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Non-viral gene-delivery platforms have been developed to co-deliver chemotherapeutics and siRNAs.
The synergistic effects between shRNAs against survivin and Paclitaxel (PTX) using supramolecular
micelles self-assembled from the host PEI-CyD (PC) composed of B-cyclodextrin (f-CyD) and poly-
ethylenimine (PEI, Mw 600) and guest adamantine conjugated PTX (Ada-PTX) in combination cancer
therapy are investigated. The Ada-PTX is encapsulated inside the core and shRNA sticks to the shell
surface. The physicochemical properties of these supramolecular nanoparticles are favorable to cell
uptake and intracellular trafficking. Moreover, PTX and shRNA simultaneously delivered to SKOV-3 cells
lead to efficient reduction in the survivin and Bcl-2 expression as well as synergistic cell apoptotic
induction in the in vitro study. In particular, co-delivery of survivin shRNA and PTX suppresses cancer

growth more effectively than delivery of either paclitaxel or shRNA in ovarian cancer therapy.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Chemotherapy is the treatment of choice for many types of
cancers, but its success is often hampered by development of drug
resistance after repeated administration. RNA interference (RNAi),
a promising approach in cancer therapy, can selectively down-
regulate target gene expression, overcome the multi-drug resis-
tance, and improve the sensitivity of chemotherapeutic drugs
[1-3]. RNAI is often mediated by short hairpin RNAs (shRNA) or
small interfering RNAs (siRNA). ShRNA is a sequence of RNA which
makes a tight hairpin turn and cloned into expression vectors to
ensure that the shRNA is always expressed. Moreover, by including
inducible elements in the promoter, the expression of shRNA is
inducible. Survivin, the inhibitor of the apoptosis protein family as
a new target in anti-cancer therapy, is involved in cancer progres-
sion and treatment of resistance [4,5]. RNAi targeted survivin has
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been reported to increase the human tumor sensitization to
chemical and physical agents [6,7].

PTX derived from the bark of the pacific yew tree has the unique
ability of promoting the microtubular assembly and stability,
thereby inhibiting mitotic progression and inducing cellular
apoptosis [8,9]. PTX provides treatment benefits for broad range of
solid tumors, especially in breast and ovarian cancer, but the
therapeutic effectiveness is heretofore limited due to the poor
aqueous solubility of the drug, acquired chemo-resistance of cells,
and side effects [10]. Hence, formulation of PTX based on nano-
technology, including polymeric micelles, nanoparticles, and lipo-
somes, can increase the paclitaxel solubility [11—13] and address
drug resistance [14,15]. In this respect, a nanocarrier-based delivery
system offers a platform for the co-delivery of siRNA and anti-
cancer chemotherapeutics. For example, multifunctional lipo-
somes can co-deliver siRNA and doxorubicin to overcome the drug
resistance [16] and mesoporous silica nanoparticles have been
reported to co-encapsulate siRNA targeted Bcl-2 with doxorubicin
to enhance the efficiency of chemotherapy in multi-drug cancer
cells [17]. Moreover, polymeric micelles have been adopted as
carriers in the simultaneous delivery of siRNA and anti-cancer
drugs [14,18—20].

We have recently reported the use of supramolecular nano-
particles and subsequent host-guest interactions to achieve
simultaneous delivery of doxorubicin and therapeutic gene TRAIL
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Scheme 1. Schematic illustration of co-delivery of shRNA and PTX using supramolecular nanoparticles.

in cancer treatment [21,22]. In the work described in this paper, we
fabricated cationic micelles self-assembled from supramolecular
nanoparticles  (SNPs) produced by f-cyclodextrin-poly-
ethylenimine (PEI-CyD) and 2-amineadamantane-conjugated
paclitaxel (Ada-PTX) to deliver PTX and survivin shRNA-encoding
plamids to SKOV-3 cells simultaneously. Ada-PTX as a core was
physically encapsulated into the micelles and survivin shRNA
absorbed on the shell of the cationic micelles. The physicochemical
properties such as morphology, size, and zeta potential as well as
release properties were determined and the ability and synergistic
therapeutic effects of co-delivering PTX and shRNA to tumor cells
were demonstrated in vitro and in vivo.

2. Materials and methods
2.1. Materials

Polyethyleneimine (branched PEI, MW 600 Da and 25 KD), B-cyclodextrin (-
CyD, MW 1135), 1,1’-carbonyldiimidazole (CDI, MW 162.15), 4-dimethylamino-
pyridine (MW 122.17), succinic anhydride (MW 100.07), adamantylamine (MW
151.25), [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT, MW
218.1), and triethylamine (Et3N, >99%) were obtained from Sigma (St. Louis, MO,
USA). Paclitaxel (PTX, MW 853.91, 99.5%) and rhodamine labeled paclitaxel were

purchased from Hao-Xuan Biotechnology Co., Ltd. (Xi'an, China). Fluorescein-tagged
siRNA (FAM-siRNA), survivin shRNA-encoded plasmid (sequence: ACCGCATCTCTA-
CATTCAAGA) and scramble shRNA-encoding plamid (SR) were obtained from Gen-
echem Co., Ltd. (Shanghai, China).

The human ovarian cancer cell line SKOV3 was purchased from American Type
Culture Collection (Rockville, MD) and cultured in RPMI 1640 culture medium
supplemented with 10% fetal bovine serum (FBS). The cells were cultured at 37 °Cin
a humidified atmosphere containing 5% CO,. Athymic female mice (BALB/c strain)
(4—6 weeks old and 18—22 g in weight) were purchased from the Zhejiang
University Animal Care Center and maintained in a pathogen-free environment at
a controlled temperature of 24 °C. The animal experiments were performed in
accordance with the CAPN (China Animal Protection Law) and the protocols were
approved by the Zhejiang University Animal Care and Use Committee.

2.2. Synthesis and Biochemical Characterization of PC/Ada-PTX

The PC was prepared as described previously [24]. Paclitaxel (1, 170.6 mg,
0.2 mmol) was added to succinic anhydride (70 mg, 0.7 mmol) in the presence of 4-
dimethylamino-pyridine (41 mg, 0.33 mmol). Five ml of dry pyridine was added and
the solution was stirred for 3 h at room temperature. The 2’-succinyl-paclitaxel was
purified by extraction according to following procedures. After 20 mL of dry
dichloromethane (DCM) had been added to the mixture, the organic phase was
washed using 1 M HCl (20 mL x 3) and water (20 mL x 3) and the water phase was
extracted by DCM (10 mL x 3). The organic phase was combined and washed by
brine (10 mL x 3) and dried over NaySO4. The filtrate was concentrated on a rotary
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Scheme 2. Synthesis route of PEI-CyD/Ada-PTX.
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Table 1
Physicochemical properties of synthesized PC and PC/Ada-PTX.

Type of products PEI CyD: Drug content CMC Particle Zeta

PTX (wiw, %) (mg/ml) size (nm) potential

(W/W) (mv)
PC/ShRNA — — — 185+5 212+13
PC/Ada-PTX-1 5:1 028 +£0.05 0032 194+7 205+23
PC/Ada-PTX-2 3:1 1.07 £ 0.16 0.025 207 +£9 19.5+ 35
PC/Ada-PTX3 2:1 342 +0.71 0.016 220 +£5 182 +1.9
PC/Ada-PTX4 1:1 6.13 + 1.07 0.013 228 +4 173 + 4.1
PC/Ada-PTX-3 2:1 342 +£0.71 0.016 210 + 8 16.2 + 5.7

/ShRNA

CMC: Critical micelle concentration in DI water solution.

Drug content: the weight ratio of PTX and PC in the final product PAP.

Particle size and Zeta potential: Data representing the mean + standard deviation
(n=3).

In the study, PC/Ada-PTX-3 is used.

evaporator and the crude product was used without further purification.
2’-succinyl-paclitaxel (48.3 mg, 0.05 mmol) and CDI (15.1 mg, 0.093 mmol) were
dissolved in DMSO (1 mL), respectively and the CDI solution was added slowly to the
2'-succinyl-paclitaxel solution dropwise at room temperature under nitrogen. After
mixing with EtsN (200 pL), it was stirred for 3 h. Ada-NH2 (10.0 mg, 0.066 mmol)
was dissolved in DMSO (2 mL) and added dropwise to the 2’-succinyl-paclitaxel
solution. The mixture was stirred overnight under nitrogen to yield Ada-PTX.
Afterward, distilled water (10 mL) was added and it was stirred for 30 min to
remove excess CDI. Different amounts of PC (51.1 mg, 106.8 mg, 150.2 mg, 261.0 mg)
were dissolved in H,O (15 mL) and added dropwise to Ada-PTX. The resulting

mixture was stirred for 8 h followed by dialysis in water for 24 h, then filtered to
remove the precipitation and freeze-dried to yield purple PC/Ada-PTX (PAP)
powders.

The critical micelle concentration (CMC) of PAPs was determined by fluores-
cence measurement using pyrene as the probe. The excitation wavelength was
337 nm, excitation slit was 2.5 nm, and emission silt was 10 nm. The emission
between 360 and 450 nm was monitored by a fluorescence spectrophotometer. The
concentration of PAPs was between 5.0 x 10~ to 1.0 mg/ml and that of pyrene was 6
x 1077 mol/L. The intensity ratio of the first peak (I;, 374 nm) to the third peak
(15,385 nm) was calculated from results obtained on the CMC (F-25000, Hitachi Co.,
Japan).

The 'H and 2D-NOESY NMR spectra of each sample were acquired on a Bruker
DRX-400 spectrometer (Bruker, Ettlingen, Germany) at room temperature using
DMSO0-06 as the solvent. The chemical structure of the polymers was also evaluated
by Fourier-transform infrared spectroscopy (FI-IR, Varian, Excalibur™, USA).

The particle size and zeta potential were determined at 25 °C by dynamic light
scattering (DLS) on the Zetasizer 3000 (Malvern Instruments, Worcestershire, UK).
The morphology of the complexes was examined by field-emission scanning elec-
tron microscopy (FE-SEM, JEOL JSM-7400F, Japan) and transmission electron
microscopy (Tecnai 10, TEM). Gel electrophoresis was performed at room temper-
ature in the TAE buffer in 1% (w/w) agarose gel at 80 V for 40 min and the DNA was
visualized by a UV (254 nm) illuminator.

2.3. In vitro release of PTX

The in vitro release of PTX from PAP was monitored using the dialysis method.
The PAP and PAP/shRNA complexes were dissolved in phosphate buffer solutions at
pH values of 5.0 and 7.4, sealed in dialysis bags with a molecular weight cut-off of
8 kDa to 14 kDa. The apparatus was agitated on an orbital shaker at 100 rpm at 37 °C.
At designated time intervals, the medium was removed and replaced by a fresh one.
The amount of PTX released into the medium was determined from the absorbance

Fig. 1. (A) '"H NMR spectra of PTX, Ada-NH,, PC and PAP in DMSO-d6; (B) 2D-NOESY NMR spectrum of PAP in D,0; (C) FTIR spectra of PTX, Ada-NH,, PC and PAP.
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at 227 nm by high-performance liquid chromatography (HPLC) (1100 HPLC, Agilent
Technologies, Santa Clara, CA).

2.4. Cellular uptake Investigation

The cell uptake and distribution were examined by confocal microscopy. 5 x 104/
well SKOV-3 cells were seeded onto 24-well plates and grown for 18 h. The PAP
containing Rhodamine-labeled paclitaxel was synthesized as described before.
0.5 pg of FAM-siRNA was complexed with PAP (Rho-PTX) at N/P 25 at room temper-
ature for 20 min before use. After transfection for 2 h, the cells were fixed with fresh
4% paraformaldehyde and treated with 10 pg/ml hoechest33245 in PBS for 10 min.
The confocal images were acquired on a confocal scanning laser microscope (CLSM,
Radiance 2100, Bio-Rad).

2.5. In vitro transfection

The survivin shRNA and negative control shRNA which had the EGFP reporter
fuse gene were utilized to determine the efficiency of the polymer. 1 pg of the
survivin shRNA or control shRNA was complexed with PC or PAP at N/P 25 ast room
temperature for 20 min. The transfection experiments with Lipofectin2000 were
performed according to the manufacturer’s instructions. The cells were cultured and
transfected. After incubation for 36 h, the cells were observed by fluorescence
microscopy. The fluorescence photographs of the GFP positive SKOV-3 cells were
taken by a Leica (DMLB&DMIL) microscope equipped with a Digital 1/2 inch CCD and
Leica MPS 60.

2.6. In vitro analysis of survivin and Bcl-2 expression

The SKOV-3 cells were seeded in 6-well culture plates at a density of
2.5 x 10° cells per well in 2 mL of the complete RPMI 1640 culture media and
incubated at 37 °C in 5% CO, for 18 h to reach 70% confluence. The dose of shRNA per
6-well was 4 pg and the equivalent dose PTX was 1.2 pug. The moderate and high
doses osf PTX were 6 ug and 24 g, respectively. The cellular levels of survivin and
Bcl-2 mRNA and protein were assessed using quantitative real-time PCR (qQRT-PCR)
and Western blot at 24 h and 48 h, respectively.

In the RT-PCR analysis, mRNA was extracted from a total of 1 x 10° cells after 24 h
and 48 h of transfection and then reverse-transcribed into cDNA by using Qiagen
RNEasy Mini Kit (Cat. No.74104). Quantification of the PCR product was performed in

1 x TE buffer using absorption values at 260 nm and 280 nm
(c(RNA) = ODygp x dilution factor x 0.04 pg/uL). The RNA was reverse-transcribed
with OligodT (Fermentas) according to the protocol. The relative gene expression
values were determined using the BandScan4.3 software and the data presenting
the survivin and Bcl-2 expression were normalized to the housekeeping gene
B-actin as the endogenous reference. The primers used in RT-PCR for survivin, Bcl-2,
and B-actin were: survivin-forwards 5’- GTCTGGCGTA AGATGATGGA -3/, survivin-
reverse 5'- GGAGCCCGGATGATAC AA-3’/, Bcl-2-forward 5'- GTGGAGGAGCTCT
TCAGGGA -3’, Bcl-2 reverse 5'- AGGCACCCAGGGTGATGCAA -3/, and actin forward
5’- GCTCGTCGTCGACAC A GGCTC -3/, and actin reverse 5'- CAAACATGATCTGG
GTCATCTTCTC -3'. The PCR parameters consisted of 5 min of Taq activation at 95 °C,
followed by 28 cycles of 95 °C x 40's, 56 °C x 30's, and 72 °C x 35 s.

In the Western blotting analysis, the cells were transfected as described above
and the cell proteins were extracted after transfection for 24 h and 48 h. The total
protein was quantified by the BCA protein assay kit (Promega, USA). An equal
amount of protein was separated on the SDS-PAGE, transferred onto nitro-cellulose
membrane, and blocked and incubated overnight with monoclonal antibodies
against survivin (1:400) and Bcl-2 (1:400) overnight. After washing, the membrane
was incubated with HRP-conjugated secondary antibody (1:5000) for 2 h at room
temperature. The bands were visualized using the Westzol enhanced chem-
iluminescence kit (Intron, Sungnam, Korea) and the expression was normalized with
housekeeping gene expression.

2.7. Cell apoptosis analysis

In the apoptosis analysis, the SKOV-3 cells cultured in 6-well plates were
treated with the mentioned formulations. After treatment for 48 h, the rate of
apoptosis was measured by the Annexin V-FITC Apoptosis Detection Kit (KeyGEN,
Jiangsu, China) in accordance with the manufacturer’s protocol. In brief, the cells
were detached with the EDTA-free trypsin solution, collected, washed twice with
phosphate-buffered solution (PBS), and resuspended in 500 pL of annexin V
binding buffer at a concentration of 5 x 10° cells/mL. 5 uL of FITC-conjugated
annexin V and 5 pL of propidium iodide (PI) were added to the cells and
incubated for 15 min at room temperature in the dark before the flow cytometric
analysis. A minimum of 10,000 cells were analyzed in each sample using an EPICS
XL flow cytometer (Beckman-Coulter, USA). The fluorescence measurements
were conducted at an excitation wavelength of 488 nm (Ex) and emission
wavelength of 530 nm (Em) and the untransfected cells were used to obtain the
background.

Fig. 2. (A) SEM and TEM (inset) images of PAP and PAP/shRNA; (B) Electrophoretic mobility of pDNA in the complexes of PC (upper panel) and PAP (lower panel); (C) Drug release

fom PAP and PAP/shRNA at pH7.4 and pH5.0.
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Fig. 3. Confocal images of the cellular uptake induced by PAP/shRNA in SKOV-3 cells: (a) Nucleus stained blue; (b) Green fluorescence (FAM-siRNA), (c) Red fluorescence (PTX-

rhodamine) images and (d) Merged image.

2.8. Cell viability assay

The cytotoxicity of the complexes was evaluated using the MTT assay. The SKOV-
3 cells were seeded in 96-well plates at a density of 8000 cells/well for 24 h. The
cultural medium was then replaced by a serum-free medium containing various
concentrations of free PTX, PAP, PC/shRNA, PC/shRNA + PTX, PAP/shRNA and PAP/SR.
After 24 h, the medium was replaced with a fresh growth medium and after 48 h or
72 h, the culture medium was replaced by the MTT solution for 4 h. After removal of
MTT medium, the formazan crystals were dissolved in DMSO and the microplates
were agitated for 10 s at a medium rate prior to the spectrophotometrical
measurement at the wavelength of 570 nm on an ELISA reader (Model 680, Bio-Rad).
The untreated cells served as the 100% cell viability control and the completely died
cells served as the blank. The relative cell viability (%) related to control cells was
calculated by the formula below:

V% — [A]experimental - [A]blank « 100%
[A]control - [A]blank

where V% is the cell viability (%), [Alexperimental is the absorbance of the wells
culturing the treated cells, [Albiank is the absorbance of the blank, and [A]contror is the
absorbance of the wells culturing untreated cells. The 50% inhibitory concentration
(ICsp) was determined by fitting the data to the following equation:

. 100
1+ ([PTX]/ICs0)?

where V% is the viability (%), [PTX] is the concentration (ug mL™!) of the paclitaxel or
equivalent paclitaxel in PAP in a well, and p was defined as the slope of the sigmoid
curve.

2.9. In vivo tumor growth and Survival rate Assessment

BALB/c nude mice bearing SKOV-3 ovarian tumors were randomly assigned to
five groups when the tumors volume reached around 50 mm? 12 days after tumor
inoculation. Each group consisted of five mice. The doses of shRNA of each injection
were fixed at 20 pg and the equivalent dose of PTX was 6 pg. The treatment was
performed twice a week for 2 weeks and the tumor growth was monitored using
calipers twice a week. The tumor volume (V) was calculated by the following
formula: tumor volume V(mm?) = 7/6 x length (mm) x width (mm)?2. Three mice
from each group were sacrificed 30 Days later after first injection. Their tumors were
dissected, weighed, and then imaged. The other tumor-bearing mice were contin-
uously observed for up to three months and differences in tumor growth were tested
for statistical significance.

2.10. Statistical analysis

All the experiments were repeated at least three times and the data were pre-
sented as means + standard deviation. The statistical significance (p < 0.05) was
evaluated by the student t-test when only two groups were compared. If more than
two groups were compared, evaluation of significance was performed using one-
way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. In all the
tests, the statistical significance was set at p < 0.05.

3. Results and discussion
3.1. Synthesis and characterization of supramolecular micelles

B-CyD and Ada are widely employed in macromolecular
assembly due to the strong binding ability with an association
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constant around 1 x 10° mol/L in water [23]. Our results demon-
strate that supramolecular polymers can form core-shell nano-
particles with a hydrophobic core (Ada-PTX) and cationic shell (PC)
in an aqueous solution by a self-assembly process (Scheme 1). In
the supramolecular micelles, PTX is conjugated to the core and
shRNA absorbs on the shell surface. It is hypothesized that survivin
shRNAs delivered to the cells will down-regulate the target genes
and sensitize the tumor cells to the co-delivered PTX, resulting in
an enhanced therapeutic activity of the nanomedicine.

The cationic supramolecular polymers are produced derived by
a three-step synthesis illustrated in Scheme 2. The PC copolymers
are first synthesized from PEI (Mw = 600 Da) and B-CyD [24], the
PTX is modified by 2-amineadamantyl (Ada-NH>) via amide linkage
to form Ada-PTX, and then the Ada-PTX molecules form complexes
with the PC copolymer in PBS by host-guest interactions resulting
in the supramolecualr polymers PC/Ada-PTX (PAP). The PAPs are
synthesized by changing the amount of PTX (Table 1). The chemical
structure of the supramolecular conjugates are characterized by 'H
NMR (Fig. 1A), 2D Nuclear Overhauser Spectroscopy (NOESY)
spectrometry (Fig. 1B), and FITR (Fig. 2C). The 'H NMR spectra of
PTX, Ada-NH2, PC, and PC/Ada-PTX are shown in Fig. 1A. The
protons at ¢ 1.0—2.0 ppm and ¢ 7.0—8.0 ppm are assigned to the
methyl and phenyl groups of PTX whereas those at 6 1.5-2.0 ppm
correspond to adamantyl of Ada-NH2. The protons at
6 2.3—2.8 ppm are assigned to PEI (—CH2—CH2—NH-) and those at
0 3.0—4.0 ppm are associated with the methoxyl groups of PC. The
small peaks related to PTX, Ada-NH2, and PC can be observed from
the spectrum of PAP. In 2D nuclear Overhauser spectroscopy
(NOESY), all three signals of the methylene and methine protons of
adamantyl moiety are well correlated with the inner protons of 8-
CyD (Fig. 1B). The FTIR results provide additional chemical structure

information and the strong carbonyl bands at 1718 cm~! and

1646 cm~! in Fig. 1C confirm the presence of ester carbonyl and
acylamino from Ada-PTX. The broad stretching vibration at
~3445 cm~! suggests the existence of hydroxyl and amino groups
in the PC/Ada-PTX and all of them indicate the formation of
supramolecular inclusion complexes.

The PAPs can self-assemble to form micelles in an aqueous
medium. The critical micelle concentration (CMC) is an important
parameter of amphiphilic materials indicating the micelle forma-
tion ability. The aggregation behavior of PAPs is measured by flu-
orometry using a pyrene probe. Table 1 reveals that the CMC value
is reduced with increasing grafting ratio of PTX. The PAPs can self-
assemble to form micelles enabling fast internalization into tumor
cells due to the spatial structure with a multi-hydrophobic core.
The relatively low CMC value (close to 0.02 mg/ml) is attributed to
paclitaxel, because as the amount of PTX in the host-guest polymer
is increased, the hydrophilic and hydrophobic blocks come to
a balance and the polymer can disperse easily in the medium
forming micelles.

To evaluate the feasibility of using the polymers to co-deliver
drug and shRNA, the physicochemical properties such as
morphology, particle size, and zeta potential, as well as release
properties are investigated. The polymer forms a micellar structure
in the aqueous solution, with PTX conjugated to the core and sShRNA
on the shell surface. As shown in Table 1, the PAP has an average
size of 220 nm and zeta potential of 18.2 mV. Formation of the
supramolecular micelles results in a size increase compared to PC
(185 nm) and zeta potential reduction (21.2 mV). The PAP com-
plexed with shRNA exhibits slight changes in size (210 nm) and zeta
potential (16.2 mV). The supramolecular micelles possess
a compact and spherical morphology as revealed by scanning

Fig. 4. Fluorescence (left panel) and differential interference contrast (DIC) (right panel) images (A) and Western blot analyses of survivin (B) with survivin shRNA and scrambled

shRNA transfected by PC, PAP and Lipofectin2000 in SKOV-3 cells.
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electron microscopy (SEM) and transmission electron microscopy
(TEM) and the results are consistent with those in Table 1 (Fig. 2A).
ShRNA complexed with PAP has decreased mobility in the elec-
tromobility shift assay (Fig. 2B) and complete retardation of the
shRNA is achieved at an N/P ratio (molar ratio of nitrogen content in
the polymer to phosphorous content in the DNA) of 2 and 3 for PC
and PAP, respectively. The DNA-binding ability of the PC is slightly
greater than that of the PAP due to perhaps inclusion of the guest
shielding primary amines of the PC.

The PTX release behavior from the PAP and PAP/shRNA is
studied and compared in aqueous solutions at pH of 7.4 and 5.0 at
37 °C. As shown in Fig. 2C, the PAP and PAP/shRNA show the same

release behavior. The drug is gradually released even after 150 h,
indicating that PAP prolongs the circulation time of paclitaxel,
reduces its degradation in the body fluid, decreases drug-related
side effects, and increases drug efficacy. Comparing the drug
release profiles at the two pH values, release of PTX from the
micelles at the low pH is swifter. This pH-dependent release
enables preferential release of PTX from the endosome of tumor
cells due to the acidic environment. Hence, it is expected that after
the PAP/shRNA enter the cancer cells, PTX will be released at the
endosomal acidic pH and shRNA escapes simultaneously from the
endosome due to the proton sponge effect of PEI [25] and then
translocates to the nucleus.

Fig. 5. Expression of survivin and Bcl-2 mRNA determined by quantitative real-time PCR at 24 h and 48 h (A and B); representative survivin and Bcl-2 protein expression
determined by Western blot analysis (C and E); analysis of light intensities of survivin and Bcl-2 protein expression from Western blot results (D and F).
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Fig. 6. Induction of apoptosis on SKOV-3 cells by PAP and other formulations.

3.2. Cellular uptake and transfection of sShRNA

To demonstrate simultaneous delivery, we first analyze the
cellular uptake and intracellular distribution of PAP/FAM-siRNA in
SKOV3 cells by confocal microscopy with the paclitaxel labeled
with rhodamine. Colocalization of the PTX and siRNA in the same
cells is observed by confocal laser scanning microscopy (Fig. 3 -
internalized PTX-rhodamine: red; FAM-siRNA: green; nuclei: blue).
The observation indicates that the PAP is able to simultaneously
deliver the drug and siRNA to cells giving rise to cooperative effects
on the cancer cells.

RNAI is often mediated by short hairpin RNAs (shRNA) or small
interfering RNAs (siRNA). Here, survivin shRNA-encoding plasmid
with reporter EGFP fusion gene is chosen to silence the expression
of the survivin gene. Although direct delivery of synthetic siRNA
may be more effective for non-dividing cells, the gene-silencing
effect is transient and non-inducible [26]. The shRNA-encoding
plasmid requiring intra-nuclear localization can express siRNA in
a stable and inducible manner in fast dividing mammalian cells.
Therefore, for rapidly growing cancer cells, the shRNA-encoding
plasmid system ought to be more efficient. The EGFP gene

transfection in this system is illustrated in Fig. 4A showing that PAP
can transfected SKOV-3 similar to PC and lipofectin2000. The
results also suggest that the PTX-loaded suparmolecular micelles
can achieve high gene transfection and that the shRNA-encoding
plasmid against surviving and scramble shRNA-encoding plasmid
can effectively enter the nucleus and express. Suppression of the
survivin expression by shRNA is assessed by Western-Blot (Fig. 4B).
The PC, PAP, and lopofectin2000 complexed with survivin shRNA

Table 2
Summary of cell apoptosis analysis by flow cytometry.

Materials Apoptotic cells(%) Normal cells(%)
Control 0.03 99.95
PTX(0.6 pg/mf) 11.94 88.06
PTX(3 pg/ml) 22.15 72.54
PTX(12 pg/ml) 36.95 61.19
PC/shRNA 30.35 65.03
PAP/shRNA 82.93 15.65
PC/shRNA + PTX 51.90 45.58
PAP/SR 22.00 74.57
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Fig. 7. Cell viability of PTX, PAP, PC/shRNA, PAP/shRNA, PC/SR and PAP/SR in SKOV-3 cells at 48 h (A) and 72 h (B).

show obvious decrease in the survivin expression and the scram-
bled shRNA has no effect on the gene expression of survivin. The
results suggest that the shRNA-encoding plasmid against the sur-
vivin systems can induce efficient gene-knockdown of the target
gene and the PAP-based shRNA delivery system is excellent.

3.3. Synergistic effects of survivin shRNA and PTX in vitro

To gain further insight into the synergistic effects of the supar-
molecular nanocarriers co-delivering PTX and shRNA, the mRNA
and protein level of survivin and Bcl-2 are assessed 24 h and 48 h
after transfection. Bcl-2 is the most important anti-apoptotic
protein, which is predominantly found in the outer mitochondrial
membrane, acts effectively through the mitochondrial-dependent
cell apoptosis pathway [27]. The apoptotic response of SKOV-3
cells after the treatment is assessed by detecting Bcl-2 as an indi-
cator of the apoptosis pathway. We evaluate the effects of
concentration of free PTX and different formations on the
suppression of survivin and Bcl-2 expression. The three PTX
concentrations of 0.6 pg/ml, 3 pg/ml, and 12 pg/ml, represent low
(equal to the PAP dose), moderate, and high dose respectively. As
shown in Fig. 5A, a low dose of free PTX treatment as well as PAP
and PAP complexed with scrambled shRNA only have a small effect
on the mRNA level of the survivin. The survivin mRNA expression is
reduced in a PTX dose and time dependent manner. A large free PTX
concentration produces better gene-silencing efficacy and as the
incubation time is increased, the survivin mRNA is up-regulated.
For example, 12 ug/ml of PTX leads to ~45% and ~36% knock-
down of survivin mRNA at 24 h and 48 h, respectively. Compared to
PC/shRNA (~54%, ~50%) and PC/shRNA + PTX (48%, 29%), co-
delivery of shRNA and PTX shows the most obvious inhibition in
the survivin mRNA expression (70% and 79%) at 24 h and 48 h. It is
worth noting that except for PAP/shRNA, other treatments achieve
the higher efficiency of survivin knockdown at 24 h. As the

incubation time is increased, the survivin mRNA up-regulates
indicating that simultaneous delivery of the drug and shRNA to
the same cell by PAP not only exerts cooperative effects but also
prolongs the effective time. The Bcl-2 mRNA exhibits the same
trends as survivin (Fig. 5B). The decreased survivin and Bcl-2
protein expression is also verified by the Western blot analyses
(Fig. 5C, D, E and F). The PAP/shRNA results in most efficient sur-
vivin and Bcl-2 down regulation at time points of 24 h or 48 h.
Survivin is associated with microtubules and with the mitotic
spindle, results in cell division and apoptosis suppression [28,29].
Knockdown of survivin has been shown to induce apoptosis in
tumor cells [2,6,30]. Apoptosis is the primary mode of cell death
induced by several classes of anti-cancer agents. It is postulated
that suppression of survivin in combination with cell death induced
by PTX can influence the apoptotic response of SKOV-3. Apoptosis is
evaluated by Annexin-V-FITC and propidium iodide (PI) staining.
The flow cytometry data about cell apotosis from different groups
are shown in Fig. 6 and Table 2. Not surprisingly, co-delivery of PTX
and survivin shRNA leads to the highest rate of cell apoptosis
82.93%, which is clearly superior to that of PC/siRNA (~30.35%) and
a simple mixture of gene and drug (PC/shRNA + PTX, 51.9%). The

Table 3
Values of ICsq treated with various formulations.

Compounds IC50 [equivalent to PTX]

(ngmL™")

48 h 72 h
PTX 0.591 0.296
PEI-CyD/Ada-PTX 0.700 0.469
PEI-CyD/shRNA 0.774 0.530
PEI-CyD/Ada-PTX/shRNA 0.194 0.099
PEI-CyD/SR 0.925 0.704
PEI-CyD/Ada-PTX/SR 0.669 0372
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Fig. 8. Antitumoral therapeutic effects of PBS, PTX, PC/shRNA, PC/shRNA + PTX and PAP/shRNA complexes in tumor-bearing BALB/c: photo-images of in vivo tumor growth (A) and
dissected tumor tissues (C) 30 days later after first treatment; (B) tumor volume changes with increasing time.

results indicate that the PTX and shRNA delivered simultaneously
to the SKOV-3 cells by the supramolecular micelles enable efficient
knockdown of survivin and Bcl-2 expression as well as synergistic
cell apoptotic induction the in vitro study. Furthermore, the cyto-
toxicity of the PAP/shRNA and other various formations against
SKOV-3 cells is evaluated to assess their anti-proliferative effects
and the IC50 values are determined (Fig. 7 and Table 3). As
expected, the PAP formulated to deliver survivin shRNA is the most
cytotoxic at 48 h and 72 h, with the calculated IC50 values being:
PAP/shRNA < PTX < PAP/SR < PAP < PC/shRNA < PC/SR.

3.4. In vivo antitumor activity

In the last set of experiments, we study whether the synergistic
effects observed from PAP/shRNA in vitro can translate into tumor
growth inhibition in vivo. Mice bearing SKOV-3 xenografts are
treated with the PAP/shRNA and various other formulations by
intra-tumoral injection from the 12th day after xenograft implan-
tation twice a week for 2 weeks. The shRNA dose in each injection is
20 pg and the equivalent dose of PTX is 6 ug. As indicated in Fig. 8,
five mice groups are tested including the normal saline (NS)
control, free PTX, PC/shRNA, PAP/shRNA and PC/shRNA + PTX.
Compared to other groups, the PAP/shRNA complexes are very
effective in inhibiting tumor growth. The tumor growth is inhibited

Table 4

Summary of tumor weights, inhibition effect and p value.
samples Average of tumor inhibition p Value

weight (g) effect(%)

PBS 0.2818 £ 0.0159 - —
PTX 0.2164 + 0.0081 232 0.001571568
PC/shRNA 0.1593 + 0.0041 435 0.000103208
PC/shRNA + PTX 0.0903 £ 0.0078 68.0 2.38939E-05
PAP/shRNA 0.0625 + 0.0030 77.8 9.75482E-06

sufficiently by the PAP/shRNA complexes at day 30. The tumor
volume is less than 100 mm? and much smaller than that observed
from the other groups. The photographs and tumor weights of the
dissected tumor tissues at day 30 are shown in Fig. 8B and C,
respectively. The inhibition rate of the PAP/shRNA gene group is
about 3.5 fold of that of the free PTX (Table 4).

4. Conclusion

Suparmolecular micelles are prepared for simultaneous delivery
of siRNA and a chemotherapeutic drug. This delivery system shows
superiority in co-delivery of siRNA and PTX to the same tumor cells,
synergistic knockdown of survivin and Bcl-2 expression, as well as
cell apoptotic induction in the in vitro study. The suparmolecular
micelles simultaneously deliver survivin shRNA and PTX to yield
good therapeutic effects in the inhibition of tumor growth. The
results suggest that the combined delivery of survivin shRNA and
PTX using the supramolecular micelles is an effective cancer
therapy.
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