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Abstract In this study, the eVect of MDR-1 gene silencing,
using small interfering RNA (siRNA), and paclitaxel (PTX)
co-therapy in overcoming tumor multidrug resistance was
examined. Poly(ethylene oxide)-modiWed poly(beta-amino
ester) (PEO-PbAE) and PEO-modiWed poly(epsilon-capro-
lactone) (PEO-PCL) nanoparticles were formulated to
eYciently encapsulate MDR-1 silencing siRNA and PTX,
respectively. Upon administration in multidrug resistant
SKOV3TR human ovarian adenocarcinoma cells, siRNA-
mediated MDR-1 gene silencing was evident at 100 nM
dose. Combination of MDR-1 gene silencing and nanoparti-
cle-mediated delivery signiWcantly inXuenced the cytotoxic
activity of PTX in SKOV3TR cells similar to what was
observed in drug sensitive SKOV3 cells. We speculate that
the enhancement in cytotoxicity was due to an increase in
intracellular drug accumulation upon MDR-1 gene silencing
leading to an apoptotic cell-kill eVect. Taken together, these
preliminary results are highly encouraging for the develop-
ment of combination nano-therapeutic strategies that com-
bine gene silencing and drug delivery to provide more potent
therapeutic eVect, especially in refractory tumors.
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Introduction

Multidrug resistance (MDR) in cancer is deWned as the
ability of cancer cells and tumors to survive in the presence
of structurally and functionally dissimilar cystostatic and
cytotoxic chemotherapeutic drugs [1, 2]. MDR is termed
“intrinsic” when the disease is refractory to the drug from
the outset, or it is “acquired” when the disease becomes
insensitive to the treatment options upon relapse. Acquired
MDR is thought to be the primary reason for the poor
eYcacy of cancer chemotherapy, especially in ovarian and
breast cancers, where up to 50–70% of the patients develop
MDR [3, 4]. Acquired resistance is thought to be caused by:
(1) a lack of suYcient drug concentration, (2) short resi-
dence time of therapeutic agent reaching the tumor mass in
vivo, (3) limited drug diVusion into the interstitial spaces of
the tumor mass, and (4) the phenotypic alterations in the
tumor cells due to various selection pressures.

Cellular mechanisms of drug resistance have been inten-
sively studied and several major classes have been identi-
Wed [5, 6]. First, drug resistance is due to expression of the
MDR-1 gene that results in the presence of membrane-
bound ABC transporter proteins, such as P-glycoprotein (P-
gp) that uses ATP to actively pump cytotoxic drugs out
from the cell. Alternatively, drug resistance can also be due
to reduced inXux of drugs into the cell, and hyperactivation
of the detoxiWcation mechanisms such as cytochrome-P450
metabolism enzymes and glutathione. Cells can also acti-
vate repair mechanisms for drug-induced DNA damage by
expression of DNA repair enzymes, such as topoisome-
rases. Lastly, cellular resistance can also be due to disrup-
tions in the apoptotic signaling pathways that allow the
cells to resist drug-induced programmed cell death [7, 8].

RNA interference (RNAi) has emerged as a powerful
approach to down-regulate gene function in the cells [9, 10].
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The idea of using small interfering RNA (siRNA) for thera-
peutic purposes has been tested in the last few years with
the pioneering work of Elbashir et al. [11, 12]. In cancer
therapy, siRNA has been used to suppress tumor growth by
silencing various oncogenes, such as HER2/neu oncogene
[13], inhibition of growth factors including epidermal
growth factor receptor (EGFR) and vascular endothelial
growth factor (VEGF) production and neo-angiogenesis
[14, 15], as well as down-regulation of P-glycoprotein pro-
duction by silencing MDR-1 gene [16, 17]. The major bar-
rier to therapeutic RNAi is eYcient delivery of siRNA and
other constructs into the cell of interest following systemic
administration [18, 19].

Due to the hyper-permeability of the tumor vasculature
and the lack of lymphatic drainage, blood-borne macromol-
ecules and colloidal particles are preferentially distributed
in the tumor due to the enhanced permeability and retention
(EPR) eVect [20]. Maeda’s group Wrst described the EPR
eVect of tumor vasculature, which has subsequently been
examined and conWrmed by other investigators [21]. Using
long-circulating liposomes, the eVective pore size of cut-oV
of peripheral tumor vasculature was found to be in the
range from 200 to 600 nm in diameter [22].

In previous studies, we have shown that poly(ethylene
oxide)-modiWed poly(epsilon-caprolactone) (PEO-PCL)
nanoparticles can be used for encapsulation and delivery of
hydrophobic agents including tamoxifen, paclitaxel (PTX),
and C6-ceramide [23–27]. PEO-PCL nanoparticle formula-
tions, made by blending PCL with Pluronic® F-108, an
ABA triblock copolymer of PEO/poly(propylene oxide)
(PPO)/PEO, remain stable in vivo, and retain the PEO
chains on the surface to increase the circulating half-life
and plasma residence time of PTX from a fraction of an
hour to 25.3 and 24.0 h, respectively, alongside a nearly 8-
fold decrease in total body clearance of the drug [26]. The
concentration of PTX inside the tumor mass of mice-bear-
ing human ovarian carcinoma (SKOV3) xenografts, when
administered in PEO-PCL nanoparticles, was 8.7-fold
higher 5 h post-intravenous administration as compared to
mice treated with PTX in aqueous solution [26].

On the other hand, for encapsulating polyanions, such as
siRNA, cationic biodegradable polymers oVer the advan-
tage of complexation into small nanoparticulates, along
with the pH-responsive release characteristics speciWcally
within the acidic environment (pH »6.5) of the endosome
upon cellular internalization. A large library (>5,000) of
poly(beta-amino ester)s (PbAE) has been synthesized by
parallel synthesis of primary and secondary amines with
diol diacrylates [28, 29]. Using a speciWc PbAE that dis-
solves at pH 6.5 or below, we have previously developed
PEO-modiWed PbAE nanoparticles to deliver PTX as a
novel stimuli-responsive drug delivery system to an in vivo
human ovarian cancer model. The results showed that these

particles released their drug load not only in a pH-speciWc
manner upon internalization into the tumor cells, but that
the resultant therapeutic eYcacy increased at least 2-fold
over that of non pH-responsive PEO-PCL nanoparticles
[30-32].

In this study, we have Pluronic F108®, having 56 resi-
dues of propylene oxide and 122 residues of ethylene oxide
for surface modiWcation of PbAE and PCL nanoparticles.
By blending PbAE and PCL with Pluronic® F108 copoly-
mer in the right proportion, the hydrophilic PEO chains are
extended to the particle surface and remain in the mobile
state in aqueous media to provide stability to the particle
suspension by the steric repulsion mechanism [20, 26, 30].
Additionally, when either PEO-PbAE or PEO-PCL nano-
particles were administered intravenously to tumor-bearing
mice, in previous studies, we have observed long-circulation
times (typical systemic half-life of >24 h) and preferential
tumor accumulation by the EPR eVect [26, 31]. Once accu-
mulated within the tumor interstitium by exploiting vascular
abnormalities, the PEO-PbAE and PEO-PCL nanocarriers
would increase the drug concentration inside the tumor cells
as a result of non-speciWc endocytosis, followed by either
pH-responsive triggered release (for PbAE) or sustained
release (for PCL) of the encapsulated payload. PbAE also
oVers additional beneWt of stabilizing negatively-charged
nucleic acids, such as siRNA, upon cellular internalization.
We have fabricated PEO-PbAE nanoparticles for encapsula-
tion and delivery of MDR-1 silencing siRNA and PEO-PCL
nanoparticles for administration of PTX in wild-type (sensi-
tive) and multi-drug resistant SKOV3 human ovarian ade-
nocarcinoma cells. MDR-1 gene silencing and enhancement
of PTX therapeutic eVect with this combination therapeutic
strategy was examined in vitro.

Materials and methods

Preparation and characterization of PEO-PbAE 
and PEO-PCL nanoparticles

A hydrophobic representative PbAE (MW » 10,000 Da)
was synthesized by the addition reaction of 4,4�-trimethyl-
dipiperidine with 1,4-butanediol diacrylate in dimethyl-
formamide for 48 h at 50 C and puriWed according to the
synthesis scheme described earlier. PCL with an average
molecular weight of 14,800 Da, as veriWed by gel perme-
ation chromatography, was purchased from Polysciences,
Inc. (Warrington, PA). PEO-PbAE and PEO-PCL, and
nanoparticles were prepared according to the method of
Shenoy and Amiji [26, 32] using the solvent displacement
under controlled temperature and stirring conditions.

The synthetic siRNA sequence targeting human MDR-1
gene, based on the studies by Wu et al. [33], was custom
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synthesized and purchased from Dharmacon (Boulder,
CO). The MDR-1 siRNA duplex with 5�-GGAAAAGA
AACCAACUGUCUU-3� (sense sequence) and 5�-GACA
GUUGGUUUCUUUUCCUU-3� (antisense sequence) was
used in this study. MDR-1 gene silencing siRNA was added
to the PbAE and Pluronic® F-108 solution in ethanol. The
siRNA-encapsulated PEO-PbAE nanoparticles were pre-
pared as described above and the Wnal concentration of
siRNA used for gene silencing was maintained at 100 nM
concentration delivered in 2.0 mg of PEO-PbAE nanoparti-
cles. PTX at 10% (w/w) loading was added to the acetone
solution of PCL and Pluronic® F-108 and prepared simi-
larly to the blank nanoparticles described above.

Blank PEO-PbAE, siRNA-loaded PEO-PbAE, blank
PEO-PCL, and PTX-loaded PEO-PCL nanoparticle sam-
ples, dispersed in aqueous medium, were used for determi-
nation of mean particle size and size distribution. The
samples were analyzed with a Brookhaven Instrument’s
(Holtsville, NY) ZetaPALS light scattering instrument at
90o scattering angle and 25°C temperature. Surface charge
(i.e., zeta potential) values were measured in aqueous
suspension using the ZetaPALS instrument as well. Lastly,
the shape and surface morphology of freeze-dried PEO-
PbAE and PEO-PCL nanoparticle samples were observed
with scanning electron microscopy (SEM) as previously
described [31].

The loading capacity and eYciency of MDR-1 gene
silencing siRNA in PEO-PbAE nanoparticles was mea-
sured indirectly from the amount of siRNA present in the
supernatant after the nanoparticle washing with RNAse free
deionized distilled water adjusted to pH 8.0 using Pico-
Green® (Invitrogen, Carlsbad, CA) Xuorescence assay. For
the determination of PTX incorporation in PEO-PCL nano-
particles, a known quantity of the nanoparticles were dis-
solved in acetonitrile and the incorporated drug was
assayed by ultraviolet (UV) spectroscopy at 228 nm using a
Shimadzu (Columbia, MD) UV/VIS spectrophotometer.

In vitro siRNA and PTX release studies

Fluorescently-labeled siRNA (siGLO® siRNA), purchased
from Dharmacon (Boulder, CO), was used for these studies.
Fluorescently-labeled siRNA was encapsulated in PEO-
PbAE nanoparticles as previously described. A sample of
10 mg of freeze-dried siRNA-containing PEO-PbAE nano-
particles was incubated with 5.0 mL of phosphate-buVered
saline (PBS, pH 7.4) and kept at 37°C in a rotating plat-
form. Periodically for the Wrst 45 min, the tubes were cen-
trifuged and 3.0 mL of the release medium was removed
and replaced with fresh PBS. After 45 min of release at pH
7.4, the medium was switched to pH 6.5 phosphate buVer to
simulate the tumor microenvironment and the release stud-
ies were continued for another 60 min. The concentration

of siRNA in the release medium was determined from mea-
surement of Xuorescence intensity. The intensity was con-
verted to siRNA concentration using a standard curve and
the cumulative percent of encapsulated siRNA released at
diVerent time points and at diVerent pH values was plotted.

For PTX release from PEO-PCL nanoparticles, 10 mg of
freeze-dried drug-loaded nanoparticles was suspended in 5
mL of PBS with 1% (w/v) Tween®-80 at 37°C for the Wrst 6
h of release. Tween®-80, a non-ionic surfactant, was added
in the release media to increase the solubility of drug and
provide sink-type conditions and to prevent the drug bind-
ing to the container surface. At regular time intervals, 3 mL
of the release media was removed and replaced with fresh
release media. After 6 h of release, the pH of release media
was decreased from 7.4 to 6.5 using phosphate buVer with
1% (w/v) Tween®-80 and the release studies continued for
another 6 h. PTX released from the PEO-PCL nanoparticles
was analyzed by a high performance liquid chromatogra-
phy (HPLC) assay method, as described by Dordunoo et al.
[34], using C18 reverse phase column (Zobrax®) as a sta-
tionary phase, water and acetonitrile (60:40 volume ratio)
as the mobile phase, and PTX was detected at 227 nm using
a UV detector.

MDR-1 gene silencing studies by RT-PCR

Wild-type and multidrug resistant cells in culture

Wild-type (sensitive) and MDR-1 positive SKOV3 ovarian
adenocarcinoma cells were kindly provided by Dr. Michael
Seiden’s group from the Department of Hematology/
Oncology at the Massachusetts General Hospital (Boston,
MA). The multidrug resistant SKOV3 phenotype cells
(SKOV3TR) have been previously characterized to over-
express MDR-1 gene and P-glycoprotein [35, 36]. Both cell
lines were maintained in supplemented RPMI-1640, which
consists of RPMI®-1640, 10% heat-activated fetal bovine
serum, 10 mM HEPES buVer, 1% penicillin–streptomycin,
1 mM sodium pyruvate, and 2-mercaptoethanol. Cell cul-
turing was carried out at 37°C in 5% CO2 until the cells
were at least 70% conXuent.

RT-PCR analysis of MDR-1 silencing

Reverse transcription-polymerase chain reaction (RT-PCR)
method was used to evaluate the qualitative silencing
eYcacy of MDR-1 with siRNA at the transcription level.
SKOV3 and SKOV3TR cells were treated with diVerent
concentrations of MDR-1 siRNA (0–100 nM), either in
aqueous solution or in PEO-PbAE nanoparticles. After
incubation for 24 h, the cells were lysed and whole-cell
RNA was collected and quantitated using a UV spectropho-
tometer. Following reverse transcriptase treatment to obtain
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cDNA, the RT-PCR was carried out in one-step method
using Superscript® One-Step RT-PCR with Platinum Taq
kit (Invitrogen, Carlsbad, CA). A 25 �L of MDR-1 cDNA
was added to a buVer containing 0.2 mM of deoxynucleo-
tide triphosphate, 1.2 mmol/L MgSO4, 1.0 �L Taq DNA
polymerase, 0.2 �g of MDR-1 upstream primer 5�-CC
ATCATTGCAATAGCAGG-3� and 0.2 �g of MDR-1
downstream primer 5�-GAGCATACATATGTTCAAA
CTTC-3�. Polymerase chain reaction, in a total volume of
50 �L, was carried out for 30 cycles in a thermocycler; each
cycle comprises of denaturation at 94°C for 30 s, annealing
at 55 C for 30 s, and elongation at 72°C for 1 min. RT-PCR
products were analyzed by agarose gel electrophoresis with
ethidium bromide-stained gels.

Intracellular PTX concentrations measurement

Upon silencing of MDR-1, it is expected that the P-gp
eZux of PTX will be aVected, thereby increasing intracel-
lular concentrations of the drug. Additional, nanoparticle-
based endocytotic delivery mechanism appears to bypass
P-gp eZux [27]. Intracellular PTX concentrations were
measured using the tritiated [3H]-PTX administered either
in aqueous solution or in PEO-PCL nanoparticles. Both
the sensitive cells (SKOV3) and resistant (SKOV3TR)
cells were seeded in six-well plates at a density of 100,000
cells per well. After reaching conXuency, the cells were
dosed with MDR-1 silencing siRNA encapsulated in PEO-
PbAE nanoparticles at a dose of 100 nM. Following addi-
tion of siRNA, [3H]-PTX was administered at a 100 nM
and 1.0 �M dose in solution or in PEO-PCL nanoparticles.
After 6 h of incubation at 37 C, the cells were harvested
with Trypsin-EDTA, washed with sterile PBS to ensure
removal of adsorbed drug or nanoparticles, and lysed with
Triton®-X100. To each 1.0 mL of the cell lysate, 10 mL of
the ScintiSafe Econo® scintillation cocktail was added
and the samples were allowed to quench for 2 h in the
dark before measurement of radioactivity with a liquid
scintillation analyzer (TriCarb 1600TR, Packard Instru-
ments, Inc., Meriden, CT). The counts-per-minute of
radioactivity were converted into nanomolar PTX concen-
trations using a standard and normalized with respect to
the total protein content in the cell lysate. The total protein
content in the lysed cells was determined using the Nano-
Orange® protein quantitation kit obtained from Invitrogen
(Carlsbad, CA).

Cell viability studies

PTX dose–response studies

The wild-type SKOV3 and MDR-1 positive SKOV3TR cells
were seeded in a 96-well microplate at a seeding density of

5,000 cells per well in 200 �L medium and allowed to
adhere overnight. In order to examine the critical dose of
PTX necessary for cytotoxic eVect in wild-type and MDR-1
positive cells, they were incubated with drug concentrations
ranging from 10 nM to 10 �M either in aqueous solution or
in PEO-PCL nanoparticles. After 5 days of incubation, the
medium was replaced with the mixture of MTS reagent
from Promega (Madison, WI) and incubated for an addi-
tional 4 h. We have utilized the 5-day incubation period
based on the fact that PTX is a cell cycle speciWc drug. The
absorbance at 490 nm, indicating formation of formazan
dye in viable cells, of the control and treated samples was
read using a Synergy® HT microplate reader (Bio-Tek
Instruments, Winooski, VT). Percent cell viability was cal-
culated from the absorbance of the treated cells relative to
untreated cells grown in media alone.

EVect of time lag between siRNA and PTX administration 
on cell viability

In order to examine the time diVerence between siRNA
and PTX administration for maximum cytotoxicity,
wild-type SKOV3 and MDR-1 positive SKOVTR cells
were Wrst treated with siRNA in PEO-PbAE nanoparti-
cles and then with PTX after 0, 2, 4, 6, 8, 12, 24, and 48
h post-siRNA administration. In each case, 1.0 �M Wnal
concentration of PTX in aqueous solution or in
PEO-PCL nanoparticles was added to each of the wells
in a 96-well microplate with 5,000 conXuent cells. After
5 days of incubation, the cell culture medium was
replaced with the mixture of MTS reagent and the
absorbance at 490 nm was measured as described above.
Poly(ethyleneimine) (MW 10,000 Da), a cationic cytotoxic
linear polymer at 250 �g/mL, was used as a positive
control.

siRNA and PTX combination therapy

Finally, to evaluate the eVect of MDR-1 silencing siRNA
and PTX administration on the viability of wild-type
SKOV3 and MDR-1 positive SKOV3TR cells, siRNA
encapsulated in PEO-PbAE nanoparticles was administered
at 100 nM dose. After 24 h, PTX in PEO-PCL nanoparticle
was administered and the eVect of MDR-1 silencing was
evaluated using MTS assay.

Cellular apoptosis studies

Quantitative apoptosis studies

The Vybrant® apoptosis assay kit #4, containing YO-
PRO®-1 and propidium iodide, was used to analyze the
apoptotic activity by Xow cytometry. The wild-type
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SKOV3 and MDR-1 positive SKOV3TR cells were plated
in six well plates at a cell density of 10 £ 106 cells per
well. The cells were treated with siRNA in PEO-PbAE
nanoparticles at a dose of 100 nM and PTX either in
aqueous solution or in PEO-PCL nanoparticles at a dose
of 1.0 �M. After 12 h of incubation, the cells were
harvested with Trypsin-EDTA treatment and washed
with sterile PBS. The harvested cells were then
suspended in 1.0 mL of PBS adjusting the cell density to
1 £ 106 cells/mL. To 1.0 mL of the assay volume, 1.0 �L
of the YO-PRO®-1 and 1.0 �L of the propidium iodide
solution were added for staining the cells. The cells were
then incubated over ice for 30 min. After the incubation,
the cells were analyzed over the Xow cytometer at
an excitation of wavelength of 488 nm and two
emission wavelengths; 530 nm for green Xuorescence
(YO-PRO®-1) and 610 nm for red Xuorescence (propi-
dium iodide).

Qualitative evaluation of apoptosis

The DeadEnd® colorimetric apoptosis detection system,
purchased from Promega (Madison, WI), which labels
fragmented DNA in situ, based on the TUNEL method,
was used for qualitative analysis of apoptotic activity in
SKOV3 and SKOV3TR cells following treatment with
MDR-1 silencing siRNA and PTX. Cells were plated in
six well plates on a sterilized coverslips at the density of
300,000 per well. The cells in each well were dosed with
siRNA (100 nM) in PEO-PbAE nanoparticles and after
24 h of silencing period, the cells were treated with PTX
(1.0 �M) either in solution or in PEO-PCL nanoparticles
for 4 h at 37 C. The coverslips were then washed twice
with sterile PBS and were then transferred on to clean
glass slides. Cells were Wxed by immersing slides in
10% buVered formalin and 4% formaldehyde solution
for 25 min at room temperature. The Wxed cells were
washed with PBS for 5 min and then permeabilized with
0.2% Triton® X100 for 5 min. The reagent from
DeadEnd® colorimetric apoptosis detection system was
added to the slides according to the manufacturer’s
instructions and they were mounted in the presence
100% glycerol and imaged with a bright-Weld
microscope.

Data analysis

All of the results are reported as mean § standard deviation
and the diVerences between the control and test groups
were tested using Student’s t test. Sample size of at least
four (4) was used for the analysis. Results were considered
statistically signiWcant between the control and test treat-
ment at the level of P < 0.05.

Results and discussions

Preparation and characterization of nanoparticle 
formulations

Using an optimized formulation strategy, we were able to
successfully prepare PEO-PbAE and PEO-PCL nanoparti-
cles with encapsulated MDR-1 gene silencing siRNA and
PTX, respectively. PEO-PbAE and PEO-PCL nanoparticles
had approximate hydrodynamic diameters of between 200
and 250 nm. Inclusion of MDR-1 silencing siRNA
increased the average particle size of PEO-PbAE by
approximately 50 nm and the encapsulation of PTX
increased the average particle size of PEO-PCL nanoparti-
cles by approximately 30 nm over the blank nanoparticles.
On the other hand, the surface charge (zeta potential) values
of blank and siRNA-encapsulated nanoparticles was similar
at around positive 9–12 mV, suggesting that the siRNA was
not adsorbed on the nanoparticle surface. The positive sur-
face charge is due to ionization of the tertiary amine groups
of PbAE at the pH of deionized distilled water. If the
siRNA molecules were adsorbed, we would expect the net
charge of the particle to decrease substantially. Similarly,
the surface charge values of blank and PTX-encapsulated
PEO-PCL nanoparticles were also very similar suggesting
that the drug was fully dispersed in the PCL matrix rather
than migrating to the surface of the nanoparticles. SEM
analysis in Fig. 1a shows that the PEO-PbAE nanoparticles
were highly prone to aggregation, especially after freeze-
drying. However, upon addition of these freeze-dried nano-
particles in aqueous medium for administration in cells,
the particles were able to re-disperse well as the average
hydrodynamic diameter was similar to the freshly-prepared
samples. In contrast, the SEM image of PEO-PCL nanopar-
ticles in Fig. 1b shows uniformly spherical particles with
smooth surface morphology.

Both MDR-1 silencing siRNA and PTX were eYciently
loaded in PEO-PbAE and PEO-PCL nanoparticles, respec-
tively. For siRNA, the maximum loading was observed for
51.2 �g per 10 mg of the PEO-PbAE nanoparticles, which
represents 0.77 nM of siRNA. The maximum siRNA load-
ing eYciency, therefore, was found to be 77%. From previ-
ous studies, PEO-PCL nanoparticles are known to
eYciently encapsulate PTX at 10% (w/w) loading. In here,
we observed that the loading capacity was 9.32 mg of PTX
per 10 mg of PEO-PCL nanoparticles and the loading
eYciency was 93.2%.

In vitro release studies were carried out at pH 7.4 to sim-
ulate the systemic circulation and pH 6.5 to simulate the
tumor microenvironment. As shown in Fig. 1c MDR-1
silencing siRNA release, approximately 40% of the encap-
sulated payload was released at pH 7.4, 37°C in the Wrst 45
min. However, when the pH was reduced to 6.5 after
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45 min, all of the remaining siRNA was released rapidly
within the next hour. In contrast, PTX release from PEO-
PCL nanoparticles (Fig. 1d) was signiWcantly slower with
only 10% of the payload released within the Wrst 2 h at pH
7.4, 37°C. Also, after 6 h, when the pH of the released
medium was adjusted to 6.5, a relatively small increase in
the release was observed for PTX from 22% before the
change to about 30% after pH change. These results are
consistent with PEO-PCL makeup, which is not responsive
to pH diVerences. In addition, the slow release of PTX from
PEO-PCL nanoparticles should also provide a more sus-
tained intracellular delivery proWle that could potentially be
very useful in drug resistant cells.

MDR-1 gene silencing studies

In order to determine the optimum dosage of siRNA in
SKOV3TR cells, we have used RT-PCR as a qualitative
assay of MDR-1 gene silencing eYcacy. The siRNA was
administered in aqueous solution or in PEO-PbAE nanopar-
ticles at concentrations ranging from 10 to 100 nM. PCR
analysis, as shown in Fig. 2, conWrm that the wild-type
SKOV3 cells did not express the MDR-1 gene. In
SKOV3TR cells, eYciency silencing of MDR-1 mRNA was
observed at 100 nM siRNA dose when administered in
PEO-PbAE nanoparticles. The same dose of siRNA in

aqueous solution was not eVective. PEO-PbAE nanoparti-
cle-mediated siRNA delivery may allow for greater stabil-
ity and intracellular availability for eYcient silencing
relative to aqueous solution. For subsequent studies, we
have utilized a Wxed 100 nM siRNA dose administered in
PEO-PbAE nanoparticles.

Intracellular PTX concentration measurements

To evaluate the eVect of MDR-1 gene silencing when deliv-
ered intracellularly with PEO-PbAE nanoparticles on PTX
accumulation upon administration in aqueous solution or in
PEO-PCL nanoparticles, radiolabeled [3H]-PTX was used.
The results in Fig. 3, show that although no signiWcant
eVect in the PTX concentrations were observed with wild-
type SKOV3 cells, a signiWcant increase in intracellular
PTX levels following MDR-1 gene silencing in SKOV3TR

cells, especially at lower PTX doses (i.e., 100 nM). A 100
nM Wxed dose of siRNA was administered in PEO-PbAE
nanoparticles. For instance, with PEO-PCL nanoparticles,
the intracellular PTX concentration was 1.65 nM per mg of
cellular protein when administered at 100 nM dose with
siRNA to SKOV3TR cells. At higher PTX doses of 1.0 �M,
there was a signiWcant reduction in intracellular concentra-
tions upon addition of siRNA in wild-type SKOV3 cells
when PTX was administered in aqueous solution. This

Fig. 1 a Scanning electron microscopy (SEM) images of poly(ethyl-
ene oxide)-modiWed poly(beta-amino ester) (PEO-PbAE) and
b poly(ethylene oxide)-modiWed poly(epsilon-caprolactone) (PEO-
PCL) nanoparticles. c In vitro release proWles of Xuorescently-labeled
small interfering RNA (siRNA) from PEO-PbAE nanoparticles and

d paclitaxel from PEO-PCL nanoparticles at 37 C. The initial release
studies for siRNA and paclitaxel was performed with phosphate-bu-
Vered saline (PBS, pH 7.4). The arrows indicate when the release me-
dium was switched from PBS to pH 6.5 phosphate buVer to simulate
the tumor microenvironment. Mean § SD (n = 4)
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eVect was not observed with PTX administration in PEO-
PCL nanoparticles. However, in SKOV3TR cells, MDR-1
gene silencing again led to an increase in intracellular PTX
concentrations with both aqueous solution and PEO-PCL
nanoparticles as compared to the administration in the
absence of silencing. For instance, intracellular PTX con-
centration increased from 8.2 nM per mg of cellular protein
in the absence of siRNA to 11.5 nM/mg of cellular protein
after gene silencing when administered in PEO-PCL nano-
particles.

Administration of MDR-1 gene silencing siRNA with
PEO-PbAE nanoparticles is shown to signiWcantly inXu-
ence PTX accumulation in SKOV3TR cells, especially
when delivered in PEO-PCL nanoparticles. This result is
consistent with prior reports demonstrating P-gp down-reg-
ulation upon silencing and decrease in the drug eZux from
MDR-1 positive cells [33]. However, we have previously
demonstrated that intracellular PTX levels in SKOV3TR

cells are enhanced with PEO-PCL nanoparticles even with-
out MDR-1 gene silencing, especially at higher doses [27].

Fig. 2 Reverse transcriptase polymerase chain reaction (RT-PCR)
transcription analysis of MDR-1 gene expression in SKOV3TR multi-
drug resistant human ovarian adenocarcinoma cells upon treatment
with small interfering RNA either in aqueous solution (S) or in

poly(ethylene oxide)-modiWed poly(beta-amino ester) (PEO-PbAE)
nanoparticles (NP). Beta-actin isolated from SKOV3TR cells served as
a control

Lane 1: SKOV3 (wild-type)
Lane 2: SKOV3TRNo siRNA 
Lane 3: SKOV3TR+ siRNA (S) 10nM
Lane 4: SKOV3TR+ siRNA (S) 50nM
Lane 5: SKOVTR + siRNA (S) 100nM
Lane 6: SKOVTR + siRNA (NP’s) 10nM 
Lane 7: SKOVTR + siRNA (NP’s) 50nM
Lane 8: SKOVTR + siRNA (NP’s) 100nM 

1 2 3 4 5 6 7 8

MDR-1

β-Actin

Fig. 3 Intracellular concentration of paclitaxel administered in aque-
ous solution or in poly(ethylene oxide)-modiWed poly(epsilon-capro-
lactone) (PEO-PCL) nanoparticles to SKOV3 wild-type (top) and
SKOV3TR multidrug resistant (bottom) human ovarian adenocarci-
noma cells. Paclitaxel concentrations were measured at two diVerent

doses (100 nM and 1.0 �M) using radioactive scintillation counting of
the tritium-labeled drug. MDR-1 gene silencing small interfering RNA
was administered in poly(ethylene oxide)-modiWed poly(beta-amino
ester) (PEO-PbAE) nanoparticles. Mean § SD (n = 4)
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This is due to the fact that nanoparticle-mediated delivery
proceeds via endosomal uptake away from the membrane-
bound P-gp eZux transporter molecules.

Cell viability studies

Given that our results indicate that MDR-1 silencing siRNA
does allow for greater accumulation of PTX in SKOV3TR

cells, we decided to examine the eVects of MDR-1 silencing
on the enhancement in cytotoxicity of PTX administered in
aqueous solution or in PEO-PCL to SKOV3TR cells. In all
of these studies, the wild-type (drug sensitive) SKOV3
cells were used as controls. In the Wrst set of experiments,
we wanted to examine the dose–response relationship of
PTX administered in aqueous solution or in PEO-PCL
nanoparticles in SKOV3 and SKOV3TR cells. As shown in
Fig. 4, nanoparticle-mediated delivery signiWcantly inXu-
ences cytotoxicity in drug-sensitive SKOV3 cells, espe-
cially at lower doses (<1.0 �M). In SKOV3TR cells, on the
other hand, there was signiWcant reduction in the cytotoxic-
ity of PTX when administered in both aqueous solution or
in PEO-PCL nanoparticles. Also, the eVect of PEO-PCL
nanoparticle administration was not as profound in the
SKOV3TR cells. It is reasonable to conclude that this
decreased eVect may be due to rapid P-gp-mediated eZux
of the released drug from the cells.

In a separate study, the eVect of lag-time between MDR-1
gene silencing with siRNA and PTX administration on the
cytotoxicity of wild-type SKOV3 and resistant SKOV3TR

cells was examined. A Wxed 100 nM siRNA dose was
administered in PEO-PbAE nanoparticles, while PTX was
administered in PEO-PCL nanoparticles. Using 1.0 �M
PTX dose, the eVect of separation duration between siRNA
and PTX varied from 1 to 48 h. The results, as shown in
Fig. 5a, clearly show that there was no signiWcant eVect of
siRNA administration in wild-type SKOV3 cells. However,
a signiWcant enhancement in cytotoxicity was observed in
MDR-1 positive SKOV3TR cells when PTX was adminis-
tered after 24 h of MDR-1 gene silencing (Fig. 5b). At 48 h,
the eVect seemed to reverse as greater percentage of the
SKOV3TR cells survived. In all the studies that follow, we

Fig. 4 Evaluation of paclitaxel cytotoxicity when administered either
in aqueous solution or in poly(ethylene oxide)-modiWed poly(epsilon-
caprolactone) (PEO-PCL) nanoparticles to (a) SKOV3 wild-type and
(b) SKOV3TR multidrug resistant human ovarian adenocarcinoma
cells. Mean § SD (n = 4)
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Fig. 5 The eVect of time lag between administration of MDR-1 gene
silencing small interfering RNA (siRNA) and administration of paclit-
axel on the cytotoxicity in (a) SKOV3 wild-type and (b) SKOV3TR
multidrug resistant human ovarian adenocarcinoma cells. Paclitaxel
was administered at 1.0 �M dose in poly(ethylene oxide)-modiWed
poly(epsilon-caprolactone) (PEO-PCL) nanoparticles either simulta-
neously with MDR-1 silencing (siRNA + PTX) or after a time lag of 1
h up to 48 h. MDR-1 gene silencing siRNA was administered in
poly(ethylene oxide)-modiWed poly(beta-amino ester) (PEO-PbAE)
nanoparticles. NEG and POS represents negative (i.e. media alone) and
positive (i.e. poly(ethyleneimine), a cytotoxic cationic polymer, at 250
�g/ml concentration) controls. Mean § SD (n = 4)
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have utilized a time lag of 24 h between siRNA treatment
and PTX administration based on these observations.

Lastly, we have examined the cytotoxic eVects of PTX
administration in PEO-PCL nanoparticles with and without
siRNA-mediated MDR-1 gene silencing. The results in
Fig. 6 show that there was no signiWcant eVect of MDR-1
silencing in wild-type SKOV3 cells. However, in
SKOV3TR cells, there was signiWcant enhancement in cyto-
toxicity of PTX when the cells were pre-treated with 100
nM Wxed dose of MDR-1 silencing siRNA in PEO-PbAE
nanoparticles and PTX was administered 24 hours later
either in aqueous solution or in PEO-PCL nanoparticles.
The positive cell-kill eVects of gene silencing and PTX
administration in SKOV3TR cells were observed for all of
the PTX doses tested ranging from 10 nM to 10 �M. In
addition, at 10 and 100 nM PTX doses, co-administration
of MDR-1 silencing siRNA and PTX in SKOV3TR cells
results in cell viability similar to what was observed in the
wild-type SKOV3 cells at the same doses. These results
clearly show that MDR-1 gene silencing with siRNA can
have a signiWcant inXuence on enhancing the chemothera-
peutic eVects in drug resistant tumor cells.

Quantitative and qualitative cellular apoptosis

After microtubule stabilization, PTX is known to exert
cytotoxicity by activating the programmed cell death
(apoptotic) pathway mechanism and, as such, we have eval-
uated the enhancement in cellular apoptosis upon co-
administration of MDR-1 silencing siRNA and PTX in both
wild-type SKOV3 and resistant SKOV3TR cells. A 100 nM
Wxed MDR-1 silencing siRNA dose was administered in
PEO-PbAE nanoparticles and PTX was administered either
in solution or in PEO-PCL nanoparticles at doses of 100
nM or 1.0 �M.

Quantitative analysis of apoptotic activity in control and
treated SKOV3 and SKOV3TR cells was carried out using
the Vybrant® apoptosis kit for Xuorescence analysis using
Xow cytometry. In this assay, the YO-PRO dye (green,
apoptotic cell permeant) and propidium iodide (red, apopto-
tic cell impermeant) are used to label and diVerentiate
between the live cells, those undergoing apoptosis, and
those that are dead. The Xow cytometry scatter plots, shown
in Fig. 7, clearly diVerentiate the apoptotic activities in
wild-type SKOV3 cells from the drug resistant SKOV3TR

cells. In the case of 1.0 �M PTX dose administered either in
aqueous solution or in PEO-PCL nanoparticles, there was
no signiWcant diVerence in the apoptotic activities of the
wild-type SKOV3 cells regardless of the absence or pres-
ence of pre-treatment with 100 nM MDR-1 administered in
PEO-PbAE nanoparticles. Uniformly, we observed that
approximately 77–83% of all wild-type SKOV3 cells were
positive for apoptosis. On the other hand, the SKOV3TR

cells behaved very diVerently and there was a marked eVect
of siRNA pre-treatment on the apoptotic activity in these
cells. In the absence of siRNA pre-treatment, only 53 and
47% of the cells underwent apoptotic cell death upon addi-
tion of PTX at 1.0 �M dose in aqueous solution and PEO-
PCL nanoparticles, respectively. However, upon treatment
with MDR-1 silencing siRNA, the percent apoptotic
SKOV3TR cells increased to 60% when PTX was adminis-
tered in aqueous solution and 77% when PTX was adminis-
tered in PEO-PCL nanoparticle at 1.0 �M dose.

Additional evidence of enhanced apoptotic activity of
combination siRNA-mediated MDR-1 gene silencing and
PTX administration was obtained qualitatively by observ-
ing DNA fragmentation in cells after TUNEL staining
assay. Figure 8 shows TUNEL-stained bright-Weld micros-
copy images of wild-type SKOV3 and drug-resistant
SKOV3TR cells upon treatment with 100 nM dose of
siRNA in PEO-PbAE nanoparticles and PTX at 1.0 �M
dose either in aqueous solution or in PEO-PCL nanoparticle.
As anticipated, there was markedly little or no eVect of siRNA
administration in wild-type SKOV3 cells. However, it is
clearly evident from these results that MDR-1 gene silencing
with siRNA administered in PEO-PbAE nanoparticles

Fig. 6 Evaluation of cytotoxicity of paclitaxel administered with and
without MDR-1 gene silencing small interfering RNA (siRNA) to
(a) SKOV3 wild-type and (b) SKOV3TR multidrug resistant human
ovarian adenocarcinoma cells. Paclitaxel was administered in
poly(ethylene oxide)-modiWed poly(epsilon-caprolactone) (PEO-PCL)
nanoparticles, while siRNA was administered in poly(ethylene oxide)-
modiWed poly(beta-amino ester) (PEO-PbAE) nanoparticles. Paclit-
axel in PEO-PCL nanoparticles was administered 24 h after MDR-1
gene silencing with siRNA administered in PEO-PbAE nanoparticles.
Mean § SD (n = 4)

0

20

40

60

80

100

10                     100                  1000                 10000

Paclitaxel Concentration (nM) 

Paclitaxel Concentration (nM) 

P
er

ce
n

t 
C

el
l V

ia
b

ili
ty

0

20

40

60

80

100

10                    100                  1000                10000

PTX NP 

siRNA +PTX NP

P
er

ce
n

t 
C

el
l V

ia
b

ili
ty

* p<0.05

a

b

PTX NP

siRNA+PTX NP
123



720 Cancer Chemother Pharmacol (2009) 63:711–722
signiWcantly enhances the apoptotic activity of PTX when
administered in PEO-PCL nanoparticles in drug-resistant
SKOV3TR cells.

Conclusions

In this study, we have examined combination of MDR-1
gene silencing and PTX administration to overcome MDR

in ovarian adenocarcinoma (SKOV3) cells. Using PEO-
modiWed PbAE for siRNA encapsulation and PEO-modi-
Wed PCL nanoparticles for PTX encapsulation, we have
found that combination MDR-1 silencing enhances PTX
accumulation in the resistant cells. Additionally, the
enhanced drug accumulation following MDR-1 silencing
was eVective in improving the cytotoxic chemotherapeutic
eVect through induction of cellular apoptosis. Collectively,
combination of MDR-1 gene silencing and cytotoxic drug

Fig. 7 Flow cytometric analysis for quantitative apoptotic activity in
SKOV3 wild-type (top) and SKOV3TR multidrug resistant (bottom)
human ovarian adenocarcinoma cells upon treatment with paclitaxel in
solution, paclitaxel in poly(ethylene oxide)-modiWed poly(epsilon-
caprolactone) (PEO-PCL) nanoparticles, combination of MDR-1 gene
silencing small interfering RNA (siRNA) encapsulated in poly(ethyl-
ene oxide)-modiWed poly(beta-amino ester) (PEO-PbAE) nanoparti-

cles and paclitaxel in solution, and combination of MDR-1 silencing
siRNA encapsulated in PEO-PbAE nanoparticles and paclitaxel in
PEO-PCL nanoparticles. MDR-1 silencing siRNA and paclitaxel doses
were maintained constant at 100 nM and 1.0 �M, respectively. Addi-
tionally, paclitaxel was administered 24 hours after MDR-1 gene
silencing
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delivery using biodegradable and biocompatible polymeric
nanoparticles that enhance intracellular availability may be
a promising clinical strategy to overcome MDR in solid
tumors.
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