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ABSTRACT: The failure of the clinical treatment of cancer patients is often attributed to
drug resistance of the tumor to chemotherapeutic agents. P-glycoprotein (P-gp) contributes to
drug resistance via adenosine 5 -triphosphate (ATP)-dependent drug efflux pumps and is widely
expressed in many human cancers. Up to date, a few of nanomaterials have shown the effects
on P-gp function by different ways. To study the mechanism of the increased cytotoxicity of
doxorubicin (DOX) by pegylated phosphotidylethanolamine (PEG-PE) in drug-resistant cancer
cells, a series of in vitro cell assays were performed, including identification of P-gp function,
quantitative studies on uptake and efflux of DOX, inhibitory effects of blank PEG-PE micelles
on mRNA and protein levels of P-gp, and intracellular ATP content alteration. Finally, combining MDR-1 RNA interference (siRNA) with DOX encapsulated in PEG-PE micelles (M-DOX)
to improve cytotoxicity of DOX was also studied. M-DOX showed fivefold lower the concentration that caused 50% killing tumor cellthan that of free DOX in the P-gp-overexpressing MCF-7
breast cancer (MCF-7/ADR) cells. M-DOX enhanced the cellular uptake and retention of DOX
in MCF-7/ADR cells. PEG-PE block molecules can inhibit P-gp expression through downregulating MDR-1 gene. Cytotoxicity of M-DOX was further improved by knocking down the MDR-1
gene using siRNA in the multidrug-resistant cells. We conclude that the increased cytotoxicity
of DOX encapsulated in PEG-PE micelle is due to the reduced P-gp expression by PEG-PE
block molecules, and accordingly enhancing the cellular accumulation of DOX. To overcome
drug resistance of tumor cells, the combination of nanotechnology and biotechnology could be
an effective strategy such as PEG-PE formed micelles and siRNA. © 2011 Wiley-Liss, Inc. and
the American Pharmacists Association J Pharm Sci 100:2267–2277, 2011
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The failure of the clinical treatment of cancer patients
is often attributed to drug resistance of the tumor
to chemotherapeutic agents.1 Multidrug resistance
(MDR) has become a severe barrier for chemotherapy to exert an antineoplastic effect in most common malignancies. Among various mechanisms of
MDR, the reduced accumulation of antitumor drug is
most commonly seen.2 P-glycoprotein (P-gp), together
with MDR-associated proteins (MRP1 and MRP2),
the breast cancer resistance protein (BCRP), and so
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on, contributes to drug resistance via adenosine 5 triphosphate (ATP)-dependent drug efflux pumps and
is widely expressed in many human cancers, including cancers of the gastrointestinal tract, cancers of
the hematopoietic system, cancers of the genitourinary system, and childhood cancers.3,4
As the most common membrane drug efflux transporter, P-gp significantly reduces intracellular levels of various structurally differed compounds, including doxorubicin (DOX), a broad-spectrum cytotoxic anticancer drug commonly included in the regimens of breast cancer treatment. Clinical data show
that this transporter has been detected in 63% of
patients with untreated breast cancer.5 An increase
in P-gp expression in breast cancer after chemotherapy has also been correlated with lower clinical response rates.6,7 These observations indicate that the
activity of P-gp efflux pump seems to be one of the
most influential factors in resistant breast cancer
treatment.
In the past years, nano-sized formulation strategies, such as folate-targeted liposomes,8,9 pHsensitive micelles,10,11 and solid lipid nanoparticles,
have been developed to potentially address P-gpmediated drug resistance.12–16 These delivery systems have been shown to decrease the resistance
of P-gp-expressing cells in vitro, which is due to
increased cellular accumulation of the drug. However, intracellular drug was still pumped by P-gp
efflux because these formulations did not affect
P-gp function. Up to date, a few of nanomaterials have shown the effects on P-gp function
by different ways. Polyethyleneglycol-660 hydroxystearate inhibited P-gp-related drug transport.17,18
Fatty acid–PEG diesters interfered with P-gp substrate binding.19,20 Pluronic micelles composed of
poly(oxyethylene)–poly(oxypropylene) and Brij 78
(polyoxyethylene 20-stearylether)-based nanoparticals have been used to selectively inhibit the P-gp
function by ATP depletion.21,22 Proposed mechanisms
for some conjugates, such as N-(2-hydroxypropyl)
methacrylamide, have included internalization by
endocytosis and partial inhibition of P-gp gene
expression.23
Here, we described a new strategy to overcome MDR by DOX loaded into pegylated phosphotidylethanolamine (PEG-PE) micelles (M-DOX) that
showed higher cytotoxicity than free DOX (F-DOX),
without any chemical ligand decoration, and had an
ability to partially reverse DOX resistance in MCF-7/
ADR cells. As it was shown in our previous study,24
this micelle delivery system effectively enhanced in
vitro and in vivo antitumor efficacy of DOX in nonresistant lung cancer. The evaluation of M-DOX performance in resistant breast cancer cells and exploration
of related mechanism will help us better understand
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the micelle intracellular activity and provide useful
reference for further design of nano-sized drug delivery system in resistant cancer treatment.

EXPERIMENTAL
Materials
PEG2000-DSPE was purchased from Avanti Polar
Lipids (Alabaster, Alabama); DOX was kindly provided by HaiZheng Corp. (Taizhou, China); triethylamine, chloroform, rhodamine123, and verapamil
were purchased from Sigma–Aldrich (St. Louis, Missouri); and methanol was purchased from Merck
(Darmstadt, Germany).
Cell Culture
Sensitive human breast cancer cell line (MCF-7)
and multidrug-resistant cell line (MCF-7/ADR) were
granted by Academy of Military Medical Sciences.
Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, New York) supplemented
with 10% fetal bovine serum (PAA, Pasching, Austria), 100 units/mL penicillin, and 100 units/mL
streptomycin.
Reverse Transcriptase-Polymerase Chain Reaction
To compare the mRNA expression of the multidrugresistant genes in different types of cancer cells, total
RNAs were isolated from MCF-7 and MCF-7/ADR
cells using TRIzol (Invitrogen, California). To address
the effect of blank PEG-PE micelles on the mRNA
expression of the multidrug-resistant genes, RNAs
were also isolated from MCF-7/ADR cells treated
with blank micelles 6.8 or 34 :M, respectively.
The mRNAs were reversely transcribed to complementary DNAs by M-MLV reverse transcriptase
(RT) (Invitrogen). All the primers were purchased
from Invitrogen. Primers for human MDR1: 5 AAAGCTGTC AAGGAAGCCAA-3 and 5 -TGACTCC
ATCATCGAAACCA-3 , MRP1: 5 -ATGTCACGTGG
AATACCAGC-3 and 5 -GAAGACTGAACTCCCTT
CCT-3 , MRP2: 5 -ACAGAGGCTGGTGGCAACC-3
and
5 -ACCATTACCTTGTCACTGTCCATGA-3 ,
and BCRP: 5 -TGGCTGTCATGGCTTCAGTA-3
and 5 -GCCACGTGATTCTTCCACAA-3 were used.
The primers for $-actin were sense primer 5 CATGTACGTTGCTATCCAGGC-3 and antisense
primer 5 -CTCCTTAATGTCACGCACGAT-3 . After
initial denaturation at 95◦ C for 5 min, polymerase
chain reaction (PCR) was performed for 30 cycles
(30 s at 94◦ C, 30 s at annealing temperature, and
40 s at 72◦ C) using Taq polymerase (TaKaRa,
Dalian, China). Reaction products (20 :L per lane)
were electrophoresed in 1% agarose, stained with
ethidiumbromide and photographed.
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Detection of P-gp Expression by Flow Cytometry
About 106 cells were trypsined, centrifuged, and
resuspended in 100 :L staining buffer (DMEM
added 2% fetal bovine serum and 0.1% NaN3 ).
Twenty microliters fluorescein isothiocyanate (FITC)conjugated mouse antihuman monoclonal antibody
(BD Biosciences) was added and incubated in the dark
at 4◦ C for 30 min. Cells were centrifuged and washed
once with phosphate-buffered saline (PBS), fluorescence intensity of FITC was analyzed by FACSCalibur with a 488-nm argon laser and 530-nm band pass
filter.
Activities of P-gp
The activity of P-gp was determined by Rhodamine123 or DOX efflux assay. MCF-7/ADR cells
were seeded in 12-well plates at a density of 105 per
well and incubated with DMEM media containing
0.5 :M Rhodamine123 or 17 :M DOX in the presence of 20 :M verapamil for 1 h. Then, the cells were
washed with PBS and further incubated with fresh
DMEM media in the presence or absence of 20 :M
verapamil for another 1 h. Finally, the cells were
washed, trypsined, and harvested in ice-cold PBS and
kept on ice until analysis. Intracellular fluorescence
was detected in a Becton Dickinson FACSCalibur
(San Jose, California) with a 488-nm argon laser. In
each sample, at least 104 cells were counted. To quantify P-gp functional change, the ratio between the median fluorescence with and without P-gp inhibitor verapamil during the efflux period was calculated. The
percentage of pumped drug is equal to one intracellular drug without verapamil/intracellular drug with
verapamil.25
Cell Growth Inhibition Assay
Both MCF-7 and MCF-7/ADR cells were plated at a
density of 5 × 103 cells per well in 100 :L DMEM
medium in 96-well plates and grown for 24 h, respectively. Cells were exposed to a series of concentrations of F-DOX and M-DOX alone, F-DOX and M-DOX
combined with 100 nM RNA interference (siRNA)
MDR-1, or with verapamil for 48 h, and the viability of cells was measured using a methylthiazoletetrazolium (MTT) method. Briefly, 100 :L of MTT solution (0.5 mg/mL in PBS) was added to each well.
The plates were incubated for 4 h at 37◦ C. After incubation, 100 :L of dimethyl sulfoxide (Sigma–Aldrich)
was added to each well for 10 min at room temperature. Absorbance was measured at 570 nm using
a plate reader (Thermo, Erlangen, Germany). The
mean percentage of cell survival relative to that of
untreated cells was estimated from data of three individual experiments. The concentration of DOX at
which cell killing was 50% was calculated by curve
DOI 10.1002/jps
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fitting using SPSS software (version 12.0; SPSS Inc.,
Chicago, Illinois).
Quantification of DOX Internalization
The measurement of internalized DOX was performed as described previously.24 Briefly, MCF-7/ADR
cells were seeded in six-well plates at a concentration of 105 per well and incubated with M-DOX
or F-DOX of a series of concentrations for desired
time. Then, the cells were washed, trypsined, and
collected in ice-cold PBS. The intracellular DOX was
analyzed using a Becton Dickinson FACSCalibur cytometer, equipped with an argon laser (488 nm) and
emission filter for 550 nm. Data collection involved
10,000 counts per sample. The data were analyzed
using CELLQuestTM software (BD Biosciences, Bedford, MA) and expressed as the geometric mean of the
entire population. Cells incubated without DOX–polymer conjugates were used to account for the background fluorescence.
Cellular ATP Assay
MCF-7/ADR cells were seeded in 96-well plates at a
density of 2000 per well and incubated with blank
PEG-PE micelles (0 to 34 :M) at 37◦ C for 48 h. After treatment, the cells were washed with PBS, and
intracellular ATP was determined using ATP assay
kit (Promega, Beijing, China) based on luminescence
assay and normalized by an MTT absorbance.
Protein Extraction and Quantification
Cells 106 were lysed in 200 :L RAPI lysis buffer containing proteinase inhibitor cocktails in a final concentration of 10 :g/mL and kept on ice for 30 min.
Total cell lysate was centrifuged at 12,000 × g for
5 min, and the supernatant was collected as cellular total proteins. Protein content was determined
by BCA protein assay kit (Shenergy Biocolor, Beijing,
China) using bovine serum albumin as a standard.
Detection of P-gp Expression by Western Blotting
Expression of P-gp in MCF-7/ADR cells was verified
by western blotting analysis. Proteins were separated
by SDS–PAGE and transferred to 0.45 :m nitrocellulose membrane. Then, the proteins were blocked
by incubation in Tris-buffered saline containing 0.1%
Tween 20 and 5% skim milk for 1 h at room temperature in the shaker. Subsequently, the immunoblot
analysis were performed with an anti-P-gp monoclonal antibody(Santa Cruz Biotechnology, Santa
Cruz, California; dilution 1:500) or anti-$-actin monoclonal antibody (Santa Cruz Biotechnology; dilution
1:500) diluted in blocking buffer overnight at 4◦ C. After washing extensively, the blots were incubated with
goat antimouse antibody conjugated to horseradish
peroxidase (Santa Cruz Biotechnology; dilution
1:1000) for 1 h at room temperature in the shaker.
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Bands were visualized by enhanced chemiluminescence using the ECL plus kit (Applygen, Beijing,
China).
MDR-1 siRNA Transfection
P-glycoprotein silencing Si1 (21 nt) were synthesized targeting the human MDR-1 mRNA at the
region 88–108 nt relative to the start codon (sense
strand5 -GAAACCAACUGUCAGUGUA) by Invitrogen Company. A scrambled Si1–Si2 was synthesized as a negative control (sense strand 5 GAUACGAAUUGACACCGUA). Cells (3 × 105 /well)
were grown in six-well plates to 30%–40% confluence and then be transfected by 100 nM siRNA with
Lipofectamine2000 (Invitrogen, California) according
to manufacturer guideline. After 5 h incubation in
serum-free DMEM at 37◦ C, completed DMEM with
10% FBS were added. The cells were incubated with
DMEM at 37◦ C for 48 or 72 h.
Statistical Analysis
Data and results are reported as means ± SD unless noted otherwise. The differences of the variables
between groups were performed with the Student’s
t-test using SPSS 11.0 program. P values less than
0.05 were considered to be statistically significant.

RESULTS
Overexpression and High Activity of P-gp in
MCF-7/ADR Cells
Tumor cells overexpressing multidrug export pumps,
which are members of the family of ATP-binding
cassette transport proteins, such as P-gp, MRP1,
MRP2, and BCRP, may contribute to their resistance to chemotherapeutic agents.26–28 Our results
showed that mRNA expressions of MRP-1, MRP-2,
and BCRP gene had the same level in both MCF-7
and MCF-7/ADR cells. However, MDR-1 gene was expressed positively in MCF-7/ADR cells, whereas negatively in MCF-7 cells (Fig. 1a). MDR-1 gene is translated to P-gp, which is responsible for pumping many
small-molecule drugs and results in MDR. Thus, we
measured the protein level of this gene using FITClabeled antibody. Indeed, the level of P-gp in MCF7/ADR cells was much higher than in MCF-7 cells
(Fig. 1b).
To test P-gp activity, we measured the efflux of
Rhodamine123 and F-DOX with or without verapamil, a well-known inhibitor of P-gp, blocks P-gpmodulated efflux of antitumor drugs in the cell.29 Both
Rhodamine123 and F-DOX are substrates of P-gp,
the higher percentage of pumped drug indicates the
higher P-gp activity. As shown in Figure 1c, in MCF-7
cells, the percentage of pumped Rhodamine123 and
F-DOX was 24.8% and 8.1%, respectively, whereas in
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 6, MAY 2011

MCF-7/ADR cells, the percentage was up to 66.9% and
44.8%, respectively. These results indicate that P-gp
has a high activity in MCF-7/ADR cells. Furthermore,
we tested the cytotoxicity of F-DOX to these two cell
lines by MTT, and calculated the concentration that
caused 50% killing tumor cell (IC50 ). The IC50 values
were 2.7 ± 0.6 :M for MCF-7 cells and 72 ± 3.5 :M
for MCF-7/ADR cells (Fig. 1d). These results indicate
that overexpression and high activity of P-gp are contributed to drug resistance of MCF-7/ADR cells.
Enhancing Cytotoxicity of DOX-Encapsulated
PEG-PE Micelles
To assess the effect of micellization on cytotoxic activity of DOX in MCF-7/ADR cells, we performed an
MTT assay to determine the cellular viability after 2 h
incubation with F-DOX or M-DOX followed by 72 h incubation in drug-free media (Fig. 2a). In the absence
of verapamil, the IC50 value of F-DOX (72 ± 3.5 :M)
was approximately fivefold higher than that of MDOX (12.7 ± 1.2 :M). Compared with the absence of
verapamil, the IC50 value of M-DOX was three times
lower (4.2 ± 0.5 :M) and the IC50 value of F-DOX
was five times lower (15.3 ± 1.0 :M) in the presence
of verapamil (Fig. 2b). These results indicate that
the encapsulation of DOX in PEG-PE micelles play
an important role in the increasing DOX cytotoxicity.
Moreover, verapamil has less effect on cytotoxicity of
M-DOX, implying a change of P-gp function when the
MCF-7/ADR cells exposed to M-DOX.
Rapid Internalization and Extending Cellular
Retention of M-DOX
To compare the internalization dynamics of M-DOX
with F-DOX, MCF-7/ADR cells were treated with
1.0 :M DOX for different times or with various concentrations of DOX for 1 h, and then the intracellular DOX was quantified by flow cytometry. In both
time- and drug concentration-dependent conditions,
M-DOX was internalized into cells more rapidly than
F-DOX (Figs. 3a and 3b), indicating that micellization
accelerated the cellular uptake of DOX.
Besides the rapid internalization, the enhanced retention of M-DOX in MCF-7/ADR cells was also observed. MCF-7/ADR cells were incubated with 3.4 :M
DOX for 7 h, washed, and then incubated with DOXfree media for different hours with or without verapamil. As shown in Figures 4a and 4b, intracellular
M-DOX was consistently higher than F-DOX. The enhanced cellular retention of M-DOX may be due to increasing internalization or decreasing efflux or both.
To address this question, we compared the percentage
of pumped DOX 10 h later (Fig. 4c). In the presence
of verapamil, P-gp activity was inhibited, and there
was no significant difference between F-DOX and MDOX in the percentage of pumped DOX. However, in
the absence of verapamil, the percentage of pumped
DOI 10.1002/jps
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Figure 1. 1 Identification of P-gp activity. (a) Reverse-transcription PCR analysis of mRNA
levels of MDR-1, MRP-1, MRP-2, BCRP in MCF-7 and MCF-7/ADR cells, $-actin used as a control. (b) P-gp expression detected by flow cytometry using FITC-conjugated anti-P-gp antibody
in MCF-7/ADR and MCF-7 cells. Data represent mean ± SD (n = 3) for individual experiments.
Columns, mean; Bars, SD. P-gp expression in MCF-7/ADR cells is higher than in MCF-7 cells
(∗∗ P < 0.01). (c) P-gp activity detected by flow cytometry in MCF-7 and MCF-7/ADR cells after 2 h treatment of Rhodamine123 (500 nM) and F-DOX (17 :M) in the presence of 20 :M
verapamil for 1 h, washed and further incubated with drug-free media with or without 20 :M
of verapamil for another 1 h. Data represent mean ± SD (n = 3) for individual experiments.
Columns, mean; Bars, SD. P-gp activity in MCF-7/ADR cells is higher than in MCF-7 cells (∗∗ P
< 0.01). (d) Cytotoxic effects of F-DOX in MCF-7 cells and MCF-7/ADR cells measured by MTT.
Cells were exposed to F-DOX ranging from 0 to 85 :M for 2 h and then incubated in drug-free
media for 72 h. Data represent mean ± SD (n = 3) for individual experiments. MCF-7 cells are
sensitive to F-DOX compared with MCF-7/ADR cells (∗∗ P < 0.01).

M-DOX decreased by 10% as compare with F-DOX.
This result indicates that P-gp activity in M-DOXtreated cells is reduced, and PEG-PE micelle alone
may have an influence on the P-gp function.

pletion of cellular ATP, thus resulting in an increase
in the accumulation and the retention of M-DOX compared with F-DOX in MCF-7/ADR cells.

Blank PEG-PE Micelles Inhibiting P-gp Activity
in MCF-7/ADR Cells

P-glycoprotein is an ATP-dependent protein. Depleting cellular ATP would also decrease P-gp activity.
To investigate whether blank PEG-PE micelles have
an influence on the intracellular ATP level, we measured the cytotoxocity of blank PEG-PE micelles to
tumor cells and cellular ATP content. The blank PEGPE micelles at different concentrations did not show
any toxicity to MCF-7/ADR cells (Fig. 6a) and did not
change the cellular ATP levels (Fig. 6b), indicating
that the reduced P-gp activity was irrelevant with
the cellular ATP content.

P-glycoprotein activity was determined by the efflux
of Rhodamine123 and F-DOX in MCF-7/ADR cells,
and verapamil was used to inhibit the P-gp activity.
As shown in Figure 5, approximately 67% of the intracellular Rhodamined123 was pumped out in the
untreated cells. Both 6.8 and 34 :M of blank PEGPE micelles reduced the percentage of pumped drug to
52% (P < 0.05) and 32% (P < 0.01), respectively. Efflux
of F-DOX was also depressed by PEG-PE blank micelles in a concentration-dependent manner. Thirtyfour micromolar of blank micelles resulted in a reduction of the percentage of pumped drug from 45%
to 29% (P < 0.05). The decreased P-gp activity may
result from the reduction of P-gp expression or the deDOI 10.1002/jps

Effect of Blank PEG-PE Micelles on Intracellular ATP

Effect of Blank PEG-PE Micelles on Expression of P-gp
in MCF-7/ADR Cells
MCF-7/ADR cells were preincubated with 6.8 or
34 :M blank PEG-PE micelles for 48 h; the untreated
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 6, MAY 2011
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Figure 2. Cytotoxic effects of M-DOX in MCF-7/ADR cells. M-DOX enhanced cytotoxicity
in the absence (a) or in the presence (b) of verapamil. Cells were exposed to various concentrations F-DOX or M-DOX with or without 10 :M verapamil for 2 h and then incubated in
drug-free media for 72 h, cell viability was measured by MTT. Data represent mean ± SD (n =
3) for individual experiments. M-DOX significantly enhanced cytotoxicity compared with F-DOX
(∗ P < 0.05).

cells were used as a control. The 6.8 :M of blank
PEG-PE micelles are comparable with the dose of
DOX-loaded micelles used in the accumulation and
retention experiments in this study, and the higher
concentration is chosen for enlarging the effect of
blank PEG-PE micelles reasonably. MDR-1 mRNA
expression was analyzed using the RT-PCR assay
and normalized with the $-actin mRNA levels. As
shown in Figure 7a, blank PEG-PE micelles reduced
the expression of MDR-1 gene in a concentrationdependent manner. At the concentration of 34 :M,
blank PEG-PE micelles markedly inhibited the transcription of MDR-1 gene compared with the untreated
sample. Thus in turn significantly reduced the expression of P-gp both in 6.8 and 34 :M blank micellestreated cells (P < 0.01), as shown in Figures 7b
and 7c. These results indicate that PEG-PE micelles
alone can regulate the expression of MDR-1 gene,
which may contribute to the enhanced cellular drug
retention.

Combination of M-DOX with siRNA Targeting MDR-1
Gene to Improve Cytotoxicity
Combination of siRNA and chemotherapy has shown
promising potential in cancer therapy. We chose
MDR-1 gene as a target, and combined this Geng’s
siRNA with M-DOX to inhibit the growth of MCF-7/
ADR cells. First, 100 nM MDR-1 siRNA was transfected into MCF-7/ADR cells, and the transfection efficiency was evaluated at the both levels of mRNA
and protein. As shown in Figures 8a–8C, the MDR1 mRNA was significantly downregulated after 48h transfection, and the P-gp expression was five
times decreased than the untreated cells after 72-h
transfection.
The cells were pretreated with 100 nM siRNA
for 72 h and then treated with F-DOX or M-DOX
for another 2 h, the combination of siRNA significantly increased cellular DOX fluorescence both for
F-DOX and M-DOX, siRNA showed a similar effect to

Figure 3. Time- and concentration-dependent internalization of M-DOX in MCF-7/ADR cells.
Intracellular doxorubicin fluorescence intensity was detected by flow cytometry. (a) Cells were
exposed to 1.0 :M of F-DOX or M-DOX for various hours. (b) Cells were exposed to F-DOX or
M-DOX at various concentrations for 1 h. Data represent mean ± SD (n = 3) for individual
experiments. M-DOX induces a significant increase in intracellular fluorescence compared with
F-DOX (∗ P < 0.05, ∗∗ P < 0.01).
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 6, MAY 2011
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Figure 4. Time-dependent retention of M-DOX in MCF-7/ADR cells. Intracellular doxorubicin
fluorescence intensity was detected by flow cytometry. Cells were exposed to 3.5 :M of F-DOX
or M-DOX for 7 h, washed, and then incubated with drug-free media for different times in the
absence (a) or in the presence (b) of 10 :M verapamil. (c) The percentage of intracellular DOX
fluorescence intensity at 10 h to the initial fluorescence intensity. Data represent mean ± SD
(n = 3) for individual experiments. M-DOX increases significantly the retention of intracellular
fluorescence (∗ P < 0.05; ∗∗ P < 0.01).

verapamil (Fig. 8d). Furthermore, the cytotoxicity of
M-DOX to MCF-7/ADR cells was also detected in the
presence of siRNA. The IC50 value of combining MDOX with MDR-1 siRNA was 2.5-fold lower than that
of M-DOX alone (Fig. 8e). These data suggest that
the combination M-DOX with MDR-1 siRNA could be
a useful approach to treat drug-resistant tumors.

DISCUSSION
Figure 5. Effect of blank PEG-PE micells on P-gp activity in MCF-7/ADR cells. Intracellular fluorescence intensity was detected by flow cytometry. Cells were pretreated
with PEG-PE micells for 48 h, and exposed to 500 nM Rhodamine123 or 17 :M F-DOX in the presence of 20 :M verapamil for 1 h, washed, and then incubated with drug-free
media for another 1 h with or without 20 :M verapamil.
The percentage of pumped drug is equal to one intracellular drug without verapamil/intracellular drug with verapamil. Data represent mean ± SD (n = 3) for individual
experiments. Columns, mean; Bars, SD. Values significantly
different from control cells were marked (∗ P < 0.05; ∗∗ P <
0.01).

DOI 10.1002/jps

The present study shows that the M-DOX can reach
a higher cellular concentration within shorter time
in the P-gp overexpressing MCF-7/ADR cells compared with F-DOX, indicating that M-DOX can internalize into cells more efficiently than F-DOX. This
result was verified through DOX quantification by
FCM and was also consistent with our total internal reflection fluorescence microscopy observation:
the small vesicles with the red fluorescence of DOX
appeared within 10 min (data not shown) in M-DOXtreated cells, whereas no fluorescent vesicles could
be observed in F-DOX-treated cells at the same time.
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Figure 6. Effect of blank PEG-PE micelles on cell viability and ATP content in MCF-7/ADR
cells. (a) Cell viability was detected by MTT. (b) Intracellular ATP content was determined
by ATP assay kit after 48 h treatment with various concentrations of PEG-PE micelles. Data
represent mean ± SD (n = 3) for individual experiments.

Importantly, we found that P-gp inhibitor verapamil
had a less effect on cytotoxicity of M-DOX (Fig. 1f).
Compared with in the absence of verapamil, in the
presence of verapamil, the IC50 value of M-DOX was
three times lower and the F-DOX was five times
lower. In the absence of verapamil, the percentage of pumped M-DOX was decreased by 10% versus F-DOX, indicating that P-gp activity is partially
inhibited by M-DOX, and PEG-PE molecules may

have an influence on P-gp function. Previous studies
have demonstrated that pluronics block copolymers
molecules rapidly adhere to and incorporate into the
cell membranes. This alters the structure of the lipid
bilayers accompanied by significant decreases in P-gp
ATPase activity.30,31
Our study showed that the depletion of cholesterol
greatly increased intracellular M-DOX internalization (data not shown). It is known that cholesterol

Figure 7. Effect of blank PEG-PE micelles on the expression of mRNA and protein of MDR-1
gene. (a) Reverse-transcription polymerase chain reaction used to detect mRNA level of MDR1 gene and (b) western blot used to detect protein level of P-gp in MCF-7/ADR cells after
48 h treatment with 6.8 or 34 :M PEG-PE micelles. (c) P-gp expression was quantified by
flow cytometry. Cells were exposed to 6.8 or 34 :M of PEG-PE micelle for 48 h. Cell surface
was staining by FITC-conjugated anti-P-gp antibody. Data represent mean ± SD (n = 3) for
individual experiments. Columns, mean; Bars, SD. Values significantly different from control
cells were marked (∗∗ P < 0.01).
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Figure 8. Effect of combining MDR-1 siRNA with M-DOX on cytotoxicity of DOX. (a) Reversetranscription PCR-detected MDR-1 gene expression after transfection of MDR-1 siRNA in MCF7/ADR cells. Cells were transfected with 100 nM MDR-1 siRNA for 48 h, NC siRNA used as a
negative control. (b and c) Flow cytometry analysis of P-gp expression after transfection of MDR1 siRNA in MCF-7/ADR cells by surface staining of FITC-conjugated anti-P-gp antibody. Cells
were transfected with 100 nM MDR-1 siRNA for 72 h (dashed line), untreated cells (bold line)
and unlabeled cells (real line) were used as controls. (d) Flow cytometry analysis of intracellular
DOX fluorescence after transfection of MDR-1 siRNA or treatment with 10 :M verapamil in
MCF-7/ADR cells. Data represent mean ± SD (n = 3) for individual experiments. Columns,
mean; Bars, SD. Values significantly different from F-DOX-treated cells were marked (∗∗ P <
0.01). (e) Cytotoxicity of M-DOX combined with 100 nM MDR-1 siRNA for 72 h, untreated
cells were used as a control. Data represent mean ± SD (n = 3) for individual experiments.
Combination enhances M-DOX cytotoxicity compared with M-DOX alone (∗∗ P < 0.01).

depletion removed P-gp from the raft membranes
and reduced P-gp function in L-MDR1 cells, resulting
in intracellular substrate accumulation.31 Therefore,
this may shed a light on the mechanism of M-DOX
internalization.
On the basis of these finding as described above,
we propose a hypothesis that PEG-PE block polymers may directly reduce the P-gp activity and enhance drug accumulation as well as cytotoxocity by
extending cellular drug retention. To address this hypothesis, P-gp function and intracellular ATP concentrations were detected. We found PEG-PE had
an inhibitory effect on P-gp function, which was
through decreasing the level of mRNA and protein
but not depleting intracellular ATP. This is different from pluronic block copolymers and lipid-based
nanoparticles,21 which inhibit P-gp function by deDOI 10.1002/jps

pleting ATP or by inhibiting P-gp and depleting ATP.
Fluorescent-labeled PEG-PE translocated into the
mitochondria and Golgi after 12 h incubation (data
not shown). PEG-PE may regulate P-gp expression
through apoptosis-related pathways such as NF-6B
pathway.
To further increase the antitumor efficacy, a combination study of P-gp-silencing siRNA and M-DOX was
conducted; synergic administration of both agents
showed superior inhibiting effect in resistant breast
cancer cells. This two-step strategy integrated the advantages of siRNA technology and nano-sized drug
delivery system to achieve a superior in vitro antitumor effect. Although in vivo study will involve more
complex administration strategy, the combination of
gene regulation and chemotherapy demonstrates a
promising direction for future cancer therapy.32 For
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instance, a more advanced drug delivery system consisting both siRNA and M-DOX can be developed to
achieve a sequent release of both agents within the
same cell, and thus maximize the antitumor effect.

CONCLUSIONS
In brief, polymeric micelles consisting of PEG-PE and
DOX were developed to treat resistant breast cancer cells. The main reason accounting for this enhanced retention is believed to be the efficient uptake of M-DOX by inhibiting P-gp mRNA and protein
expression. Moreover, a combinative administration
of silencing siRNA and M-DOX was proved to be a
successful strategy in inhibiting the growth of MDR
breast cancer cells.
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