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ABSTRACT: MicroRNAs (miRNAs) are a class of post-transcriptional gene
regulators involved in various physiological processes including carcinogenesis, and
they have emerged as potential targets for tumor theranostics. However, the
employment of antisense oligonucleotides, termed anti-miRs, for antagonizing
miRNA functions in vivo has largely been impeded by a lack of effective delivery
carriers. Here, we describe the development of polyamidoamine (PAMAM)
dendrimer and polyethylene glycol (PEG)-functionalized nanographene oxide
(NGO) conjugate (NGO-PEG-dendrimer) for the efficient delivery of anti-miR-
21 into non-small-cell lung cancer cells. To monitor the delivery of anti-miR-21 into
cells and tumors, we also constructed an activatable luciferase reporter (Fluc-3xPS)
containing three perfectly complementary sequences against miR-21 in the 3′ untranslated region (UTR) of the reporter.
Compared with bare dendrimer and Lipofectamine 2000 (Lipo2000), NGO-PEG-dendrimer showed considerably lower
cytotoxicity and higher transfection efficiency. As demonstrated by in vitro bioluminescence imaging and Western blotting assays,
NGO-PEG-dendrimer effectively delivered anti-miR-21 into the cytoplasm and resulted in the upregulation of luciferase intensity
and PTEN target protein expression in a dose-dependent manner. Moreover, transfection with anti-miR-21 by NGO-PEG-
dendrimer led to stronger inhibition of cell migration and invasion than did bare dendrimer or Lipo2000 transfection. The
intravenous delivery of anti-miR-21 via NGO-PEG-dendrimer induced a significant increase in the bioluminescence signal within
the Fluc-3xPS reporter-transplanted tumor areas. These results suggest that NGO-PEG-dendrimer could be an efficient and a
potential nanocarrier for delivering RNA oligonucleotides. In addition, the strategy of combining NGO-PEG-dendrimer with an
activatable luciferase reporter allows the image-guided monitoring of the delivery process, which can provide insights into the
RNA-based cancer treatments.
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1. INTRODUCTION

MicroRNAs (miRNAs) are a class of noncoding small RNAs
that modulate gene expression by perfect or imperfect base-
paring with their target mRNAs and thus result in mRNA
degradation or translation inhibition.1 MiRNAs have been
shown to play a crucial role in extensive biological processes,
such as the cell cycle and cell proliferation, development and
chemoresistance.2−4 Altered miRNA expression patterns are
frequently associated with various human diseases, including
cancer oncogenic miRNAs are overexpressed, while tumor-
suppressive miRNAs are lower-expressed.5,6 Among a variety of
miRNAs, miRNA-21 was considered as the only miRNA that is
overexpressed in 11 different types of solid carcinomas,
including glioblastoma, neuroblastoma, cholangiocarcinoma,
colorectal, breast, pancreas, prostate, esophagus, head and
neck, stomach, and lung cancer.7−9 Therefore, miRNA-21
could be served as a potential therapeutic target in human
cancers. Currently, a method widely used in miRNA loss-of-

function studies is the employment of antisense RNA
oligonucleotides with chemical modifications, termed anti-
miRs, which compete with the mature miRNAs for binding
cellular target mRNAs and, therefore, inhibit the function of
miRNAs.10 The 2′-fluoro (2′-F)-, 2′-O-methyl (2′-O-Me)-, and
2′-O-methoxyethyl (2′-MOE)-modified anti-miRs usually in-
troduce a modification at the 2′ position of the sugar moiety of
RNA bases, whereas locked nucleic acid (LNA) anti-miRs are
chemically locked by a 2′-O,4′-C methylene bridge in the
sugar−phosphate backbone.11−13 Although these anti-miRs
have shown higher sequence specificity and increased binding
affinity toward their cognate miRNAs in vitro, issues including
the susceptibility of RNA oligonucleotides to renal clearance,
serum nucleases and nonspecific biodistribution, largely impede
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their systemic application.14,15 Therefore, it is urgent to develop
a highly stable, selective and effective gene carrier for delivering
these anti-miRs to tumor cells.
Recently, graphene oxide (GO) has attracted much attention

as a gene or drug delivery vector due to its excellent
physiochemical, electrical and optical properties.16 Single-
stranded DNA and RNA, as well as chemical drugs could be
effectively loaded onto GO sheets through electrostatic, π−π
stacking and other molecular interactions.17−19 A multifunc-
tional nanocarrier of polyethylene glycol (PEG) and poly(L-
lactide) (PLA)-functionalized graphene quantum dots (f-
GQDs) was developed for simultaneous imaging intracellular
miRNAs and gene therapy.20 Moreover, GO functionalized
with PEG or cationic polyethylenimine (PEI) has been
developed for delivering plasmid DNA and small RNA. Liu
et al. demonstrated that PEI-grafted GO could efficiently
deliver EGFP plasmids into cells through an electrostatic
interaction between GO and plasmid DNA.21 Furthermore,
they utilized the PEI and PEG dual-functionalized nano-GO
(NGO) for photothermally enhanced delivery of EGFP
plasmids and siRNAs with the strong, near-infrared optical
absorbance of GO.22 In addition, other groups have reported
that PEI-grafted GO was an excellent gene carrier for
sequentially or simultaneously delivering siRNA and chemical
drugs into cancer cells, remarkably enhanced chemotherapy
efficacy and reversed multidrug resistance was achieved.23,24

However, the polymers such as PEI with high molecular weight
would render obviously cytotoxicity in cells.25 Compared to
PEI, which cannot degrade, polyamidoamine (PAMAM)
dendrimer is a biodegradable polymer that exhibits relatively
low genotoxicity and cytotoxicity.26 We presumed that
modification of the GO with dendrimer would achieve efficient
gene delivery and low cytotoxicity.
In the present study, we designed a new delivery system by

modifying NGO with PEG and low molecular weight PAMAM
dendrimer (NGO-PEG-dendrimer) to serve as a gene carrier
(Figure 1A), which provides ultralow cytotoxicity and superior
gene transfection efficiency compared with those of bare

dendrimer or Lipo2000. Meanwhile, to monitor the delivery of
anti-miR-21 via NGO-PEG-dendrimer in vitro and in vivo, we
also designed an activatable luciferase reporter that contains
three perfectly complementary sequences against miR-21 in the
3′untranslated region (UTR) of the reporter (Figure 1B). Once
exogenous anti-miR-21 oligonucleotides enter into cells, they
inhibit the functions of miR-21 and, therefore, block their
binding to the 3′ UTR of luciferase, which leads to the
increased luciferase activity. With this system, we successfully
demonstrated that NGO-PEG-dendrimer effectively mediated
intracellular anti-miR-21 delivery and, therefore, resulted in the
suppression of tumor cell migration and invasion. Moreover,
NGO-PEG-dendrimer was also capable of delivering anti-miR-
21 to tumor areas, as revealed by bioluminescence imaging. Our
results suggested that NGO-PEG-dendrimer has promising
potential to be used as a nanocarrier for the efficient delivery of
therapeutic RNAs and genes.

2. EXPERIMENTAL SECTION
2.1. Synthesis and Characterization of NGO-PEG-Dendrimer.

GO was synthesized according to the Hummer’s approach with some
modifications.27 Specifically, expandable flake graphite was employed
as the original materials. To synthesize NGO-PEG-dendrimer, six-
armed amine-functionalized PEG (0.5 mg/mL, Sigma) was mixed with
a GO solution (0.5 mg/mL). After sonication of the mixture for 5 min,
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride
(EDC, 0.5 mg/mL, Sigma) was added, and then the solution was
sonicated for another 5 min. Additional dendrimer (2 mg/mL,
generation 4.0 solution; Sigma) was then added, and the mixture was
stirred for 6 h at room temperature, followed by that EDC (1 mg/mL)
was added. Finally, the NGO-PEG-dendrimer product was obtained by
washing the solution over a Milli-Q filter (100 nm, Millipore) 3−5
times.

The concentration of NGO-PEG-dendrimer was determined using
thermogravimetric analysis (TGA) with a Pyris TGA instrument
(PerkinElmer, Waltham, MA). Zeta potential, FTIR spectra, atomic
force microscopy (AFM) and elemental analyses were conducted
using a Malvern Zetasizer (Nano-Z, Malvern, U.K.), an FTIR
spectrometer (ProStar, Varian), a Multi-Mode V atomic force

Figure 1. (A) Schematic of GO-PEG-dendrimer/anti-miR-21 and (B) activatable luciferase reporter Fluc-3xPS. CMV: Cytomegalovirus promoter;
Fluc: Firefly luciferase. The signal of the luciferase reporter signal was very low due to the existence of endogenous miR-21 in the cells. Once
exogenous anti-miR-21 oligonucleotides enter the cells, they inhibit the functions of miR-21 and therefore block miR-21 from binding to the 3′UTR
of luciferase, which leads to increased luciferase activity. Therefore, anti-miR-21 delivered via GO-PEG-dendrimer would activate the luciferase
reporter in this case.
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microscope (Veeco) and an Elemental Analyzer (EA1110, Carlo-
Erba), respectively.
2.2. RNA Oligonucleotides and Reporter Gene Construction.

The 2′-O-methyl modified anti-miR-21 RNA oligonucleotides contain
entirely of 2′-O-methyl bases and purchased from Shanghai
GenePharma, China. The sequence of anti-miR-21 is as follows (m
indicates methyl): 5′-mGmUmC mAmAmC mAmUmC mAmGmU
mCmUmG mAmUmA mAmGmC mUmA-3′
To construct the reporter plasmids, DNA oligonucleotides

containing three copies of perfectly complementary sequences of
mature miR21 were synthesized (Shanghai Generay Biotech Co., Ltd.,
China). The sense and antisense oligonucleotides were then annealed
in annealing buffer (50 mM NaCl, 10 mM Tris, 1 mM EDTA, 1xTE
buffer, pH 7.5−8.0) for 60 min. The product was then ligated into the
BamHI site of the pGL4.51[luc2/CMV/Neo] vector (Promega) to
obtain the Fluc-3xPS reporter gene. The oligonucleotides used are
listed as follows:
Sense 5′GTAGCTTATCAGACTGATGTTGATAGTAGTAGCT-

TATCAGACTGATGTTGATAGTAGTAGCTTATCAGACT-
GATGTTGA 3′
Antisense 5′TCAACATCAGTCTGATAAGCTACTACTATCAA-

CATCAGTCTGAT
AAGCTACTACTATCAACATCAGTCTGATAAGCTAC 3′
2.3. Cell Culture and Stable Cell Line Establishment. Human

non-small-cell lung cancer A549 cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml) and streptomycin (100 U/ml) at 37 °C in a humidified
atmosphere containing 5% CO2. To establish the cell line that stably
express the Fluc-3xPS, the Fluc-3xPS plasmids or the control Fluc
plasmids were transfected into A549 cells with Lipo2000 (Invitrogen)
according to the manufacturer’s protocols. Then, cell selection was
conducted with G418 (800 μg/mL, Gibco) for about 3 weeks, until
most of cells had died. Finally, the surviving clones were isolated and
named as the Fluc-3xPS cell line or the Fluc-ctrl cell line.
2.4. Cell Uptake Assay. For fluorescence microscopy, NGO-PEG-

dendrimer/Cy3-anti-miR-21 at different N/P ratios was prepared by
mixing NGO-PEG-dendrimer and Cy3-anti-miR-21. Meanwhile,
Lipo2000 or bare dendrimer were used as controls for the delivery
of Cy3-anti-miR-21 into cells. The resulting complexes were then
incubated with A549 cells for 4 h. Then, the cells were washed with
PBS three times, fixed with 4% formaldehyde, and stained with DAPI.
The fluorescence images were obtained using an epifluorescence
microscope (X81, Olympus). For flow cytometry measurements, the
cells were collected in 500 μL of PBS and analyzed using a BD FACS
Calibur flow cytometer.
2.5. Cytotoxicity Analysis. The cytotoxicity of Lipo2000, bare

dendrimer and NGO-PEG-dendrimer were determined using an MTT
assay. Briefly, A549 cells were seeded at a density of 5 × 103 cells per
well in a 96-well plate and were incubated for 24 h. Then, different
concentrations of NGO-PEG-dendrimer and bare dendrimer were
added into the wells, and the cells were incubated for another 24 h.
The cells were given fresh medium, MTT (5 mg/mL, Sigma) was
added into each well, and the cells were incubated for 4 h. Afterward,
the cells were washed, and 150 μL of DMSO was added to each well.
Finally, the absorbance at 570 nm was recorded using a microplate
reader (Synergy 2, Biotek).
2.6. Quantitative Reverse-Transcription PCR Assay. Total

RNA was extracted using TRIzol (Invitrogen) and was then reverse
transcribed to cDNA using Superscript III transcriptase (Invitrogen)
following the manufacturer’s protocols. Quantitative PCR was
conducted using a SYBR-Green kit on ABI 7500 cycler (Applied
Biosystems, CA). The expression of GAPDH was used as an internal
control for PTEN quantitation. Each experiment was performed in
triplicate. The primers for detecting PTEN and GAPDH are as
follows:
PTEN-F: 5′CAGAAGACTTGAAGGCGTAT3′
PTEN-R: 5′AGCAGAGAATGGAAAGTCAAA3′
GAPDH-F: 5′GGGTGTGAACCATGAGAAGT3′
GAPDH-R: 5′GACTGTGGTCATGAGTCCT3′

2.7. In Vitro Bioluminescence Imaging. A549 cells that stably
expressing the luciferase reporter genes were seeded at a density of 2 ×
105/ml in 24-well plates and were incubated for 24 h. Then, different
concentrations of NGO-PEG-dendrimer/anti-miR-21 complexes were
added to each well, and the cells were incubated for another 24 h.
Luciferase activity was determined using a Xenogen Lumina Π system
after 2 ng of D-luciferin (Promega) was added to each well. The
bioluminescence signal was plotted as the average values. Regions of
interest were quantified as photons/s/cm2/sr using Living Image
software 4.1 (Xenogen).

2.8. Western Blotting. A549 cells were harvested and lysed with
lysis buffer (62.5 mmol/L Tris-HCl, 10% glycerol, 50 mmol/LDTT,
2% w/v SDS). Equal amounts of proteins (20 μg) were then separated
by 10% SDS-PAGE and were transferred to polyvinylidenedifluoride
(PVDF) membranes. The membranes were then blocked with
blocking buffer (5% dry milk, 50 mmol/L Tris-HCl, 0.1% Tween-
20, 150 mmol/L NaCl) for 1 h at room temperature. Then, the
membranes were incubated with the primary antibody, mouse anti-
PETN (1:500, Santa Cruz), diluted in blocking buffer and were
incubated at room temperature for 1 h. After the membranes were
washed three times with washing buffer (0.1% Tween 20 in TBS), the
membranes were incubated with a horseradish peroxidase (HRP)-
linked goat anti-mouse antibody (1:2000) for 1 h. The membranes
were imaged with an LAS-4000 image reader system (Fujifilm, Tokyo,
Japan).

2.9. In Vitro Wound Healing Assay. The cells were transfected
with anti-miR21 via NGO-PEG-dendrimer, bare dendrimer or
Lipo2000 in 6-well plates and incubated overnight. After 0 h of
treatment, the cell monolayer was scraped with a sterile 100 μL
micropipette tip to create an artificial homogeneous wound. Then, the
monolayer was washed with serum-free medium to remove the debris.
The wound areas were recorded at the 0 and 24 h time points using a
Nikon TS100 microscope (Nikon, Japan). A total of three random
areas from each well were chosen and were measured using Adobe
Photoshop software.

2.10. In Vitro Invasion Assay. The invasion assay was conducted
using Matrigel Transwell chambers (BD Biosciences). A549 cells were
transfected with anti-miR21 via NGO-PEG-dendrimer at N/P ratio of
40, bare dendrimer or Lipo2000. After 24 h, the transfected cells were
trypsinized and seeded onto the upper chambers with serum-free
medium. A total of 1 × 104 cells in a volume of 200 μL was added to
each insert, and 800 μL of DMEM medium containing 10% FBS was
added to the lower chambers. Noninvading cells on the upper
chambers were removed by scraping 24 hours later, the remaining cells
on the bottom of the insets were fixed and stained with 2% crystal
violet. The invaded cells on the membrane were then photographed
using a microscope and three randomly selected fields of cells were
counted.

2.11. In Vivo Animal Studies. All animal studies were performed
in accordance with the Guide for the Care and Use of Laboratory
Animals and with animal protocols approved by Xidian University.
A549 tumors were generated in athymic nude mice by implanting
A549 cells stably expressing Fluc-3xPS (1 × 107 cells) or Fluc-ctrl (1 ×
106 cells) into the mouse left or right flank, respectively (n = 6). When
the tumors had grown to approximate volume of 200 mm3, the animals
were given iv with 100 nM NGO-PEG-dendrimer/anti-miR-21
complex. At 0 and 24 h after treatment, the animals were injected
with a single ip dose of D-luciferin (150 mg/kg) and were anesthetized
with 2% isoflurane for bioluminescence imaging. The images were
acquired over the course of 5 min using a Xenogen Lumina Π system.
The luminescence intensity was expressed as p/sec/cm2/sr using the
Living Image software 4.1 (Xenogen).

2.12. Statistical Analysis. The results are presented as the means
± SD and were analyzed by Student’s test or two-way ANOVA. P
values <0.05 were considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of NGO-PEG-
Dendrimer. We conjugated a PAMAM dendrimer with PEG
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Figure 2. Characterization of GO-PEG-dendrimer. (A) Atomic force microscopy (AFM) images of GO-PEG and NGO-PEG-dendrimer. (B) Zeta
potentials of GO-PEG, NGO-PEG-dendrimer and NGO-PEG-dendrimer/anti-miR-21 at N/P ratio of 20. (C) Fourier transform infrared (FTIR)
spectra of GO-PEG and NGO-PEG-dendrimer. (D) Thermogravimetric analyses (TGA) of GO-PEG and NGO-PEG-dendrimer.

Figure 3. Cytotoxicity and gene transfection efficiency of GO-PEG-dendrimer. (A) Relative cellular viability of A549 cells treated with GO-PEG-
dendrimer and bare dendrimer for 24 h as determined by an MTT assay. Error bars indicate triplicated samples. (B) Agarose gel electrophoresis of
bare anti-miR-21 and GO-PEG-dendrimer/anti-miR-21 mixtures at different N/P ratios. Different concentrations of DTT were added to the GO-
PEG-dendrimer/anti-miR-21 mixtures at an N/P ratio of 20. Before electrophoresis, 40 pmol anti-miR-21 was mixed with the indicated amounts of
materials in 20 μL of water for 20 min at room temperature. (C) Confocal microscopy and (D) flow cytometry analyses of the cells transfected with
Lipo2000, bare dendrimer or GO-PEG-dendrimer at different N/P ratios 24 h after transfection.
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polymer and GO to obtain NGO-PEG-dendrimer. As
determined by atomic force microscopy (AFM) imaging, the
sheet thickness of NGO-PEG-dendrimer increased compared
to that of GO (Figure 2A). The conjugation of dendrimer or
anti-miR to the GO-PEG also induced the size increase, as
determined by DLS measurement (Figure S1A,B, Supporting
Information). The zeta potential analysis showed that NGO-
PEG-dendrimer exhibited a highly positive zeta potential of
28.9 ± 0.7 mV (Figure 2B), which facilitates the subsequent
adsorption of negatively charged anti-miR via electrostatic
interactions. The chemical conjugation of the dendrimer to GO
was also characterized using infrared spectroscopy and
elemental analysis. As shown in Figure 2C, the spectrum of
NGO-PEG-dendrimer showed the characteristic peaks of both
GO and the dendrimer, indicating the successful conjugation of
the dendrimer and NGO. The elemental analysis demonstrated
that the NGO-PEG-dendrimer contained N 8.132, C 50.250,
and H 7.198 wt %. Thermogravimetric analysis (TGA) was
performed to analyze the thermal stability of the GO-based
materials. As shown in Figure 2D, unlike GO-PEG, the thermal
degradation of NGO-PEG-dendrimer appeared in a single stage
between 250 and 400 °C, which is likely due to the thermal
degradation of the dendrimer at the GO surface. These results
further confirmed that the dendrimers were successfully
covalently conjugated to the GO surface in our NGO-PEG-
dendrimer conjugated product. Moreover, the NGO-PEG-
dendrimer exhibited outstanding stability in PBS and cell
medium containing serum, making it a potential carrier for gene
delivery without serum influence (Figure S1C, Supporting
Information).
3.2. Cytotoxicity and Gene Transfection Evaluation of

NGO-PEG-Dendrimer. To investigate the biocompatibility of

NGO-PEG-dendrimer, we incubated bare dendrimer and
NGO-PEG-dendrimer with A549 cells for 24 h, and cell
viability was determined using the MTT assay. As shown in
Figure 3A, NGO-PEG-dendrimer showed much a lower
cytotoxicity than that of bare dendrimer, indicating that
NGO-PEG-dendrimer is much safer than bare dendrimer.
The binding ability of NGO-PEG-dendrimer with anti-miR-

21 was evaluated by mixing anti-miR-21 with different N/P
ratios of NGO-PEG-dendrimer and then conducting a gel
retardation assay (Figure 3B). The results revealed that NGO-
PEG-dendrimer conjugates could retard anti-miR-21 in the
agarose gel completely when the N/P ratio was greater than 5.
In contrast, anti-miR-21 was observed to move forward in the
gel after a high concentration of dithiothreitol (DTT) (25
mM), a strong reducing agent, was added to the NGO-PEG-
dendrimer/anti-miR-21 complexes, indicating that anti-miR-21
had disassociated from NGO-PEG-dendrimer.
To study the gene transfection ability of NGO-PEG-

dendrimer in vitro, Cy3 labeled anti-miR-21 was complexed
with different N/P ratios of NGO-PEG-dendrimer, and the
complexes were then incubated with A549 cells for 24 h. The
increased fluorescence from the cells indicated that NGO-PEG-
dendrimer at various N/P ratios could effectively deliver anti-
miR-21 into cells in a concentration-dependent manner (Figure
3C). In contrast, dendrimer or Lipo2000 showed lower
transfection efficiency compared with that of NGO-PEG-
dendrimer at the N/P ratios above 20, which was possibly
attributed to the relative serious cytotoxicity of Lipo2000 and
dendrimer (Figure S2, Supporting Information). The trans-
fection efficiency of NGO-PEG-dendrimer was further analyzed
using flow cytometry, which demonstrated that fluorescence
increased with increasing the NGO-PEG-dendrimer N/P ratios

Figure 4. In vitro bioluminescence imaging of the luciferase reporter. (A) A549 cells stably expressing Fluc-3xPS were transfected with 50 nM of
anti-miR-21 or control RNA via NGO-PEG-dendrimer conjugates at different N/P ratios. The luciferase signals were captured 24 h later using
bioluminescence imaging. (B) Quantification of images from panel A. (C) A549 cells stably expressing Fluc-3xPS were transfected with different
concentrations of anti-miR-21 by NGO-PEG-dendrimer conjugates at an N/P ratio of 10. Bioluminescence imaging was performed 24 h after
transfection. (D) Quantification of images from panel C. * indicates p < 0.05; ** indicates p < 0.01 compared with the control group.
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Figure 5. Western blot and Q-PCR analyses of PTEN expression. A549 cells were transfected with 100 nM of anti-miR-21 or control RNA via
Lipo2000 or NGO-PEG-dendrimer conjugates at different N/P ratios. 48 h later after transfection, the cells were harvested and subjected to (A)
Western blot and (C) Q-PCR assays. (B) Quantification of data from panel A. β-actin was used as a loading control. Three independent experiments
were performed, and the error bars indicate the standard deviations of three parallel measurements. * indicates p < 0.05; ** indicates p < 0.01
compared with the control group.

Figure 6. NGO-PEG-dendrimer/anti-miR-21 inhibited A549 cell migration and invasion. (A, B) A549 cells were wounded and were then transfected
with 100 nM of anti-miR-21 or control RNA via bare dendrimer, Lipo2000 or NGO-PEG-dendrimer conjugates at an N/P ratio of 40. The 0 h time
point was imaged first. The migration distance was imaged and quantified 24 h after transfection. Scale bar = 200 μm. (C, D) The same transfection
was performed as in (A). Cell invasion was measured 24 h later using a Boyden chamber assay. (D) The numbers of invading cells were counted
after staining with crystal violet and quantified. Three independent experiments were performed and the error bars indicated the standard deviations
of three parallel measurements. Scale bar = 100 μm. * indicates p < 0.05; ** indicates p < 0.01 compared with the control group.
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(Figure 3D). The superior transfection efficiency of NGO-
PEG-dendrimer was likely due to the strong electrostatic
interactions between the negatively charged anti-miR-21 and
the amino groups of the dendrimers, leading to high RNA
adsorption onto the GO surface and cellular uptake by
endocytosis.
3.3. Effect of NGO-PEG-Dendrimer/Antimir-21 against

Target Expression. To investigate the knockdown effect of
NGO-PEG-dendrimer/anti-miR-21 against target genes, we
constructed an activatable luciferase reporter Fluc-3xPS, whose
3′UTR contained three perfectly complementary sequences
repeats against miR-21. AntimiR-21 was transfected via NGO-
PEG-dendrimer conjugates of different N/P ratios into A549
cells stably expressing the luciferase reporter, and bio-
luminescence signals were observed to increase with the
increasing N/P ratios of the GO conjugates (Figure 4A,B).
Moreover, luciferase intensity was enhanced in a dose-
dependent manner according to the different concentrations
of anti-miR-21 introduced into cells via NGO-PEG-dendrimer
at an N/P ratio of 10 (Figure 4C,D). These results suggested
that NGO-PEG-dendrimer could effectively deliver anti-miR-21
into cells and downregulate the expression of target genes.
Because the target sequence in the luciferase reporter is not a

real target of miR-21, we analyzed a validated target gene,
PTEN,28 to investigate the bioavailability and function of anti-
miR-21 when it is delivered by NGO-PEG-dendrimer with
different N/P ratios. It was uncovered that the protein
expression levels of PTEN obviously increased according to
the increased N/P ratios (Figure 5A,B), while the mRNA levels
of PTEN were not unaltered by NGO-PEG-dendrimer- or
Lipo2000-transfected anti-miR-21 (Figure 5C), indicating that
miRNAs modulate the expression of their targets at the post-
transcriptional level and not at the transcriptional level. Note
that Lipo2000 transfection resulted in a weak upregulation of
the PTEN protein level compared with that of NGO-PEG-
dendrimer at an N/P ratio of 20, mostly likely, again, due to
Lipo2000 cytotoxicity and thus an insufficient level of anti-miR-
21 transfection to inhibit PTEN protein expression.
3.4. NGO-PEG-Dendrimer/Antimir-21 Inhibited Cell

Migration and Invasion in Vitro. To further investigate
the biological function of anti-miR-21 delivered via NGO-PEG-
dendrimer, we transfected anti-miR-21 into A549 cells by bare
dendrimer, Lipo2000 regent or NGO-PEG-dendrimer at an N/

P ratio of 40. In vitro wound healing or transwell assays were
carried out 24 h later to examine whether anti-miR-21 could
inhibit cell migration and invasion. As shown in Figure 6A,B,
cells in the NGO-PEG-dendrimer-treated group exhibited a
more effective inhibition of migration than did cells in the bare
dendrimer or Lipo2000 groups. Moreover, significantly
decreased A549 cell invasion was also observed in NGO-
PEG-dendrimer-treated cells compared with that of bare
dendrimer- or Lipo2000-treated cells (Figure 6C,D). Taken
together, these results revealed that NGO-PEG-dendrimer
could serve as an effective anti-miRNA carrier to regulate cell
functions such as migration or invasion.

3.5. In Vivo Imaging of Antimir-21 Delivery Mediated
by NGO-PEG-Dendrimer. To monitor anti-miR-21 delivery
mediated by NGO-PEG-dendrimer in vivo, tumor xenografts
were produced by subcutaneously implanting A549 cells
expressing Fluc-3xPS or Fluc-ctrl reporters into the left or
right flank of mice. Once the mice developed visible tumors, the
bioluminescence was imaged. Then, the mice were intra-
venously administered 100 nM of NGO-PEG-dendrimer/anti-
miR-21 conjugates. Luminescence was measured again 24 h
after injection and compared with the luminescence of each
mouse before treatment. As shown in Figure 7A,B, a single
administration of NGO-PEG-dendrimer/anti-miR-21 led to a
significantly higher photo efflux than that observed in untreated
Fluc-3xPS transplanted tumors. In contrast, Fluc-ctrl trans-
planted tumors showed no obvious luminescence signal change
after NGO-PEG-dendrimer/anti-miR-21 treatment. Taken
together, these data indicate that NGO-PEG-dendrimer-
mediated anti-miR-21 delivery resulted in cellular entry in the
majority of xenografted lung tumor cells, as well as loading into
the RNA-induced silencing complex (RISC) and efficient
antagonization of their cognate miRNA.

4. CONCLUSIONS

In this study, we developed an activatable luciferase reporter for
monitoring NGO-PEG-dendrimer nanocarrier-based anti-
miRNA delivery. The NGO-PEG-dendrimer conjugates
showed remarkably higher transfection efficiency and lower
cytotoxicity, at an optimal N/P ratio, than those of bare
dendrimer or Lipo2000 reagent. Furthermore, it was found that
the delivery of anti-miR-21 into cells via NGO-PEG-dendrimer
led to an upregulated expression of luciferase and PTEN target

Figure 7. In vivo bioluminescence imaging of anti-miR-21 delivery. (A) AntimiR-21 (100 nM) was mixed with NGO-PEG-dendrimer at an N/P
ratio of 40, and the mixture was incubated for 20 min at room temperature. Then, the NGO-PEG-dendrimer/anti-miR-21 conjugates were injected
i.v. into Fluc-3xPS and Fluc-ctrl tumor xenografts on each flank of each mouse. Luciferin (150 mg/kg) was injected, and then the bioluminescence
images were acquired at the 0 and 24 h time point after treatment. (B) The bioluminescence intensity from panel A was quantified. Three
independent experiments were performed, and the error bars indicated the standard deviations of three parallel measurements. ** indicates p < 0.01
compared with the before-treatment group.
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protein. Moreover, NGO-PEG-dendrimer/anti-miR-21 was
shown to effectively inhibit lung cancer cell migration and
invasion. We further demonstrated that the delivery of anti-
miR-21 into xenografts mediated by NGO-PEG-dendrimer
resulted in the increased bioluminescence signal within the
Fluc-3xPS reporter transplanted tumor areas. Taken together,
these promising results may provide new insights into the
employment of NGO-PEG-dendrimer as an efficient RNA
carrier and luciferase reporter as part of image-guided
techniques in future for RNA-based theranostics applications.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b02662.

Size distribution and physiological stability graphs.
Cytotoxicity induced by NGO-PEG-dendrimer/anti-
miR-21, dendrimer/anti-miR-21 and Lipo2000/anti-
miR-21 complexes. (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: fwang@xidian.edu.cn.
*E-mail: jie.tian@ia.ac.cn.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by The National Natural Science
Foundation of China (No. 81301214, No. 81571721) and The
National Basic Research and Development Program of China
(973 Program) (No. 2013CB733803)

■ REFERENCES
(1) Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 2004, 116, 281−297.
(2) Ambros, V. The functions of animal microRNAs. Nature 2004,
431, 350−355.
(3) Wang, F.; Song, X.; Li, X.; Xin, J.; Wang, S.; Yang, W.; Wang, J.;
Wu, K.; Chen, X.; Liang, J.; Tian, J.; Cao, F. Noninvasive visualization
of microRNA-16 in the chemoresistance of gastric cancer using a dual
reporter gene imaging system. PLoS One 2013, 8, e61792.
(4) Wang, F.; Fu, X. D.; Zhou, Y.; Zhang, Y. Down-regulation of the
cyclin E1 oncogene expression by microRNA-16−1 induces cell cycle
arrest in human cancer cells. BMB Rep. 2009, 42, 725−730.
(5) Esquela-Kerscher, A.; Slack, F. J. Oncomirs - microRNAs with a
role in cancer. Nat. Rev. Cancer 2006, 6, 259−269.
(6) Alvarez-Garcia, I.; Miska, E. A. MicroRNA functions in animal
development and human disease. Development 2005, 132, 4653−4662.
(7) Fu, X.; Han, Y.; Wu, Y.; Zhu, X.; Lu, X.; Mao, F.; Wang, X.; He,
X.; Zhao, Y.; Zhao, Y. Prognostic role of microRNA-21 in various
carcinomas: a systematic review and meta-analysis. Eur. J. Clin. Invest.
2011, 41, 1245−1253.
(8) Li, S.; Liang, Z.; Xu, L.; Zou, F. MicroRNA-21: a ubiquitously
expressed pro-survival factor in cancer and other diseases. Mol. Cell.
Biochem. 2012, 360, 147−158.
(9) Pan, X.; Wang, Z. X.; Wang, R. MicroRNA-21: a novel
therapeutic target in human cancer. Cancer Biol. Ther. 2010, 10, 1224−
1232.
(10) Stenvang, J.; Petri, A.; Lindow, M.; Obad, S.; Kauppinen, S.
Inhibition of microRNA function by anti-miR oligonucleotides. Silence
2012, 3, 1.

(11) Davis, S.; Lollo, B.; Freier, S.; Esau, C. Improved targeting of
miRNA with antisense oligonucleotides. Nucleic Acids Res. 2006, 34,
2294−2304.
(12) Krutzfeldt, J.; Rajewsky, N.; Braich, R.; Rajeev, K. G.; Tuschl, T.;
Manoharan, M.; Stoffel, M. Silencing of microRNAs in vivo with
’antagomirs’. Nature 2005, 438, 685−689.
(13) Vester, B.; Wengel, J. LNA (locked nucleic acid): high-affinity
targeting of complementary RNA and DNA. Biochemistry 2004, 43,
13233−13241.
(14) Li, S. D.; Huang, L. Gene therapy progress and prospects: non-
viral gene therapy by systemic delivery. Gene Ther. 2006, 13, 1313−
1319.
(15) Whitehead, K. A.; Langer, R.; Anderson, D. G. Knocking down
barriers: advances in siRNA delivery. Nat. Rev. Drug Discovery 2009, 8,
129−138.
(16) Yang, K.; Feng, L.; Shi, X.; Liu, Z. Nano-graphene in
biomedicine: theranostic applications. Chem. Soc. Rev. 2013, 42,
530−547.
(17) Liu, Z.; Robinson, J. T.; Sun, X.; Dai, H. PEGylated
nanographene oxide for delivery of water-insoluble cancer drugs. J.
Am. Chem. Soc. 2008, 130, 10876−10877.
(18) Sun, X.; Liu, Z.; Welsher, K.; Robinson, J. T.; Goodwin, A.;
Zaric, S.; Dai, H. Nano-Graphene Oxide for Cellular Imaging and
Drug Delivery. Nano Res. 2008, 1, 203−212.
(19) Zhang, L.; Xia, J.; Zhao, Q.; Liu, L.; Zhang, Z. Functional
graphene oxide as a nanocarrier for controlled loading and targeted
delivery of mixed anticancer drugs. Small 2010, 6, 537−544.
(20) Dong, H.; Dai, W.; Ju, H.; Lu, H.; Wang, S.; Xu, L.; Zhou, S. F.;
Zhang, Y.; Zhang, X. Multifunctional Poly(L-lactide)-Polyethylene
Glycol-Grafted Graphene Quantum Dots for Intracellular MicroRNA
Imaging and Combined Specific-Gene-Targeting Agents Delivery for
Improved Therapeutics. ACS Appl. Mater. Interfaces 2015, 7, 11015−
11023.
(21) Feng, L.; Zhang, S.; Liu, Z. Graphene based gene transfection.
Nanoscale 2011, 3, 1252−1257.
(22) Feng, L.; Yang, X.; Shi, X.; Tan, X.; Peng, R.; Wang, J.; Liu, Z.
Polyethylene glycol and polyethylenimine dual-functionalized nano-
graphene oxide for photothermally enhanced gene delivery. Small
2013, 9, 1989−1997.
(23) Zhang, L.; Lu, Z.; Zhao, Q.; Huang, J.; Shen, H.; Zhang, Z.
Enhanced chemotherapy efficacy by sequential delivery of siRNA and
anticancer drugs using PEI-grafted graphene oxide. Small 2011, 7,
460−464.
(24) Zhi, F.; Dong, H.; Jia, X.; Guo, W.; Lu, H.; Yang, Y.; Ju, H.;
Zhang, X.; Hu, Y. Functionalized graphene oxide mediated adriamycin
delivery and miR-21 gene silencing to overcome tumor multidrug
resistance in vitro. PLoS One 2013, 8, e60034.
(25) Gosselin, M. A.; Guo, W.; Lee, R. J. Efficient gene transfer using
reversibly cross-linked low molecular weight polyethylenimine.
Bioconjugate Chem. 2001, 12, 989−994.
(26) Choi, Y. J.; Kang, S. J.; Kim, Y. J.; Lim, Y. B.; Chung, H. W.
Comparative studies on the genotoxicity and cytotoxicity of polymeric
gene carriers polyethylenimine (PEI) and polyamidoamine (PAMAM)
dendrimer in Jurkat T-cells. Drug Chem. Toxicol. 2010, 33, 357−366.
(27) Hummers, W. S., Jr.; Offeman, R. E. Preparation of Graphitic
Oxide. J. Am. Chem. Soc. 1958, 80, 1339−1339.
(28) Liu, Z. L.; Wang, H.; Liu, J.; Wang, Z. X. MicroRNA-21 (miR-
21) expression promotes growth, metastasis, and chemo- or
radioresistance in non-small cell lung cancer cells by targeting
PTEN. Mol. Cell. Biochem. 2013, 372, 35−45.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b02662
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.6b02662
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b02662/suppl_file/am6b02662_si_001.pdf
mailto:fwang@xidian.edu.cn
mailto:jie.tian@ia.ac.cn
http://dx.doi.org/10.1021/acsami.6b02662
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==
https://www.researchgate.net/publication/50229762_Enhanced_Chemotherapy_Efficacy_by_Sequential_Delivery_of_siRNA_and_Anticancer_Drugs_Using_PEI-Grafted_Graphene_Oxide?el=1_x_8&enrichId=rgreq-d3999ed669706a15866d6c9eb0df8858-XXX&enrichSource=Y292ZXJQYWdlOzI5OTQxNTE3MTtBUzozNDYyMzIwMzY4Mzk0MjRAMTQ1OTU1OTU1ODY5NQ==

