL-CpG was significantly higher than that of GO-PLL-
CpG and comparable or higher than that of S-CpG, a nuclease-
resistant CpG derivative (Figure 3a and b). We also measured
immunostimulatory effects of GO-PLL-CpG and sGO-PLL-
CpG at various concentrations. Both types of CpG nano-
conjugates stimulated cytokine secretion in a concentration
dependent manner (Figure 4). These results suggested that
both GO-PLL and sGO-PLL could deliver functional CpG
ODNs into RAW264.7 cells and induce immune responses,
with sGO-PLL-CpG being a better stimulator.
Cellular Internalization of CpG Nanoconjugates. Our

previous results showed that uniform sGO had a higher cellular

uptake efficiency than polydisperse GO. It is likely that sGO-
PLL-CpG was also internalized in RAW264.7 cells more
efficiently than GO-PLL-CpG and induced higher immunosti-
mulatory effects. To test this possibility, we assembled Cy3-
labeled CpG ODNs on GO-PLL or sGO-PLL and monitored
their levels of cellular internalization in RAW264.7 cells. As a
control, no fluorescent signal was observed in cells incubated
with free ssCpG-Cy3 ODNs (Figure 5a). Conjugation of CpG-
Cy3 to either GO-PLL or sGO-PLL resulted in clear
fluorescent signal in the cytoplasm. In addition, the signal
from sGO-PLL-CpG-Cy3 treated cells was much stronger than
that from GO-PLL-CpG-Cy3 treated cells (Figure 5b and c).
Therefore, sGO-PLL is a better nanocarrier than GO-PLL in
the cellular delivery of CpG ODNs.

Effects of Crosslinkers on Immunostimulatory Activ-
ity of CpG Nanoconjugates. The crosslinker that conjugates
CpG ODNs to GO can also have a potential effect on the
bioactivity of CpG ODNs, presumably by directly or indirectly
affecting interactions between CpG ODNs and TLR9. We have
previously shown that azide functionalized GO can be also

Figure 2. Cytotoxicity of GO-PLL, sGO-PLL, and corresponding CpG
conjugates. Raw 264.7 cells were incubated with indicated materials for
24 h, and cell viability was determined (t-test: **p < 0.01).

Figure 3. Immunostimulatory activity of GO-PLL, sGO-PLL, and
corresponding CpG conjugates. RAW264.7 cells were treated with the
indicated materials. Secretion of TNF-α (a) and IL-6 (b) was
measured 8 and 24 h later, respectively. Concentration of CpG-ODNs
was 400 nM. GO-PLL or sGO-PLL (50μg/mL) was used as control
(t-test: **p < 0.01, *p < 0.05).

Figure 4. CpG nanoconjugates stimulate secretion of cytokines in a
concentration dependent manner. RAW264.7 cells were treated with
indicated materials, and secretion of IL-6 was measured.
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conjugated to DNA strands.48 Thus, we tested whether GO-
azide (GO-Az) could function as a delivery vehicle for CpG
ODNs and compared effects of azide and PLL on the
immunostimulatory activity of CpG nanoconjugates. Both
GO-Az-CpG and sGO-Az-CpG stimulated secretion of
cytokines from RAW264.7 cells. Consistent with the above
results, sGO-Az-CpG had higher immunostimulatory effects
than GO-Az-CpG (Figure 6). While GO-Az-CpG and GO-
PLL-CpG showed comparable immunostimulatory activities,
sGO-Az-CpG showed significantly lower activity than sGO-
PLL-CpG, suggesting that azide might have an adverse effect on
the bioactivity of CpG ODNs when the celluar uptake
efficiency was high (Figure 7). As a result, sGO-PLL is a
better delivery vehicle for CpG ODN than sGO-Az. To look for
underlying reasons, we noticed that GO-Az and sGO-Az
already showed some immunostimulatory activities (Figure 6),
suggesting that they might affect TLR9 either specifically or
non-specifically and might interfere with interactions between
CpG ODNs and TLR9.

■ CONCLUSIONS

GO has a great potential in nanotechnology and biomedicine.
Here, we showed that GO could serve as cellular nanocarrier

for synthetic DNA strands. Compared to polydisperse GO-
CpG conjugates, uniform ultrasmall GO-CpG conjugates
exhibited better biocompatibility, higher cellular uptake
efficiency, and higher immunostimulatory activity. In addition,
our results suggested that crosslinkers between GO nanosheets
and CpG ODNs could have an effect on the bioactivity of

Figure 5. Cellular internalization of CpG nanoconjugates. RAW264.7 cells were treated with ssCpG-Cy3 (a), GO-PLL-CpG-Cy3 (b), or sGO-PLL-
CpG-Cy3 (c) for 4 h. Relative cellular uptake and localization of CpG were shown by Confocal images.

Figure 6. Azide modified CpG nanoconjugates stimulate secretion of
cytokines. RAW264.7 cells were treated with indicated materials for 8
h, and secreted TNF-α was measured. The concentration of CpG-
ODN was 400 nM. An equal amount of GO-Az or sGO-Az (50μg/
mL) was used as control.
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delivered DNA strands. Ideal crosslinkers that can facilitate
interactions between synthetic ODNs and their targets should
be explored in the future.

■ EXPERIMENTAL SECTION
Materials. Graphite, NaBH4, and KOH were obtained from

Sinopharm Chemical Reagent Co. 2-Chloroethyl isocyanate, sodium
azide, poly-L-lysine hydrobromide (PLL, Mw = 30 000−70 000),
avidin-peroxidase, thiazolyl blue tetrazolium bromide (MTT), and
sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich
(USA). Purified anti-mouse TNF-α, biotin conjugated anti-mouse
TNF-α cocktail, recombination mouse TNF-α, anti-mouse IL-6, biotin
anti-mouse IL-6, and recombinant mouse IL-6 were purchased from
eBioscience. K-blue TMB substrate was purchased from Neogen Co.
The alkynyl functionalized CpG oligodeoxynucleotides (ODNs) were
synthesized and purified by TaKaRa Inc.; CpG ODNs and
fluorophore-labeled CpG ODNs were synthesized and purified by
Invitrogen, and the sequences are shown in Table S1. The mouse
leukemic monocyte macrophage RAW264.7 cell line was purchased
from Cell Bank of Chinese Academy of Sciences (Shanghai).
Instruments. Atomic force microscopy (AFM) images were

recorded using a Nanoscope IIIa apparatus (Digital Instruments,
USA) equipped with a J Scanner. Cellular uptake images of a
fluorophore-labeled CpG ODN were obtained using a Laser confocal
microscope (Leica TCS SP5).
Preparation of Functionalized Graphene Oxide Sheets and

Corresponding CpG Nanoconjugates. GO nanosheets and
uniform ultrasmall GO (sGO) nanosheets were prepared as previously
described.28 PLL or azide modification of GO and sGO was performed
with the method described in previous studies.48,49 Negatively charged
CpG ODNs were surface immobilized onto positively charged
graphene oxide-PLL via electrostatic interactions. The diluted
graphene oxide-PLL solution (50μL, 0.5 mg/mL) was mixed with a
CpG ODN solution (50μL, 50ug/mL) at a mass ratio of 20:1. Samples
were ultrasonicated for 30 min and stirred for 2 h at room temperature
to obtain the final conjugates. Graphene oxide-Az-CpG was prepared
through the “click” reaction as previously described.
Atomic Force Microscopy (AFM). The size and thickness of GO-

PLL and sGO-PLL were measured by AFM. Aqueous solutions of
GO-PLL and sGO-PLL for each experimental condition were prepared
at a concentration of 0.25 mg/mL and spin-coated on silicon dioxide
surfaces measuring about 12 mm2. 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 Nanoscope IIIa apparatus (Digital Instruments, USA)
equipped with a J Scanner.
Cytotoxicity Assays. RAW264.7 cells were cultured in 96-well

plates overnight to reach ∼80% confluency. Fresh media containing
graphene-PLL or graphene-PLL-CpG at indicated concentrations were
incubated with cells for 24 h. Fifty microliters of 5 mg/mL thiazolyl

blue tetrazolium bromide (MTT, Sigma-Aldrich, USA) solution was
then added to each well, followed by 4 h of incubation at 37 °C. Next,
cells were lysed with a 10% acid SDS solution (pH 2−3). After
centrifugation, the absorbance of the supernatant was measured at 570
nm with a microplate reader (Bio-Rad 680, USA).

Characterization of Cellular Uptake of Nanoconjugates in
RAW264.7 Cells. Cy3-labeled CpG ODN strands were used for
preparation of fluorescence labeled PLL-graphene nanosheets.
RAW264.7 cells were cultured on glass coverslips at 37 °C. Twenty-
four hours later, cells were washed with PBS, exposed to a fresh culture
medium containing graphene-PLL-CpG-Cy3 or naked CpG-Cy3 for 4
h, and washed three times with PBS. Cells were then fixed with 3%
paraformaldehyde/sucrose. The coverslips were mounted on glass
slides. Cellular uptake of CpG-Cy3 ODNs was measured with a laser
confocal microscope (Leica TCS SP5).

Measurement of Cytokine Secretion from RAW264.7 Cells.
RAW264.7 cells were cultured in 24-well plates at a density of 2.5 ×
105 cells/well. After 24 h, cells were washed with 0.5 mL of PBS before
treatment with various GO nanoconjugates. The medium was
collected 8 h later for measurement of TNF-α secretions, or 24 h
later for measurement of IL-6 secretions. The levels of secreted TNF-α
and IL-6 were measured with a sandwich ELISA method using
protocols recommended by the manufacturer.
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