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Abstract

Multidrug resistance (MDR) is a major impediment to successful cancer chemotherapy. Co-delivery of novel MDR-reversing
agents and anticancer drugs to cancer cells holds great promise for cancer treatment. MicroRNA-21 (miR-21) overexpression
is associated with the development and progression of MDR in breast cancer, and it is emerging as a novel and promising
MDR-reversing target. In this study, a multifunctional nanocomplex, composed of polyethylenimine (PEI)/poly(sodium 4-
styrenesulfonates) (PSS)/graphene oxide (GO) and termed PPG, was prepared using the layer-by-layer assembly method to
evaluate the reversal effects of PPG as a carrier for adriamycin (ADR) along with miR-21 targeted siRNA (anti-miR-21) in
cancer drug resistance. ADR was firstly loaded onto the PPG surface (PPGADR) by physical mixing and anti-miR-21 was
sequentially loaded onto PPGADR through electric absorption to form anti-miR-21PPGADR. Cell experiments showed that PPG
significantly enhanced the accumulation of ADR in MCF-7/ADR cells (an ADR resistant breast cancer cell line) and exhibited
much higher cytotoxicity than free ADR, suggesting that PPG could effectively reverse ADR resistance of MCF-7/ADR.
Furthermore, the enhanced therapeutic efficacy of PPG could be correlated with effective silencing of miR-21 and with
increased accumulation of ADR in drug-resistant tumor cells. The endocytosis study confirmed that PPG could effectively
carry drug molecules into cells via the caveolae and clathrin-mediated endocytosis pathways. These results suggest that this
PPG could be a potential and efficient non-viral vector for reversing MDR, and the strategy of combining anticancer drugs
with miRNA therapy to overcome MDR could be an attractive approach in cancer treatment.
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Introduction

Multidrug resistance (MDR) is a significant obstacle for

successful breast cancer chemotherapy Traditional chemotherapy

or a single therapeutic strategy often fails to achieve expected

results in cancer treatment due to MDR. MDR is often mediated

by drug efflux transporters such as P-glycoprotein (P-gp, encoded

by ABCB1), which are often overexpressed in cancer cells [1,2].

The co-delivery of MDR-reversing agents and anticancer drugs is

a promising way to overcome MDR in cancer chemotherapy

[3,4,5,6,7]. Various MDR-reversing agents have been explored to

enhance the efficiency of chemotherapy [8]. However, due to high

inherent toxicity and resulting alterations in the pharmacokinetics

of anticancer drugs, these MDR-reversing agents have very limited

clinical potential [9]. MicroRNAs (miRNAs, or miRs) are a group

of small non-coding RNAs (approximately 22 nucleotides), that

regulate the expression of their target genes by degrading target

mRNA transcripts or inhibiting target mRNA translation [10].

Distinct miRNA expression patterns are associated with various

cancers and anticancer drug resistance [11]. miR-21 is over-

expressed in many cancers, and its overexpression is significantly

correlated with drug resistance in breast cancer [12,13,14]. The

inhibition of miR-21 by small interfering RNA against miR-21

(anti-miR-21) can overcome multidrug resistance and restore the

chemosensitivity of anticancer drugs in tumor cells [14,15]. Thus,

targeting special miRNAs opens a new avenue for the treatment of

drug resistant cancers [16]. The combination of anticancer drugs

with miRNA-silencing gene therapy through an effective nano-

carrier system is an attractive approach to overcome MDR

[1,6,17,18].

Graphene, a type of two-dimensional nanomaterial, has been

extensively studied for its excellent physical, chemical and

mechanical properties [19]. Recently, its biomedical application

has emerged as an interesting field. It is often prepared as

nanoelectronics, biosensors and nanocomposites. PEGylated

nanoscale graphene oxide (GO) was formulated as a nanocarrier
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to load anticancer drugs, such as adriamycin (ADR) and SN38

[1,20,21]. High-efficiency loading and controlled release of ADR

by GO was also achieved via p-p stacking between the drug and

GO [22]. Functionalized nanoscale GO was also able to deliver

oligonucleotides into cells and to protect oligonucleotides from

enzymatic cleavage [23]. PEI conjugated GO as a gene delivery

carrier was reported from other groups [24,25]. Moreover,

enhanced chemotherapy efficacy was achieved by sequential

delivery of siRNA and anticancer drugs using PEI-grafted GO

[26]. However, the combination of miRNA therapy and

anticancer drugs by simultaneous delivery of siRNA and

anticancer drug into cells to overcome MDR by a functionalized

GO generated using the layer-by-layer assembly method as

a carrier remains unexplored. As illustrated in Fig. 1, in this

study, a multifunctional nanocomplex, composed of polyethyleni-

mine (PEI)/poly (sodium 4-styrenesulfonates) (PSS)/graphene

oxide (GO) and termed PPG, was successfully prepared through

a layer-by-layer chemical assembly method. The efficacy of ADR-

loaded PPG nanosystem (PPGADR), anti-miR-21-loaded PPG

nanosystem (anti-miR-21PPG), and ADR, anti-miR-21 co-loaded

PPG nanosystem (anti-miR-21PPGADR) on MCF-7 breast cancer

cells and ADR resistant MCF-7 (MCF-7/ADR) cells was

systematically investigated. Moreover, the reversal mechanism

was also preliminarily investigated based on the gene inhibition,

cellular uptake and endocytosis mechanism study.

Results

Fabrication and Characterization of PPG
The thickness of the prepared GO was about 1.2 nm, and the

size distribution was within a narrow range from 50 to 300 nm

(Fig. 2A left), which was in agreement with previous reports [27].

After PSS and PEI were assembled onto the GO using the layer-

by-layer assembly method, many surface protuberances were

observed on the surface of PPG, indicating that a large amount of

PSS and PEI was immobilized onto the GO sheet (Fig. 2A right).

The size of the final carrier PPG was 500645 nm determined by

AFM. The assembly process of PPG was confirmed by zeta-

potential analysis. The surface zeta-potentials of GO, PSS/GO

and PPG were -27.261.3 mV, -42.260.8 mV and 26.660.4 mV,

respectively (Fig. 2B). The assemble process of PPG was also

characterized by FT-IR and NMR analyses. As shown in Fig. S1

and Fig. S2, the spectrum of the PPG presented the characteristic

peaks of GO, PSS and PEI, which indicated the successful

assembly of the PPG. The concentration of PPG was 0.4 mg/ml

as determined by TGA.

Fabrication of PPGADR,
anti-miR-21PPG and anti-miR-21PPGADR

Ultraviolet-visible (UV-vis) absorption spectroscopy was em-

ployed to conform the loading of ADR onto PPG. As shown in

Fig. 3A, ADR exhibited a strong absorption peak at 480 nm, while

PPG barely had any absorption peak after 300 nm. The spectrum

of the PPGADR showed the characteristic absorption peak of ADR

clearly at 480 nm, indicating the successful formation of PPGADR.

The amount of ADR loaded on PPG was determined by HPLC

which was 0.7 mg/ml. anti-miR-21 was loaded onto PPGADR

through static interaction to form anti-miR-21PPGADR, as described

in the methods section. anti-miR-21PPGADR had two strong

absorption peaks at the range of 200 nm to 800 nm, one was at

480 nm which was the typical peak of ADR, and the other one

was at 260 nm which indicated the binding of anti-miR-21 onto

PPGADR. The ability of PPGADR to form complexes with anti-

miR-21 was further investigated by using a gel retardation assay.

500 pmol anti-miR-21 (100 mM, 5 ml) was added into different

volumes of the PPGADR solution. The results showed that

significant interaction with anti-miR-21 was achieved starting

from a volume ratio of 0.8, and complete complexation was

observed at a volume ratio of 1.0 (Fig. 3B). Thus, the volume ratio

of 1.0 was chosen in all subsequent experiments. anti-miR-21PPG

was prepared by adding anti-miR-21 into PPG at the same volume

ratio as used in preparation of anti-miR-21PPGADR.

Co-delivery of ADR and anti-miR-21 by PPG into Cancer
Cells
The ability of a carrier to efficiently deliver both siRNA and

anticancer drugs into cells is of particular interest for combina-

tional cancer therapy. Herein, the co-delivery of anti-miR-21 and

ADR into MCF-7/ADR cells by PPG was investigated. The

presence of red fluorescence from ADR in the cells indicated that

ADR was successfully delivered into cancer cells by PPG (Fig. 4B),

while the green fluorescence in the cytoplasm indicated that PPG

could also deliver FAM-labeled anti-miR-21 into MCF-7/ADR

cells (Fig. 4C). Both green and red positive cells were observed

after the cells were treated with FAM-anti-miR-21PPGADR (Fig. 4D),

suggesting that the PPG was able to simultaneously deliver ADR

and anti-miR-21 into MCF-7/ADR cells, resulting in the co-

localization of chemotherapeutic and gene therapy agents in the

same cancer cells.

Enhanced Cytotoxicity of MCF-7/ADR Cells Induced by
anti-miR-21PPGADR

The cytotoxicities of ADR, anti-miR-21PPG, PPGADR and anti-miR-

21PPGADR were estimated in MCF-7 (ADR sensitive) and MCF-

7/ADR (ADR resistant) cells using MTT assay, and the cells were

cultured with the drug treatments for 24 h. As indicated in Fig. 5,

the cytotoxicity of free ADR on MCF-7/ADR was much lower

than that on MCF-7 which was due to the drug resistance of

MCF-7/ADR cells. The anti-miR-21PPG slightly reduced cell

survival rate both on MCF-7 and MCF-7/ADR cells because of

the reason that miR-21 siRNA could inhibit the cell proliferation

Figure 1. Schematic of the PPG fabrication and MDR reversion.
doi:10.1371/journal.pone.0060034.g001
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rate in cancer cells. The cell survival rate of MCF-7 cells was 35%

after treated by PPGADR which was similar to the rate after

treatment by free ADR, however, the cell survival rate of MCF-7/

ADR cells was significantly reduced to 52% after treated by

PPGADR. Compared with PPGADR treatment, anti-miR-21PPGADR

treatment reduced the cell survival rate from 35% to 28% in

MCF-7 cells and from 52% to 30% in MCF-7/ADR cells. The

above results indicated that anti-miR-21PPGADR effectively reversed

the drug resistance of MCF-7/ADR cells.

In vitro miR-21 and ABCB1 Downregulation
The co-delivery of anti-miR-21 and ADR was expected to

enhance the anticancer activity of ADR through efficient

inhibition of miR-21 expression and efficient delivery of ADR,

leading to resensitization of MDR cells to ADR. qRT-PCR

assay was performed to detect the expression of miR-21 in

MCF-7 and MCF-7/ADR cells after treatment by ncRNAPPG

and anti-miR-21PPG for 24 h. As shown in Fig. 6A, the relative

level of miR-21 expression in MCF-7/ADR cell line was about

2.5 fold higher than that in MCF-7 cell line which suggested

the important role of miR-21 overexpression in MDR in breast

cancer. The miR-21 expression level in MCF-7 cells and in

drug-resistant MCF-7/ADR cells were reduced by 40% and

35% respectively after the cells were treated by anti-miR-21PPG

compared with negative control indicating that PPG could

efficiently deliver anti-miR-21 into cancer cells and inhibit the

expression of miR-21 (Fig. 6A). The relative expression of

ABCB1 in MCF-7/ADR cell line was about 3.3 fold higher

than that in MCF-7 cell line and its expression level in MCF-7

cells and MCF-7/ADR cells were reduced by 30% and 45%

Figure 2. Fabrication and characterization of PPG. (A) AFM images of GO (left) and PPG (right). (B) Zeta-potential analysis of GO, PSS/GO and
PPG.
doi:10.1371/journal.pone.0060034.g002
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respectively after the cells were treated with anti-miR-21PPG

indicating that silencing of miR-21 could downregulate ABCB1

thus could help overcome MDR (Fig. 6B).

ADR Accumulation and Uptake Mechanism in MCF-7/
ADR Cells
To further confirm the mechanism of enhanced cytotoxicity

observed with the combination therapy, the effect of PPG on ADR

accumulation in MCF-7/ADR cells was evaluated. As shown in

Fig. 7A, ADR accumulation in MCF-7/ADR cells treated by

PPGADR was 1.25-fold higher than that of cells treated with free

ADR, implying that P-gp mediated drug efflux was partially

diminished by the introduction of PPG. The inclusion of anti-miR-

21 along with ADR significantly further increased ADR accumu-

lation to a level about 2.1-fold greater than that observed with

ADR solution and 1.68-fold higher than PPGADR, indicating that

the ability of anti-miR-21PPGADR to overcome MDR was not only

due to its ability to partially counteract drug transporter efflux on

the cell membrane but also mediated by the reduction in miR-21

and ABCB1 expression brought about by anti-miR-21. This

combined therapy was able to overcome multidrug resistance

effects and restore the chemosensitivity of anticancer drugs in the

tumor cells. The uptake mechanism of anti-miR-21PPGADR was

further investigated by examining the effects of temperature and

endocytosis inhibitors on cellular uptake (Fig. 7B). The cellular

uptake efficiency of ADR was obviously decreased at 4uC, while
the cellular uptake efficiency of ADR at 37uC was significantly

inhibited by sucrose (a clathrin-mediated endocytosis inhibitor)

and indomethacin (a caveolae-mediated endocytosis inhibitor)

pretreatments, which demonstrated that both caveolae and

clathrin-mediated endocytosis pathways are involved in the

internalization of PPG.

Discussion

Chemotherapy is still the first line treatment in many cancers,

but the potential effects of many chemotherapeutic agents are

undermined by the presence of multiple drug resistance. The

development of MDR can be attributed to a reduction in drug

concentrations, the activation of DNA repair mechanisms and the

inactivation of apoptosis pathways [28]. The combination of two

or more therapeutic approaches with different therapeutic

mechanisms to overcome multidrug resistance has been proposed

as a means of improving the efficacy of currently available

chemotherapeutic agents [5]. As a focus of in materials research,

graphene has been identified as a promising candidate for

potential biomedical application due to its small size, high

biocompatibility and versatility of surface functionalization.

Various nanomaterials closely related to graphene have been

developed for biological sensing and biomedical imaging, as well

as drug and gene delivery [29,30,31,32]. In this study, we chose

functionalized graphene oxided to overcome MDR in vitro.

Rather than using a functional inhibitor compound, drug

resistance can potentially be overcome by targeting newly

discovered small non-coding miRNA [33]. Tumor chemoresis-

tance to certain types of drugs may be influenced by miRNA

regulation. The inhibition of certain miRNAs could increase the

cancer cell cytotoxicity induced by chemotherapeutics. Inhibition

of miR-21 with 5-fluorouracil significanly attenuated the cell

growth in glioma and in colorectal cancer [34,35]. On the other

hand, the restoration of tumor suppressor miRNAs whose

expression are usually downregulated in a MDR cancer cell line

compared with their parental cell line can also increase the

sensitivity to several cancer chemotherapeutic drugs. For example,

miR-15 and miR-16, which are negative regulators of BCL2,

sensitized drug resistant cell line SGC7901/Vincristine to

Vincristine-induced apoptosis [36].

Advances in nanotechnology have emerged as a new platform

in controlled drug delivery and novel combination strategies.

Nanoscale particles such as liposomes, polymeric micelles,

dendrimers, and mesoporous silica particles between 10 and

200 nm in diameters have been used to carry broad classes of

therapeutics including cytotoxic agents, chemosensitizers and

small interference RNA (siRNA) [37]. These drug-loaded

nanoparticles could prolong systemic circulation lifetime, sustain

drug release and increase tumor drug accumulation [38].http://

www.sciencedirect.com/science/article/pii/S0006295212000330

- bib0025#bib0025 anti-COX2 siRNA and dexamethasone were

co-loaded onto PLGA nanoparticles to treat rheumatoid arthritis

[39]. A mPEG-PLGA-b-PLL copolymer was prepared for

adriamycin and siRNA delivery [40]. Effective delivery of anti-

miRNAs was achieved by using functionalized gold nanoparticles

which further supported the future use of miRNA in gene therapy

by nanoparticles [41]. As in the multidrug resistance research field,

nanotechnology also has its unique role. Many nanoparticle

formulations have been developed to overcome MDR in vitro and

in vivo through co-delivering combinations of chemosensitizing

agents and chemotherapy agents [28]. Chemosensitizers are

a group of small molecules which could inhibit drug-efflux pumps

or restore the proper apoptotic signaling such as BCL-2 and

nuclear factor kappa B (NF-kB) [42,43]. In addition, the

emergence of siRNA has opened a new avenue in the treatment

of MDR by silencing MDR-related genes. http://www.

sciencedirect.com/science/article/pii/S0006295212000330 -

bib0150#bib0150Co-delivery of P-glycoprotein siRNA and doxo-

rubicin into HeLa cells was achieved by quantum dots for reversal

of multidrug resistance [44]. PLGA nanoparticles were developed

Figure 3. Fabrication of PPGADR,
anti-miR-21PPG and anti-miR-

21PPGADR. (A) UV-Vis spectra of ADR, PPG, PPGADR and
anti-miR-21PPGADR

in aqueous solution; (B) Electrophoretic mobility of anti-miR-21 with
PPGADR at different volume ratios.
doi:10.1371/journal.pone.0060034.g003
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to codeliver paclitaxel and Stat3 siRNA to overcome cellular

resistance in lung cancer cells [45]. Magnetic Fe3O4 nanoparticle

was copolymerized by ADR and MDR1 short hairpin RNA

expression vector to reverse multidrug resistance in leukemia cells

[46]. In this study, a novel nanocomplex was prepared via

noncovalent absorption of the ADR and anti-miR-21 onto PPG

Figure 4. Characterization by flow cytometry of PPG co-delivering anti-miR-21 and ADR. MCF-7/ADR cells were incubated with PPGADR,
FAM-anti-miR-21PPG, FAM-anti-miR-21PPGADR at 37uC for 4 h and harvested for flow cytometry analysis. Cells treated with blank PPG served as a control.
doi:10.1371/journal.pone.0060034.g004

Figure 5. In vitro cellular cytotoxicity. Relative survival rate of MCF-7 cells (A) and MCF-7/ADR cells (B) after being treated with ADR, anti-miR-21PPG,
PPGADR and anti-miR-21PPGADR for 24 h. Untreated MCF-7 and MCF-7/ADR cells were served as control in each experiment. Data are means 6 SD for
three separate experiments, *P,0.05, **P,0.01, ***P,0.001.
doi:10.1371/journal.pone.0060034.g005
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which could keep the structures and properties of ADR and anti-

miR-21, and could facilitate the release of these agents in cells

[20]. The functionalized graphene oxide was able to co-deliver

miR-21 targeted siRNA and ADR into cancer cells to overcome

MDR in vitro which further supported the use of multifunctional

nanoformulations in the treatment of MDR. Furthermore, the use

of nanocarriers to deliver ADR could decrease the toxicity and

side effects of ADR [47].

Small molecule drugs that enter cells through either passive

diffusion or membrane translocators are susceptible to trans-

membrane multidrug transporter and are rapidly pumped out

before they can take effect. However, nanoparticles can partially

bypass the efflux pumps as they are internalized in an endocytosis-

based pathway which may be mediated by clathrin, caveolae,

macropinocytosis, or phagocytosis [48,49]. After nanoparticles

being engulfed by membrane proteins, these drug molecules are

released far away from the membrane-bound drug efflux pumps

and therefore are easy to reach and interact with their targets.

Thus nanoparticle endocytic transport is a viable strategy to

circumvent multidrug transporter mediated MDR effects. In our

study, the uptake mechanism of PPG was also investigated in

MCF-7/ADR cells. The results demonstrated that the uptake of

PPG might be through energy-dependent endocytosis processes by

clathrin- and caveolae-mediated pathways because the cellular

uptake efficiency of PPG was significantly inhibited by low

temperature, sucrose (clathrin-mediated endocytosis inhibitor) and

indomethacin (caveolae-mediated endocytosis inhibitor).

Figure 6. In vitromiR-21 and ABCB1 expression. Real time PCR analysis of relative miR-21 expression (A) and ABCB1 expression (B) in MCF-7 and
MCF-7/ADR cells treated with ncRNAPPG and anti-miR-21PPG. The expression of miR-21 and ABCB1 in MCF-7 cells treated with ncRNAPPG were arbitrarily
set as 1. Data are means 6 SD for three separate experiments, ***P,0.001.
doi:10.1371/journal.pone.0060034.g006

Figure 7. ADR accumulation and uptake mechanism in MCF-7/ADR cells. (A) ADR accumulation in MCF-7/ADR cells incubated with ADR,
PPGADR or anti-miR-21PPGADR for 24 h. The ADR concentration was determined by HPLC and normalized to total cell protein. Data are shown as the
mean6 SD, n= 3. (B) Cellular uptake efficiency of ADR in MCF-7/ADR incubation with anti-miR-21PPGADR at 37uC after treated with sucrose, at 37uC after
treated with indomethacin and at 4uC. The uptake efficiency of ADR in MCF-7/ADR incubation with anti-miR-21PPGADR at 37uC without any treatment
was set as control. Data are means 6 SD for three separate experiments, **P,0.01, ***P,0.001.
doi:10.1371/journal.pone.0060034.g007
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Conclusions
In summary, this study investigated the reversal of drug

resistance in MCF-7/ADR cells using PPG as the carrier for

ADR and miR-21 siRNA. PPG showed great superiority in co-

delivering miR-21 siRNA and ADR to cancer cells, and effective

miR-21 silencing and enhanced ADR accumulation were

achieved. Furthermore, the uptake of PPG might be through

energy-dependent endocytosis processes by clathrin- and caveolae-

mediated pathways. The results suggested that use of PPG as

a carrier of chemotherapeutic drugs and siRNA is favorable for the

treatment of drug resistant cancers, and further investigations are

still needed in future work.

Materials and Methods

Materials
Poly (sodium 4-styrenesulfonate) (PSS) and polyethylenimine

(PEI, 25K), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium

bromide (MTT), dimethylsulfoxide (DMSO), penicillin/strepto-

mycin solution, sucrose and indomethacin were obtained from

Sigma (Sigma-Aldrich, ST. Louis, MO, USA). Adriamycin (ADR)

was obtained from Calbiochem (Calbiochem, China). RPMI-

1640, fetal bovine serum (FBS) and 0.25% trypsin/EDTA were

purchased from Gibco (Gibco-BRL, Gaithersburg, MD, USA).

Opti-MEM was purchased from Invitrogen (Invitrogen, Carlsbad,

CA, USA). Small interference RNA against miR-21 (anti-miR-21)

and FAM-labeled anti-miR-21 (FAM-anti-miR-21) were supplied

by Shanghai GenePharma Co. Ltd. (Shanghai, China). The

primers for real-time PCR were synthesized by Sangon Biological

Engineering Technology & Co. Ltd (Shanghai, China).

Fabrication and Characterization of PPG
GO was synthesized from graphitic powder according to

Hummer’s method with some modifications [27,50]. 2 mL of

GO (4 mg/mL) was mixed with 2 mL PSS solution (1 mg/mL),

and the mixture was sonicated for 30 min. The suspension was

then centrifuged at 15,000 g for 1 h to remove large GO and

impurities, and excess PSS was removed via filtration through

a Millipore Microcon 50 KDa MWCO Amicon filters (Millipore,

Billerica, MA, USA). PEI (0.9 mg diluted in 1 ml water) was then

added into the resulting PSS/GO solution and the concentration

of PEI was controlled at 10 mM. The mixture was then sonicated

for another 30 min. The final product PEI/PSS/GO termed PPG

was obtained by centrifugation and filtration following the same

procedure as described above. PSS was required to form the PPG

nanocomplex for the introduction of PSS could increase the

interlayer distance of GO and form PSS-intercalated GO which

had a higher structural stability than the pristine GO due to the

high melting point of PSS [51].The concentration of PPG was

calculated by thermo gravimetric analysis (TGA) recorded on

a Pyris TGA (PerKinElme, USA). Atomic force microscopic

(AFM, Agilent 5500, U.S.A.) and Zeta-potential (Nano-Z,

malvern, United Kingdom), FT-IR spectra (Nicolet 400 Fourier

transform infrared spectrometer, Madison, WI) and NMR spectra

(Bruker AVANCEII 600 NMR) for 1H-NMR and 13C-NMR

analyses were employed to characterize the assembly process of

PPG.

Fabrication of PPGADR,
anti-miR-21PPG and anti-miR-21PPGADR

ADR was loaded onto PPG, denoted as PPGADR, by adding

ADR (5 mg/mL, dissolved in DMSO) to the PPG aqueous

suspension, and the mixture was sonicated at room temperature

for 0.5 h. The unloaded ADR molecules were removed by

centrifugation filtration through 50 kDa MWCO Amicon filters

(Millipore, Billerica, MA, USA) and washed away with water until

there was no noticeable color in the filtrate solution. The product

was characterized by ultraviolet-visible (UV-vis) absorption

spectroscopy, as recorded with a SHIMADZU UV2450 spec-

trometer (SHIMADZU, Japan). The loaded ADR concentration

was determined by HPLC (LC-20A, SHIMADZU, Japan; Agilent

Eclipse XDB-C18 reverse phase column, USA). The sample

solution was injected through a 20 mL sample loop, and a mixture

of acetonitrile and KH2PO4 (0.02 mol/L) (v/v = 25/75) was used

as the mobile phase at a flow rate of 1.0 mL/min. The column

temperature was maintained at 25uC, and the column effluent was

detected at 254 nm by a UV detector (SPD-20A, SHIMADZU,

Japan). anti-miR-21PPG was simply obtained by gently mixing

desired amount of RNA solution and PPG aqueous solution

together for 0.5 h at room temperature, while anti-miR-21PPGADR

was prepared by adding desired amount of RNA solution into

PPGADR and mixing for 0.5 h at room temperature. The amount

of anti-miR-21 solution loaded onto PPG was the same as that

loaded onto PPGADR. A gel retardation assay was employed to

investigate the loading of anti-miR-21 onto the PPGADR. Briefly,

constant quantity of the anti-miR-21 was added into different

volumes of PPGADR with gentle pipetting. The nanocomplex was

allowed to stand at room temperature for 0.5 h before use. Then

the nanocomplex was gently mixed with RNA loading buffer

(Takara, Dalian, China) and was electrophoresed on a Urea-

PAGE gel (20% PAGE with 7M Urea) in 16 TBE buffer at

110 mV for 0.5 h. The gel was analyzed on a gel documentation

system (ChemiDoc XRS, Bio-rad, USA) to study the extent of

anti-miR-21 complexation.

Cell Culture
The ADR resistant breast cell line MCF-7/ADR and its parent

cell line MCF-7 were purchased from Nanjing KeyGen Biotech.

Ltd. Co. (China). The cells were cultured in RPMI-1640 medium

containing 10% fetal bovine serum (FBS) and 1% penicilline/

streptomycin at 37uC, in a 5% humidity atmosphere containing

5% CO2. The cells were subcultured routinely using trypsin/

EDTA digestion upon reaching 80%–90% confluence. For the

maintenance of the MDR phenotype, 1000 ng/mL ADR was

added to the medium and was removed two weeks before the

experimental use of the cells.

Co-delivery of ADR and anti-miR-21 by PPG into Cancer
Cells
Dual-color flow cytometry was used to characterize the PPG co-

delivering ADR and anti-miR-21. The MCF-7/ADR cells (16105

cells/well) were seeded in a 6-well plate until 70% confluence was

reached. FAM-anti-miR-21PPGADR was prepared the same as anti-miR-

21PPGADR. PPG, PPGADR,
FAM-anti-miR-21PPG and FAM-anti-miR-

21PPGADR were added and incubated with MCF-7/ADR cells for

4 h at 37uC. Then the cells were rinsed with PBS for three times,

trypsinized, collected and resuspended in 500 ml PBS. The

samples were analyzed on a FACSCalibur (BD, USA) using FL1

band-pass emission for the green FAM and FL2 band-pass

emission for the red ADR. Cells treated with PPG only were used

as a control.

In vitro Cytotoxicity in MCF-7/ADR and MCF-7 Cells
After the cells were seeded in 96-well plates at a seeding density

of 16104 cells/well, they were treated with ADR, anti-miR-21PPG,

PPGADR or anti-miR-21PPGADR. Untreated cells were used as

controls. The final concentrations of anti-miR-21, PPG and ADR

were kept at 0.25 mM, 1 mg/mL and 1.75 mg/mL. PPG did not
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show any obvious cellular cytotoxity until 0.1 mg/ml in the

preliminary study (data not shown). After 24 h, the treatments

were removed, and fresh growth medium was added. MTT

reagent (5 mg/ml) was then added to each well and incubated for

a further 4 h. The culture medium was removed and DMSO

(150 ml) was added. The plate was shaken for 20 s and the

absorbance measured immediately at 570 nm using an ELX800

absorbance microplate reader (Bio-tek EPOCH, Winooski, VT,

USA).

In vitro miR-21 and ABCB1 Expression Assay
MCF-7 and MCF-7/ADR cells (16105 cells/well) were seeded

in a 6-well culture plate until 70% confluence was reached. Then

the cells were incubated with fresh medium containing negative

control RNA (ncRNA) loaded PPG termed ncRNAPPG and anti-miR-

21PPG for 24 h. The concentration of PPG and RNA were 1 mg/
ml and 0.25 mM respectively. The cellular levels of mature miR-21

were then assessed using quantitative real-time PCR (qRT-PCR).

The total RNA was extracted from cells using TRIzol reagent

(Invitrogen, CA). The expression of mature miR-21 was detected

by the SYBR Green miRNA assay and normalized using the 22DCt

method relative to human U6. Briefly, 1 mg of total RNA was

reverse-transcribed to cDNA using AMV reverse transcriptase

(TaKaRa, Dalian, China) and looped antisense primers. miRNA

cDNAs were generated by incubating the mixture at 16uC for

15 min, 42uC for 60 min and 85uC for 5 min. Real-time PCR was

then performed on Applied Biosystems 7500 according to the

standardized protocol. In each assay, 1 ml of cDNA was used for

amplification. The reactions were incubated in a 96-well optical

plate at 95uC for 5 min, followed by 40 cycles consisting of a 15 s

interval at 95uC and a 1 min interval at 60uC. The expression of

ABCB1 was detected by the SYBR Green assay and normalized

using the 22DCt method relative to human GAPDH. The reverse

transcription was conducted with 2 mg of total RNA using AMV

reverse transcriptase (TaKaRa, Dalian, China) and real-time PCR

was performed using Applied Biosystems 7500. The primers are

available upon request. All reactions were performed in triplicate.

ADR Accumulation and Uptake Mechanism in MCF-7/
ADR Cells
The MCF-7/ADR cells were seeded in 6-well plates at a density

of 16105 cells/well until 70% confluency, at which point they

were incubated with ADR, PPGADR and anti-miR-21PPGADR for

24 h. The cells were then washed thrice with ice-cold PBS, lysed in

100 mL MilliQ water and homogenized using an Omni Sonic

Ruptor 250 (Omni, USA). 20 mL of the homogenate was

processed for HPLC analysis. The ADR concentration in the cell

lysates was determined using a standard curve and was normalized

to the cell protein concentration, as determined using a Pierce

protein assay kit. To investigate the underlying endocytotic

mechanism that was responsible for the internalization of anti-

miR-21PPGADR, uptake inhibition experiments were carried out

with MCF-7/ADR cells. The cells were treated with 0.4 M

sucrose or 100 mM indomethacin at 4uC, prior to incubation with
anti-miR-21PPGADR. The relative uptake efficiency of ADR uptake

was calculated by comparing the ADR concentration in cell lysates

of different treatment groups to the ADR in the lysates of

untreated cells.

Statistical Analysis
All experiments were run in triplicate, and the data are

expressed as the mean 6 SE. Statistical significance was de-

termined using Student’s t-test. Significant differences between

values are designated as follows: *P,0.05, **P,0.01 and

***P,0.001.

Supporting Information

Figure S1 FT-IR spectra of GO, PSS, PEI and PPG.

(TIF)

Figure S2 Characterization of PPG by 1H and 13C MAS
NMR spectra. Liquid-state 1H MAS NMR spectra of GO (A),

PSS (B), PEI (C) and PPG (D), Liquid-state 13C MAS NMR

spectra of GO (E), PSS (F), PEI (G) and PPG (H).

(TIF)

Author Contributions

Conceived and designed the experiments: FZ HJ XZ YH. Performed the

experiments: FZ HD XJ WG. Analyzed the data: FZ YY. Contributed

reagents/materials/analysis tools: HL. Wrote the paper: FZ HJ YH.

References

1. MacDiarmid JA, Amaro-Mugridge NB, Madrid-Weiss J, Sedliarou I, Wetzel S,
et al. (2009) Sequential treatment of drug-resistant tumors with targeted minicells

containing siRNA or a cytotoxic drug. Nat Biotechnol 27: 643–651.

2. Stein WD, Bates SE, Fojo T (2004) Intractable cancers: the many faces of
multidrug resistance and the many targets it presents for therapeutic attack. Curr

Drug Targets 5: 333–346.

3. Soma CE, Dubernet C, Bentolila D, Benita S, Couvreur P (2000) Reversion of
multidrug resistance by co-encapsulation of doxorubicin and cyclosporin A in

polyalkylcyanoacrylate nanoparticles. Biomaterials 21: 1–7.

4. Spankuch B, Heim S, Kurunci-Csacsko E, Lindenau C, Yuan J, et al. (2006)
Down-regulation of Polo-like kinase 1 elevates drug sensitivity of breast cancer

cells in vitro and in vivo. Cancer Res 66: 5836–5846.

5. Greco F, Vicent MJ (2009) Combination therapy: opportunities and challenges
for polymer-drug conjugates as anticancer nanomedicines. Adv Drug Deliv Rev

61: 1203–1213.

6. Sun TM, Du JZ, Yao YD, Mao CQ, Dou S, et al. (2011) Simultaneous delivery
of siRNA and paclitaxel via a ‘‘two-in-one’’ micelleplex promotes synergistic

tumor suppression. ACS Nano 5: 1483–1494.

7. Xiong XB, Lavasanifar A (2011) Traceable Multifunctional Micellar Nanocar-
riers for Cancer-Targeted Co-delivery of MDR-1 siRNA and Doxorubicin. ACS

Nano 5: 5202–5213.

8. Tan B, Piwnica-Worms D, Ratner L (2000) Multidrug resistance transporters
and modulation. Curr Opin Oncol 12: 450–458.

9. Lee CH (2010) Reversing agents for ATP-binding cassette drug transporters.

Methods Mol Biol 596: 325–340.

10. Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, et al. (2007) A

mammalian microRNA expression atlas based on small RNA library

sequencing. Cell 129: 1401–1414.

11. Zheng T, Wang J, Chen X, Liu L (2010) Role of microRNA in anticancer drug

resistance. Int J Cancer 126: 2–10.

12. Wang ZX, Lu BB, Wang H, Cheng ZX, Yin YM (2011) MicroRNA-21

modulates chemosensitivity of breast cancer cells to doxorubicin by targeting

PTEN. Arch Med Res 42: 281–290.

13. Gong C, Yao Y, Wang Y, Liu B, Wu W, et al. (2011) Up-regulation of miR-21

mediates resistance to trastuzumab therapy for breast cancer. J Biol Chem 286:

19127–19137.

14. Mei M, Ren Y, Zhou X, Yuan XB, Han L, et al. (2010) Downregulation of miR-

21 enhances chemotherapeutic effect of taxol in breast carcinoma cells. Technol

Cancer Res Treat 9: 77–86.

15. Bourguignon LY, Spevak CC, Wong G, Xia W, Gilad E (2009) Hyaluronan-

CD44 interaction with protein kinase C(epsilon) promotes oncogenic signaling

by the stem cell marker Nanog and the Production of microRNA-21, leading to

down-regulation of the tumor suppressor protein PDCD4, anti-apoptosis, and

chemotherapy resistance in breast tumor cells. J Biol Chem 284: 26533–26546.

16. Iorio MV, Casalini P, Piovan C, Braccioli L, Tagliabue E (2011) Breast cancer

and microRNAs: therapeutic impact. Breast 20 Suppl 3: S63–70.

17. Spankuch B, Kurunci-Csacsko E, Kaufmann M, Strebhardt K (2007) Rational

combinations of siRNAs targeting Plk1 with breast cancer drugs. Oncogene 26:

5793–5807.

Functionalized Graphene Oxide to Overcome MDR

PLOS ONE | www.plosone.org 8 March 2013 | Volume 8 | Issue 3 | e60034



18. Jiang J, Yang SJ, Wang JC, Yang LJ, Xu ZZ, et al. (2010) Sequential treatment

of drug-resistant tumors with RGD-modified liposomes containing siRNA or
doxorubicin. Eur J Pharm Biopharm 76: 170–178.

19. Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6: 183–191.

20. Sun X, Liu Z, Welsher K, Robinson JT, Goodwin A, et al. (2008) Nano-
Graphene Oxide for Cellular Imaging and Drug Delivery. Nano Res 1: 203–

212.
21. Liu Z, Robinson JT, Sun X, Dai H (2008) PEGylated nanographene oxide for

delivery of water-insoluble cancer drugs. J Am Chem Soc 130: 10876–10877.

22. Yang XY, Zhang XY, Liu ZF, Ma YF, Huang Y, et al. (2008) High-Efficiency
Loading and Controlled Release of Doxorubicin Hydrochloride on Graphene

Oxide. Journal of Physical Chemistry C 112: 17554–17558.
23. Lu CH, Zhu CL, Li J, Liu JJ, Chen X, et al. (2010) Using graphene to protect

DNA from cleavage during cellular delivery. Chemical Communications 46:
3116–3118.

24. Kim H, Namgung R, Singha K, Oh IK, Kim WJ (2011) Graphene Oxide–

Polyethylenimine Nanoconstruct as a Gene Delivery Vector and Bioimaging
Tool. Bioconjugate Chemistry 22: 2558–2567.

25. Ren T, Li L, Cai X, Dong H, Liu S, et al. (2012) Engineered polyethylenimine/
graphene oxide nanocomposite for nuclear localized gene delivery. Polymer

Chemistry 3: 2561–2569.

26. Zhang L, Lu Z, Zhao Q, Huang J, Shen H, et al. (2011) Enhanced
chemotherapy efficacy by sequential delivery of siRNA and anticancer drugs

using PEI-grafted graphene oxide. Small 7: 460–464.
27. Xu Y, Bai H, Lu G, Li C, Shi G (2008) Flexible Graphene Films via the

Filtration of Water-Soluble Noncovalent Functionalized Graphene Sheets.
Journal of the American Chemical Society 130: 5856–5857.

28. Shapira A, Livney YD, Broxterman HJ, Assaraf YG (2011) Nanomedicine for

targeted cancer therapy: towards the overcoming of drug resistance. Drug Resist
Updat 14: 150–163.

29. Zhang LM, Xia JG, Zhao QH, Liu LW, Zhang ZJ (2010) Functional Graphene
Oxide as a Nanocarrier for Controlled Loading and Targeted Delivery of Mixed

Anticancer Drugs. Small 6: 537–544.

30. Sahoo NG, Bao H, Pan Y, Pal M, Kakran M, et al. (2011) Functionalized
carbon nanomaterials as nanocarriers for loading and delivery of a poorly water-

soluble anticancer drug: a comparative study. Chem Commun (Camb) 47:
5235–5237.

31. Zhou L, Wang W, Tang J, Zhou JH, Jiang HJ, et al. (2011) Graphene Oxide
Noncovalent Photosensitizer and Its Anticancer Activity In Vitro. Chemistry –

A European Journal 17: 12084–12091.

32. Dong H, Ding L, Yan F, Ji H, Ju H (2011) The use of polyethylenimine-grafted
graphene nanoribbon for cellular delivery of locked nucleic acid modified

molecular beacon for recognition of microRNA. Biomaterials 32: 3875–3882.
33. Schoof CR, Botelho EL, Izzotti A, Vasques Ldos R (2012) MicroRNAs in cancer

treatment and prognosis. Am J Cancer Res 2: 414–433.

34. Ren Y, Kang CS, Yuan XB, Zhou X, Xu P, et al. (2010) Co-delivery of as-miR-
21 and 5-FU by poly(amidoamine) dendrimer attenuates human glioma cell

growth in vitro. J Biomater Sci Polym Ed 21: 303–314.

35. Valeri N, Gasparini P, Braconi C, Paone A, Lovat F, et al. (2010) MicroRNA-21

induces resistance to 5-fluorouracil by down-regulating human DNA MutS
homolog 2 (hMSH2). Proc Natl Acad Sci U S A 107: 21098–21103.

36. Xia L, Zhang D, Du R, Pan Y, Zhao L, et al. (2008) miR-15b and miR-16

modulate multidrug resistance by targeting BCL2 in human gastric cancer cells.
Int J Cancer 123: 372–379.

37. Zhang L, Gu FX, Chan JM, Wang AZ, Langer RS, et al. (2008) Nanoparticles
in medicine: therapeutic applications and developments. Clin Pharmacol Ther

83: 761–769.

38. Hu CM, Zhang L (2009) Therapeutic nanoparticles to combat cancer drug
resistance. Curr Drug Metab 10: 836–841.

39. Park JS, Yang HN, Jeon SY, Woo DG, Kim MS, et al. (2012) The use of anti-
COX2 siRNA coated onto PLGA nanoparticles loading dexamethasone in the

treatment of rheumatoid arthritis. Biomaterials 33: 8600–8612.
40. Liu P, Yu H, Sun Y, Zhu M, Duan Y (2012) A mPEG-PLGA-b-PLL copolymer

carrier for adriamycin and siRNA delivery. Biomaterials 33: 4403–4412.

41. Kim JH, Yeom JH, Ko JJ, Han MS, Lee K, et al. (2011) Effective delivery of
anti-miRNA DNA oligonucleotides by functionalized gold nanoparticles.

J Biotechnol 155: 287–292.
42. Woodcock J, Griffin JP, Behrman RE (2011) Development of novel combination

therapies. N Engl J Med 364: 985–987.

43. Gottesman MM (2002) Mechanisms of cancer drug resistance. Annu Rev Med
53: 615–627.

44. Li JM, Wang YY, Zhao MX, Tan CP, Li YQ, et al. (2012) Multifunctional QD-
based co-delivery of siRNA and doxorubicin to HeLa cells for reversal of

multidrug resistance and real-time tracking. Biomaterials 33: 2780–2790.
45. Su WP, Cheng FY, Shieh DB, Yeh CS, Su WC (2012) PLGA nanoparticles

codeliver paclitaxel and Stat3 siRNA to overcome cellular resistance in lung

cancer cells. Int J Nanomedicine 7: 4269–4283.
46. Chen BA, Mao PP, Cheng J, Gao F, Xia GH, et al. (2010) Reversal of multidrug

resistance by magnetic Fe3O4 nanoparticle copolymerizating daunorubicin and
MDR1 shRNA expression vector in leukemia cells. Int J Nanomedicine 5: 437–

444.

47. Bae Y, Diezi TA, Zhao A, Kwon GS (2007) Mixed polymeric micelles for
combination cancer chemotherapy through the concurrent delivery of multiple

chemotherapeutic agents. J Control Release 122: 324–330.
48. Cao N, Cheng D, Zou S, Ai H, Gao J, et al. (2011) The synergistic effect of

hierarchical assemblies of siRNA and chemotherapeutic drugs co-delivered into
hepatic cancer cells. Biomaterials 32: 2222–2232.

49. Meng H, Liong M, Xia T, Li Z, Ji Z, et al. (2010) Engineered design of

mesoporous silica nanoparticles to deliver doxorubicin and P-glycoprotein
siRNA to overcome drug resistance in a cancer cell line. ACS Nano 4: 4539–

4550.
50. Hummers WS, Offeman RE (1958) Preparation of Graphitic Oxide. Journal of

the American Chemical Society 80: 1339–1339.

51. Jeong HK, Jin MH, An KH, Lee YH (2009) Structural Stability and Variable
Dielectric Constant in Poly Sodium 4-Styrensulfonate Intercalated Graphite

Oxide. The Journal of Physical Chemistry C 113: 13060–13064.

Functionalized Graphene Oxide to Overcome MDR

PLOS ONE | www.plosone.org 9 March 2013 | Volume 8 | Issue 3 | e60034


