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Abstract

Resistance to the chemotherapeutic agent cisplatin is a major limitation for the successful
treatment of many cancers. Development of novel strategies to overcome intrinsic and acquired
resistance to chemotherapy is of critical importance to effective treatment of ovarian cancer and
other types of cancers. We have sought to re-sensitize resistant ovarian cancer cells to
chemotherapy by co-delivering chemotherapeutics and pooled siRNAs targeting multi-drug
resistance (MDR) genes using self-assembled nanoscale coordination polymers (NCPs). In this
work, NCP-1 particles with trigger release properties were first constructed by linking cisplatin
prodrug-based bisphosphonate bridging ligands with Zn2* metal-connecting points and then
coated with a cationic lipid layer, followed by the adsorption of pooled siRNAs targeting three
MDR genes including survivin, Bcl-2, and P-glycoprotein via electrostatic interactions. The
resulting NCP-1/siRNA particles promoted cellular uptake of cisplatin and siRNA and enabled
efficient endosomal escape in cisplatin-resistant ovarian cancer cells. By down-regulating the
expression of MDR genes, NCP-1/siRNAs enhanced the chemotherapeutic efficacy as indicated
by cell viability assay, DNA ladder, and flow cytometry. Local administration of NCP-1/siRNAs
effectively reduced tumor sizes of cisplatin-resistant SKOV-3 subcutaneous xenografts. This work
shows that the NCP-1/siRNA platform holds great promise in enhancing chemotherapeutic
efficacy for the effective treatment of drug-resistant cancers.
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1. Introduction

Ovarian cancer is the fifth most prevalent cancer among women in the United States, with a
lifetime risk of 1.4%-1.8%. Development of multi-drug resistance (MDR) in ovarian cancer
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cells is one of the major obstacles for effective chemotherapy [1-4]. After repeated
treatment with anticancer chemotherapeutic agents, tumor cells develop strategies to
increase their resistance to chemotherapy to avoid programmed death by activating anti-
apoptotic pathways [5-10]. Although a combination of chemotherapeutic agents are often
used to prevent drug resistance in cancer patients, the ability of the cancer cells to adapt and
develop one or more drug resistance pathways ultimately leads to failure in the treatment of
ovarian and other cancers [11, 12]. In ovarian cancer, the majority of patients (50-75%)
have recurrent and incurable cancer after their successful initial treatment with platinum
drug or paclitaxel [13]. The development of therapeutic strategies to overcome drug
resistance will have a great impact on the treatment of ovarian cancer.

Small interfering RNA (siRNA) has the ability to disrupt cellular MDR pathways by
silencing relevant gene expressions, opening the door for re-sensitizing the cancer cells
which have acquired resistance to anticancer drugs [14, 15]. However, drug resistance often
involves multiple and dynamically acquired MDR mechanisms as a result of the
overexpression of drug efflux pumps (e.g., P-glycoprotein, P-gp or MDR1); multidrug
resistance protein, MRP, anti-apoptotic proteins (e.g., Bcl-2, survivin), oncogenes (e.g., c-
Myc), and regulators of drug metabolism (e.g., pregnane X receptor, PXR) [16-21]. P-gp is
overexpressed in the malignant tissues and becomes an attractive target to overcome MDR
[16, 22]. Bcl-2 is responsible for the activation of cellular anti- apoptotic defense [23].
Survivin has a functional role in caspase inhibition to lead to negative regulation of
apoptosis, and is upregulated in most human tumors, making it a potential target for cancer
treatment [17, 24]. We hypothesized that delivering pooled siRNAs, including siP-gp,
siBcl-2, and sisurvivin, targeting different molecular signaling pathways would be an
effective approach to overcoming drug resistance in cancers.

Nanoparticulate delivery systems have been shown to improve therapeutic efficacy of
anticancer chemotherapeutics by enhancing drug delivery to tumors and thereby reducing
general toxicity through the enhanced permeability and retention (EPR) effect [25-33].
However, free nucleic acid drugs, such as siRNAs, cannot be used for cancer treatment in
vivo due to their ready degradation by nucleases. Nanoparticles have been shown to provide
protection to siRNAs and mediate efficient gene silencing in cancer cells [24, 34-39]. Co-
delivery of anticancer chemotherapeutics and siRNAs targeting MDR genes in the same
nanoparticle can drastically enhance therapeutic efficacy by overcoming drug resistance in
cancer cells. Several nanoparticle systems, including liposomes, carbon nanotubes, and
polymer micelles, have recently been used to co-deliver sSiRNA and cisplatin to cancer cells
both in vitro and in vivo in order to enhance therapeutic responses [40-42].

Herein we report a novel self-assembled nanoscale coordination polymer (NCP) system for
the co-delivery of cisplatin and pooled siRNAs to cisplatin-resistant ovarian cancer cells
(ES-2, OVCAR-3, SKOV-3, and A2780/CDDP cells) to overcome drug resistance by re-
sensitizing the cells to cisplatin treatment. NCPs are self-assembled from metal ions and
organic bridging ligands, which have numerous advantages over conventional drug delivery
systems such as high drug loadings, tunable compositions, shapes, and sizes, and readily
modifiable surface [43]. Our group has developed a series of NCPs as potential delivery
systems for chemotherapeutics [44-48]. In particular, we recently reported the self-assembly
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of zinc bisphosphonate NCPs that contain 48 wt% cisplatin prodrug by linking the cisplatin
prodrug cis,cis, trans-[Pt(NH3),Cl,(OCONHP(O)(OH),),] with Zn2* ions.[43] Upon
pegylation with the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/cholesterol/1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG2K) coating, these NCPs showed much enhanced stability in the blood
circulation and possessed superior anticancer efficacy in multiple non-resistant murine
tumor xenograft models compared to free drugs [43]. In this study, we used cationic lipid
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) instead of DOPC to coat NCP-1 to
yield positively charged particles which strongly bind to negatively charged siRNAs via
electrostatic interactions to afford siRNA-encapsulated NCP-1 particles (NCP-1/siRNAS)
(Scheme 1). We examined siRNA protection, siRNA release profiles, and cell uptake and
MDR gene silencing efficiency of NCP-1/siRNAs in ovarian cancer cells. We evaluated the
in vitro anticancer effect of NCP-1/siRNAs by cell viability assay, DNA ladder, Annexin V
staining, and flow cytometry in cisplatin-resistant ovarian cancer cells. Finally, we
demonstrated the significantly enhanced chemotherapeutic efficacy of NCP-1/siRNAs in
SKOV-3 tumor bearing mice.

2. Materials and methods

2.1. Materials, cell lines, and animals

All of the starting materials were purchased from Sigma-Aldrich and Fisher (USA), unless
otherwise noted, and used without further purification. 1,2-dioleoyl-sn-glycero-3-phosphate
(DOPA), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), cholesterol , and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)2000] (DSPE-
PEG2k) were purchased from Avanti Polar Lipids (USA). The siRNA duplexes were
supplied by Dharmacon (USA) and dissolved in diethylpyrocarbonate (DEPC)-treated water
before use. Survivin siRNA (sisurvivin), Bcl-2 siRNA (siBcl-2), and P-gp siRNA (siP-gp)
contained the anti-sense sequences of 5’-GGACCACCGCAUCUCUACAITIT-3’, 5’-
UUCGGCAUUAGGCCUUCCGATAG-3’, and 5°-AGCTTATAATGGATGTACT-3,
respectively. TAMRA-labeled survivin siRNA was bought from Dharmacon (USA) and
used for quantification and confocal laser scanning microscopy (CLSM).

Three kinds of human ovarian cancer cells, ES-2, OVCAR-3, and SKOV-3 cells and murine
macrophage Raw 264.7 cells were from the American Type Culture Collection (Rockville,
MD, USA). ES-2 and SKOV-3 cells were cultured in McCoy's 5a medium containing 10%
fetal bovine serum (FBS). OVCAR-3 cells were cultured in RPMI-1640 medium (Gibco,
Grand Island, NY, USA) containing 10% FBS. Raw 264.7 cells were cultured in DMEM
medium containing 10% FBS. Cisplatin-sensitive and -resistant human ovarian cancer cells
A2780 and A2780/CDDP were obtained from Developmental Therapeutics Core,
Northwestern University and were cultured in RPMI 1640 containing 10% FBS.

Athymic female nude mice (8 weeks, 20-25 g) were provided by Harlan Laboratories, Inc.
(USA). The study protocol was reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Chicago.
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2.2. Preparation and characterization of NCP-1/siRNAs

NCP-1 nanoparticles were prepared according to our previous report with modifications
[43]. Briefly, the cisplatin prodrug, cis,cis,trans- [Pt(NH3),Clo,(OCONHP(O)(0OH),),], was
synthesized following our previous procedures [43]. Two hundred microliters of 25 mg/mL
cisplatin prodrug solution and 0.2 mL of 100 mg/mL Zn(NO3), aqueous solution were
added to 5 mL of 0.3 M Triton X-100/1.5 M 1-hexanol in cyclohexane mixture,
respectively, to form w = 7.4 microemulsions. Two hundred microliter of DOPA (200
mg/mL in CHCI3) was added to the cisplatin prodrug microemulsion and the stirring was
continued for 15 min until a clear solution formed. The two microemulsions were combined,
and the resultant 10 mL of microemulsion was stirred for 30 additional minutes to yield
DOPA-coated NCP particles, which were then washed with cyclohexane and ethanol to
remove excess DOPA, and dispersed in THF.

The cationic lipid coated NCP-1 was prepared by adding a THF solution of DOTAP,
cholesterol (molar ratio of DOTAP/cholesterol = 2:1), 20 mol% DSPE-PEG2k, and DOPA-
coated NCP to 30% (v/v) ethanol/water at 50 °C. THF and ethanol were completely
evaporated and the NCP-1 solution was allowed to cool down to room temperature. The
NCP-1 was centrifuged at 13000 rpm for 30 min followed by the removal of the supernatant
and re-suspending the nanoparticle precipitate in DEPC-treated water.

The control nanoparticles (Zn control) were prepared with the same method except that
sodium pyrophosphate decahydrate was used instead of cisplatin prodrug to form the NCPs.
sisurvivin, siBcl-2, and siP-gp were dissolved in DEPC-treated water at weight ratio of 1: 1:
1 to achieve 2 mg/mL pooled siRNA solution. Cationic lipid coated NCP-1 (2 mg/mL) was
mixed with siRNA solution (2 mg/mL) at weight ratio of cisplatin:siRNA=4:1, and the
mixture was stirred at 800 rpm and at room temperature for 30 min to allow the adsorption
of negatively charged siRNA onto positively charged NCP-1 surface.

Inductively coupled plasma-mass spectrometry (ICP-MS, Agilent Technologies, USA) was
utilized to analyze the Pt concentration of NCP to calculate the cisplatin loading efficiency.
The particle size and Zeta potential of NCP-1 and NCP-1/siRNAs in phosphate buffered
solution (PBS) were determined with Zetasizer (Nano ZS, Malvern, UK). Transmission
electron micrsocopy (TEM, JEM 100CX-I1, JOEL, Japan) was used to observe the
morphology of NCP-1 and NCP-1/siRNAs.

The in vitro stability of NCP-1/siRNAs in terms of particle size and polydispersity index
(PDI) was evaluated in phosphate buffer saline (PBS) supplemented with 5 mg/mL bovin
serum albumin (BSA). NCP-1/siRNA (1 mg/mL) was incubated with PBS containing 5
mg/mL BSA at 37 °C for 12 h, and the particle size and PDI were monitored during the 12-h
incubation by DLS.

The association of sSiRNA with NCP-1 was first determined with gel retardation assay on 4%
(w/v) agarose gel electrophoresis containing 0.25 pg/mL of EB. We also quantitatively
determined the encapsulation efficiency (EE) of SiIRNA onto NCP-1 by fluorimetry.
TAMRA-labeled siRNA was encapsulated into NCP-1 and the nanoparticle suspension was
centrifuged at 13,000 rpm for 30 min. The amount of free TAMRA-siRNA in the
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supernatant was determined with fluorimetry based on the standard curve (TAMRA, Aoy =
565 nm, Aem = 580 nm). EE was calculated from the following equation:
Wy —-W;

0

where Wq and W1 stand for the content of total sSiRNA and free siRNA in the supernatant,
respectively.

2.4. siRNA protection and release

NCP-1/siRNAs containing 1 ug of siRNA was mixed with equal volume of FBS. After
incubation at 37 °C for a pre-determined time, the mixture was heated at 80 °C for 5 min to
inactivate the nucleases and disrupt the NCP-1 structure. Thus, the siRNA was dissociated
from NCP-1/siRNA, and its integrity was subsequently evaluated on 4% (w/v) agarose gel
electrophoresis. A free siRNA solution containing 1 ug of siRNA served as control. Image J
was used to quantify the intensity of each siRNA migration band in order to give the
quantitative siRNA degradation curve. The intensity of the band representing siRNA control
(containing 1 ug of siRNA) served as 100% intensity.

As for the evaluation of siRNA release profiles from NCP-1/siRNAs, nanoparticles
containing 1 pg of TAMRA-siRNA were incubated with 1 mL of PBS at 37 °C with
shaking. At pre-determined time intervals, the suspension was centrifuged at 13,000 rpm for
10 min and 0.5 mL of the supernatant was quantified for the TAMRA-siRNA content by
fluorimetry. An equal volume of the release medium was added, and the precipitate was re-
suspended before further incubation.

2.5. Cisplatin release

The release profiles of cisplatin from the lipid coated NCP-1 and NCP-1/siRNAs were
investigated. The release profiles were performed in 400 mL of 6.7 mM PBS buffer at 37°C.
The NCP-1 (3 mg) was suspended in 5 mL of 6.7 mM PBS buffer in a 10,000 MWCO
pleated dialysis bag. The dialysis bag containing nanoparticle suspension was then put in the
beaker followed by the addition of 400 mL of 5 mM PBS buffer, and the system was
incubated at 37 °C under stirring. Periodically, 1 mL aliquots of the solution were removed,
and 1 mL of fresh buffer solution was added to the beaker. The removed aliquots were
collected and analyzed by ICP-MS for Pt content. For the experiments carried out under
reducing environments, 6.7 mM PBS supplemented with 5mM cysteine was used for the
release profiles.

2.6. Cellular uptake and endosomal escape

Three kinds of ovarian cancer cell lines including ES-2, OVCAR-3, and SKOV-3 cells were
seeded on a 24-well plate at 1x10° cells per well and cultured for 24 h. TAMRA-siRNA-
containing NCP-1/siRNA and free TAMRA-siRNA solution (2 mg/mL) were added (0.4 ug
siRNA/well). Following a 4-h incubation, cells were washed with PBS three times and then
lysed with 0.5% (w/v) sodium dodecyl sulfate (SDS, pH 8.0). The lysate was quantified for
TAMRA-siRNA by fluorimetry and protein content by the BCA kit (Promega, USA).
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Uptake level was expressed as the amount of TAMRA-siRNA associated with 1 mg of
cellular protein.

In order to determine the amount of Pt internalized by the SKOV-3 cells, the cells were
collected and centrifuged at 3000 rpm 5 min after incubating with free cisplatin, NCP-1, and
NCP-1/siRNAs for 4 h or 24 h, respectively. The empty centrifuge tubes were first weighed
and their weights were recorded as W1. The cell suspension was added to the tubes followed
by centrifugation. The supernatant was discarded and the cell pellet in the tubes was
completely dried. Then the tubes containing cell pellet were weighed again and their weights
were recorded as W,. The weight of the cell pellet was obtained by subtracting W4 from W,.
The cell pellets were then digested in concentrated nitric acid for 24 h. The amount of
internalized Pt was determined by ICP-MS.

A time dependent study of endosomal escape was performed by incubating NCP-1/siRNAs
with SKOV-3 cells for 10, 30, 60, 90, and 120 min followed by Lysotracker Green (100 nM)
and DAPI (10 pg/mL) staining. The time-dependent co-localization of NCP-1/siRNAs and
endosome/lysosome was observed under CLSM (Olympus FVV1000, Japan), and the co-
localization efficiency was quantitatively determined using Image J (co-localization
threshold) based on the CLSM images.

2.7. In vitro gene silencing

ES-2, OVCAR-3, and SKOV-3 cells were seeded at 2x10° cells per well in 24-well plates
and further cultured for 24 h. The culture media were replaced by 1 mL of pre-warmed and
fresh culture media containing 10% fetal bovine serum (FBS) prior to the experiment.
NCP-1/siRNAs, NCP-1/siBcl-2, NCP-1/siP-gp, NCP-1/sisurvivin, Zn control/siRNAs, and
NCP-1 were added to the cells at a SIRNA dose of 30 nM, corresponding to the cisplatin
dose of 1.6 g per well. Following incubation for 4 h, the culture media were replaced by
pre-warmed and fresh culture media containing 10% FBS, and additional 20 h of incubation
was allowed. The supernatant of the culture media was collected for the determination of
extracellular survivin and P-gp production by ELISA (R&D Systems, USA; MyBiosource,
USA) following manufacturer’s instructions. The cells were lysed, and the Bcl-2 amount in
the lysate was quantified by ELISA (R&D Systems, USA). Dose-dependent in vitro
transfection was carried out on SKOV-3 cells, and the gene silencing efficiency mediated by
NCP-1/siRNAs was compared with commercialized transfection reagent Lipofectamine
RNAIMAX (Life Technology, USA).

In addition, RNA was isolated from the transfected SKOV-3 cells according to the Trizol
reagent protocol (Invitrogen, USA), and cDNA was synthesized from 500 ng of total RNA
using PrimeScript ®RT reagent kit (Takara Biotechnology Co. Ltd) according to the
manufacturer’s instructions. Synthesized cDNA, forward and reverse primers, and the
SYBR Premix Ex Taqg™ (Takara Biotech. Co., Ltd.) were run on the CFX96 Real-Time
PCR Detection System (Bio-Rad, USA) for the evaluation of cellular Bcl-2, survivin, and P-
gp MRNA levels. Sequences of the primers used were designed with Primer Bank
(Supporting Information Table S1). f-actin was used as an internal loading control.
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2.8. Cytotoxicity

ES-2, OVCAR-3, and SKOV-3 cells were seeded at 5000 cells per well while A2780 and
A2780/CDDP cells were seeded at 2500 cells per well in 96-well plates and further cultured
for 24 h. The culture media were replaced by 100 pL of fresh culture media containing 10%
FBS. Cisplatin solution, NCP-1, NCP-1/siRNAs, NCP-1/siBcl-2, NCP-1/siP-gp, NCP-1/
sisurvivin, and Zn control/siRNAs were added to the cells at different cisplatin or SiIRNA
dose. Following incubation for 72 h, the cell viability was determined by (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(MTS) assay (Promega, USA) according to manufacture instructions. The concentrations of
cisplatin and siRNA required to inhibit cell growth by 50% (ICsq values) were calculated.

2.9. Apoptosis

2.9.1. DNA ladder—ES-2, OVCAR-3, and SKOV-3 cells were seeded at 1x108 cells per
well in 6-well plates and further cultured for 24 h. The culture media were replaced by 2 mL
of fresh culture media containing 10% FBS. NCP-1 and NCP-1/siRNAs were added to the
cells at a cisplatin concentration of 1Cgq. Following incubation for 24 h, total DNA of cancer
cells was extracted using DNA ladder isolation kit (Invitrogen, USA) according to the
manufacture instructions and examined for DNA fragmentation on a 2% (w/v) agarose gel
electrophoresis at 35 V for 5 h.

2.9.2 Annexin V staining—Coverslips putting in the 6-well plates were seeded with
ES-2, OVCAR-3, and SKOV-3 cells at the density of 1x10° cells per well. The cells were
incubated at 37°C and 5% CO, for 24 h prior to nanoparticle treatment. TAMRA-siRNA
loaded NCP-1/siRNAs were incubated with cells at 37°C and 5% CO», for 24 h. Then, the
cells were washed with PBS, fixed with iced 4% paraformaldehyde, and stained with 10
ug/mL of DAPI and Alexa Fluor 488 conjugated Annexin V (Invitrogen, USA) according to
the manufacturer’s instructions. The cells were observed using confocal laser scanning
microscopy (CLSM, Zeiss LSM710, German) at excitation wavelength of 405 nm, 488 nm,
and 546 nm to visualize nuclei (blue fluorescence), cell apoptosis (green fluorescence) and
nanoparticle internalization (red fluorescence), respectively.

2.9.3. Flow cytometry—SKOV-3 cells were seeded at 1x108 cells per well in 6-well
plates and further cultured for 24 h. The culture media were replaced by 2 mL of fresh
culture media containing 10% FBS. Free cisplatin solution, Zn control, Zn control/siRNAs,
NCP-1, NCP-1/siRNAs, NCP-1/siBcl-2, NCP-1/siP-gp, and NCP-1/sisurvivin were added to
the cells, respectively, at cisplatin concentration of 5 UM or equivalent nanoparticle
concentration of 20 pg/mL. Cells incubated with saline served as control. Following
incubation for 24 h, the floating and adherent cells were collected by cell scraper and stained
with Alexa Fluor 488 Annexin V/dead cell apoptosis kit with Alexa Fluor 488 annexin V
and PI (Invitrogen, USA) according to the manufacturer’s instructions. The apoptosis was
examined on a flow cytometer (LSRII Blue, BD, USA).

2.10. Immunogenic response

SKOV-3 cells or Raw 264.7 cells were seeded at 2x10° cells per well in 24-well plates and
further cultured for 24 h. The culture media were replaced by 1 mL of fresh culture media
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containing 10% FBS prior to the experiment. NCP-1 and NCP-1/siRNAs were added to the
cells at a sSiRNA dose of 0.4 ug (30 nM) per well, corresponding to the cisplatin dose of 1.6
ug per well. Following incubation for 72 h, the supernatant of the culture media was
collected for the determination of TNF-a, IL-6, and IFN-y by ELISA (R&D Systems, USA)
following manufacturer’s instructions. Cells treated with saline served as controls.

2.11. In vivo anticancer efficacy

Tumor bearing mice were established by subcutaneous inoculation of SKOV-3 cell
suspension (5x%108 cells per mouse) into the right flank region of 8-week athymic female
nude mice. After the tumor volume reached approximately 100 mms3, the mice were
randomly divided into 5 groups (n = 6) and intratumorally injected with PBS, free cisplatin
plus free pooled siRNA solution, NCP-1, Zn control/siRNAs, and NCP-1/siRNAs at
equivalent cisplatin dose of 1 mg/kg and siRNA dose of 0.25 mg/kg once every week (total
three injections). Tumor volumes and body weights were monitored three times every week.
Tumor volumes were calculated as follows: (width? x length)/2. Finally, all mice were
sacrificed 19 days after last injection, and the excised tumors were weighed.

The mRNA expression levels and protein productions of Bcl-2, P-gp, and survivin in the
tumor were evaluated by Realtime-PCR and ELISA, respectively. One hundred microgram
of tumor was homogenized with radioimmunoprecipitation assay buffer (RIPA buffer) and
then centrifugated at 12,000 rpm for 15 min at 4 °C. The amounts of Bcl-2, P-gp, and
survivin in the supernatant were measured by ELISA and normalized with total protein
content determined using the BCA kit. Another 100 pg of tumor was homogenized in liquid
nitrogen, and the RNA in the tumor tissues was extracted with the Trizol reagent and the
intracellular Bcl-2, survivin, and P-gp mRNA levels were thereafter monitored by Realtime-
PCR.

TdT-mediated dUTP nick end labeling (TUNEL) reaction was performed on 5-um frozen
tumor sections using DNA Fragmentation Detection Kit (Life Technology, USA) according
to the manufacturer’s instructions and observed CLSM. DNA fragment in apoptotic cells
was stained with fluorescein-conjugated deoxynucleotides (green) and the nuclei were
stained with DAPI (10 pg/mL). The percentage of apoptotic cells was determined by the
number ratio of TUNEL-positive cells/total cells by Image J.

Blood was collected at the endpoint of in vivo antitumor efficacy experiment, and the serum
was separated. The serum concentrations of TNF-a, IFN-y, and IL-6 were detected by
ELISA (R&D Systems, USA) to evaluate the immunogenic response evoked by NCP-1/
SiRNAs. The plasma concentration of IgE was determined by ELISA (R&D Systems, USA)
to check the induction of hypersensitivity by NCP-1/siRNAs. Liver, lungs, spleen, and
kidneys were also excised after the mice were sacrificed, and then fixed with formalin.
Paraffin-embedded 5 pm tissue sections were stained with hematoxylin and erosin (H&E)
and observed for toxicity with light microscopy.
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3. Results and discussion

3.1. Synthesis and Characterization of NCP-1/siRNAs

NCP particles containing a cisplatin prodrug, cis,cis,trans-[Pt(NH3),Cl,(OCONHP(O)
(OH),)2], were synthesized according to our previous report [43], and further coated with
DOTAP, cholesterol (molar ratio of DOTAP/cholesterol=2:1), and 20 mol% DSPE-PEG2k
to afford cationic NCP-1. Transmission electron microscopy (TEM) images indicated the
formation of spherical particles of NCP-1 coated with cationic lipid DOTAP (Figure 1a).
Dynamic light scattering (DLS) measurements showed that the diameter, polydispersity
index (PDI), and surface charge of NCP-1 were 134.2 + 3.4 nm, 0.076 + 0.013, and 16.3 =
2.6 mV, respectively. The cisplatin loading was determined to be 25.8+2.2 wt.% by
inductively coupled plasma-mass spectrometry (ICP-MS).

After complete removal of extra lipids and free liposomes by centrifugation, pooled siRNAs
(sisurvivin, siBcl-2, and siP-gp) were directly adsorbed onto the surface of NCP-1 through
electrostatic interactions. Ssurvivin, siBcl-2, and siP-gp contained the anti-sense sequences
of 5’-GGACCACCGCAUCUCUACAITAT-3’, 5’-UUCGGCAUUA-
GGCCUUCCGATdG-3’, and 5’-AGCTTATAATGGATGTACT-3’, respectively.
Transmission electron microscopy (TEM) images showed the presence of monodisperse
spherical particles of ~30 nm in diameter for NCP-1/siRNAs (Figure 1b). Particle size, PDI,
and surface charge of NCP-1/siRNAs were determined to be 156.3 + 6.7 nm, 0.087 + 0.021,
and -3.1 + 0.5 mV, respectively, by DLS. The bigger particle size given by DLS compared
to TEM is attributed to the lipid layer and siRNAs on the particle surface as well as the
hydrogel nature of the NCP-1 core. The slightly increased particle size and negative charge
of NCP-1/siRNAs are consistent with the successful siRNA loading. Zn control particles
loaded with siRNA was synthesized under similar conditions, and their size, PDI, and
surface charge were 144.2 + 2.4 nm, 0.102 + 0.022, and —2.9 + 0.4 mV, respectively.
NCP-1/siRNAs also exhibited enhanced stability as manifested by constant particle size and
PDI in serum-containing phosphate buffer saline (PBS) over a period of 12 h (Figure S1,
SI). Gel electrophoresis indicated complete capture of sSiRNAs by NCP-1 at a cisplatin/
SiRNA weight ratio of 4 (Figure S2, SI). We also quantitatively examined the siRNA
encapsulation efficiency (EE) by fluorimetry. Fluorescence-labeled siRNAs was used to
form NCP-1/siRNAs, and the EE was determined to be 91.2 + 4.9%.

Successful siRNA delivery requires both sufficient protection of the cargo from nuclease
degradation and its efficient release to the cell cytoplasm as a large number of intact SIRNA
molecules are required for mMRNA recognition and RNA interference (RNAI) in the
cytoplasm [49]. NCP-1/siRNAs efficiently protected siRNAs from nuclease degradation:
upon incubation with serum for up to 4 h migration bands of NCP-1/siRNAs were clearly
observed (Figure 1c). In contrast, the migration bands of free siRNA solution quickly faded
with time due to the degradation of SiRNAs. The rate of sSiRNA degradation was estimated
by measuring the intensity of sSiRNA bands with Image J. After 2 h of incubation, less than
20% the free siRNA remained intact while more than 80% of siRNA was detected for
NCP-1/siRNA (Figure S3, SI). After 4 h of incubation, ~12.5% of the free sSiRNA remained
in solution while 56.2% of the siRNA loaded onto NCP-1 was detected (Figure S3, Sl).
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Upon loading onto the NCP-1 surface, siRNAs are likely lying flat to increase electrostatic
interactions with DOTAP molecules and are shielded by DSPE-PEG2k molecules from
nuclease binding and degradation [50, 51]. On the other hand, NCP-1/siRNAs effectively
released siRNAs in PBS with a complete siRNA release after 24 h (Figure S4, Sl),
suggesting that sufficient amount of siRNA could be released into the cytoplasm once
NCP-1/siRNAs were internalized by cells. The gradual release of siRNAs from the NCP-1
surface is believed to account for the slow degradation of siRNAs after incubation with
serum over time. At the same time, the cisplatin could be released from the NCP-1 upon
entering the cells triggered by the higher intracellular cysteine and glutathione
concentrations (Figure S5, SI). After siRNA loading, the cisplatin release was slightly
retarded (Figure S5, SI), which might be due to the fact that the siRNA layer further retarded
the penetration of cysteine through the lipid bilayer.

3.2. Cellular uptake and endosomal escape

We evaluated the ability of NCP-1/siRNAs to deliver cisplatin and siRNAs to different
ovarian cancer cells. Compared to the free siRNA solution, siRNA uptake of NCP-1/siRNAs
was significantly enhanced (Figure 2a), indicating that NCP-1/siRNAs could assist in the
SiRNA internalization. The siRNA uptake was also directly observed using confocal laser
scanning microscopy (CLSM). Large amounts of siRNA (red fluorescence) were located in
the cytoplasm of all three ovarian cancer cell lines (Figure S6, SI). We believe that cationic
DOTAP and optimal particle size of NCP-1/siRNAs were beneficial to sSiRNA uptake [52,
53]. The cisplatin internalization was also promoted by the NCP-1/siRNAs (Figure 2b),
which might be ascribed to the decreased nanoparticle/drug efflux pump by down-regulating
the P-gp expression [54].

Besides high siRNA uptake levels, successful endo/lysosomal escape is also required for
efficient siRNA-mediated gene silencing. We have used CLSM to study the sSiRNA
endosomal escape process. As shown in Fig 2d, the extent of co-localization between the
siRNA fluorescence and that of lysotracker rapidly decreased over time. After a 2-h
incubation, the majority of sSiRNA (~70%) encapsulated in the NCP-1/siRNAs has escaped
from endo/lysosome compartments, as demonstrated by the steady decrease of co-
localization between red fluorescence from the siRNA and green fluorescence from
Lysotracker Green (that tracks endo/lysosome membranes) over the 2-h period (Figure
2c&d, Figure S7&S8, Sl). The enhanced siRNA release from endo/lysosomes by NCP-1/
siRNAs is likely mediated by the ion-pair formation between the positively charged groups
of DOTAP and the negatively charged groups of endosome membrane. Clustered ion-pairs
are known to de-stabilize both the endosome membrane and the cationic lipid coated vector
[11, 55].

3.3. In vitro gene silencing efficiency

Upon overcoming the several barriers to gene transfection, including siRNA encapsulation,
protection, release, cell internalization, and endosomal escape, NCP-1/siRNAs evoked
potent gene silencing in terms of mMRNA expression and protein production in ovarian
cancer cells (Figure S9, Sl and Figure 3) as determined by Realtime-PCR and enzyme-
linked immunosorbent assays (ELISA), respectively. We compared the gene knockdown
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efficiency of NCP-1/pooled siRNAs to those of NCP-1/individual sSiRNA in order to
determine if pooled siRNAs work synergistically to downregulate the expression of relevant
proteins responsible for drug resistance. Pooled siRNAs contain one-third of each individual
siRNA in the NCP-1/siRNAs, with the same total sSiRNA dose as that of NCP-1/individual
siRNA. The specific gene knockdown efficiency mediated by NCP-1 loaded pooled siRNAs
and individual siRNAs as essentially identical, suggesting that pooled siRNAs likely elicit
synergistic effects in silencing multiple genes. In addition, Zn control/siRNAs were also
capable of down-regulating gene expression (Figure 3). The slightly decreased survivin and
Bcl-2 expression levels in NCP-1 might be attributed to the cytotoxicity induced by cisplatin
incorporated in the nanoparticles that influenced the expression levels of tumor growth
relevant genes including survivin and Bcl-2. The gene transfection efficiency mediated by
NCP-1/siRNAs was also compared with commercialized Lipofecatmine RNAIMAX (Lipo).
As shown in Figure 3d-f, the gene silencing efficiency of NCP-1/siRNAs was comparable
to Lipo at the recommended siRNA dose of 3 nM. When the siRNA dose was reduced to
0.75 nM, NCP-1/siRNAs was significantly more potent than Lipo. Additionally, NCP-1/
siRNAs showed prolonged gene silencing with transfection efficiency of up to 50% in 3
days, suggesting their preferable stability and high potency (Figure S10, SI).

3.4. Cytotoxicity

To further examine whether the efficient and simultaneous suppression of survivin, Bcl-2,
and P-gp can effectively increase the chemotherapy efficacy of cisplatin, the cytotoxicity of
free cisplatin, NCP-1, Zn control/siRNAs, and NCP-1/siRNAs was assessed. By the co-
delivery of cisplatin and pooled siRNAs, all four cisplatin-resistant ovarian cancer cell lines
could be re-sensitized by NCP-1/siRNAs, as evidenced by the drastically decreased cisplatin
ICsq (the dose of a drug required for 50% inhibition) values compared to either free cisplatin
or NCP-1 (Table 1, Figure S11-S13 & S15, SI).

In ES-2, OVCAR-3, SKOV-3, and A2780/CDDP cells, the cisplatin ICsq of NCP-1/siRNAs
showed a 102-, 7-, 140-, and 16-fold decrease compared to NCP-1, respectively. NCP-1/
individual siRNA treatment was only slightly more potent than NCP-1 with the exception of
NCP-1/sisurvivin on SKOV-3 cells (with a 21-fold decrease in 1Csg when compared to
NCP-1); the ICsq values for NCP-1/individual siRNA samples were only up to 2.6 times
lower than that of NCP-1. Even the 1C5q of NCP-1/sisurvivin on SKOV-3 cells is 6.5 times
higher than than of NCP-1/siRNAs. These results indicate that NCP-1/siRNAs are much
more potent than NCP-1/individual siRNA, consistent with the more effective gene
knockdown as discussed earlier.

In cisplatin-sensitive A2780 cell, free cisplatin, NCP-1, and NCP-1/siRNAs evoked similar
cytotoxicity (Table 1, Figure S14, SI). Therefore, we believe that delivering pooled siRNAs
to silence the expression of multiple MDR genes simultaneously is more effective at
overcoming drug resistance than targeting a single specific gene. Importantly, NCP-1/
SiRNAs were able to enhance the anticancer efficacy in different types of ovarian cancer
cells: ES-2 is originated from clear cell ovarian carcinoma; OVCAR-3 is from serous
adenocarcinoma; SKOV-3, A2780, and A2780/CDDP are from adenocarcinoma [56].
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We also evaluated the cytotoxicity of Zn control/siRNAs at the sSiRNA doses corresponding
to cisplatin ICgq values. No obvious differences were observed between the cell viability of
Zn control/siRNAs and control (88.3+2.1%, 89.4+3.1%, 94.2+5.6%, 102.9+4.5%, and
89.4+10.2% for ES-2, OVCAR-3, SKOV-3, A2780, and A2780/CDDP, respectively),
indicating that the drastically elevated anticancer efficacy of NCP-1/siRNAs results from the
synergy between gene regulation by pooled siRNAs and chemotherapeutic effects of
cisplatin.

2.5. Apoptosis

The cell apoptosis induced by NCP-1/siRNAs was analyzed by Annexin V conjugate
staining, DNA ladder, and flow cytometry. As shown in Figure 4a, ovarian cancer cells were
stained with Annexin V-FITC conjugate after incubating with NCP-1/siRNAs for 24 h,
indicating that the nanoparticles successfully induced cancer cell apoptosis. The presence of
the characteristic DNA ladder in the NCP-1/siRNAs rather than NCP-1 indicated that co-
delivery of cisplatin and pooled siRNA successfully induce cell apoptosis in cisplatin-
resistant cells by silencing the MDR gene expression (Figure 4b). As shown in Figure S16
(SI), no apoptosis was observed in the Zn control group after a 24-h incubation by flow
cytometry. Healthy cell percentages of NCP-1, NCP-1/siBcl-2, NCP-1/siP-gp, NCP-1/
sisurvivin, NCP-1/siRNAs, Zn control/siRNAs, and free cisplatin solution were determined
to be 79.8%, 49.1%, 51.9%, 39.4%, 25.2%, 94.8%, and 67.0%, respectively, indicating that
NCP-1/siRNAs was the most potent in inducing apoptosis (Figure 4c, Figure S16, Table S2,
SI). Additionally, NCP-1/siRNAs evoked no immunogenic response in Raw 264.7
macrophage and SKOV-3 cells (Figure S17, Sl), indicating the lack of immuno-toxicity of
NCP-1/siRNAs.

2.6. Anticancer efficacy in SKOV-3 xenografts

Local delivery of chemotherapeutic drugs is an efficient strategy for achieving high drug
doses at the target site while minimizing systemic exposure. Encouraged by significantly
enhanced in vitro anticancer efficacy, we evaluated the in vivo antitumor effect of NCP-1/
siRNAs in cisplatin-resistant SKOV-3 subcutaneous xenografts. As depicted in Figure 5, no
antitumor efficacy was observed for free cisplatin (1 mg/kg dose) plus free pooled siRNAs
(0.25 mg/kg dose), NCP-1 (1 mg/kg dose), and Zn control/siRNAs (0.25 mg/kg dose), of
which the P values were 0.8311, 0.1502, 0.8594 compared to control by two-tail T-test,
respectively. In contrast, NCP-1/siRNAs at the same cisplatin and/or siRNA doses exhibited
remarkable tumor regression; the average tumor size decreased from 97+6 to 38+20 mm3
(P=0.0010 vs. control). Compared to the control group, the mRNA expression levels of
Bcl-2, survivin, and P-gp in the tumors of mice receiving local injection of NCP-1/siRNAs
were significantly reduced by 58.8%, 51.7%, and 48.7%, respectively (Figure S18).
Accordingly, the Bcl-2, P-gp, and survivin protein production of tumors treated with NCP-1/
SiRNAs were down-regulated by 74%, 48%, and 84%, respectively, in comparison to the
control (Figure 5d). The significant knockdown of Bcl-2, P-gp, and survivin in the tumor
site presumably sensitized the tumor cells towards cisplatin treatment, leading to the much
enhanced antitumor effect by the co-delivery of cisplatin and siRNAs. The TUNEL assay
showed that the fluorescence intensity of DNA fragmentation and the relative percentage of
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apoptotic cells in the NCP-1/siRNAs group were higher than those in the other groups,
indicating their superior anticancer efficacy (Figure 5¢ & d).

No significant body weight loss or immunogenic response was observed after repeated
treatment with NCP-1/siRNAs (Figure S19 — S20, Sl). We also performed histological
analysis of the kidneys, livers, spleens, and lungs of mice treated with NCP-1/siRNAs. No
cast formation, swelling, desquamation, tubular damage or microvillus disappearance was
noted in the kidney, indicating that NCP-1/siRNAs would not induce nephrotoxicity which
is a major concern of cisplatin toxicity (Figure S21). In addition, NCP-1/siRNAs treatment
did not induce haemorrhages or dystrophy of hepatocytes in liver, increase the number of
lymphoid follicles in spleen, or cause inflammatory cell infiltration in lungs (Figure S21).
These results suggested the safety of NCP-1/siRNAs when applied in vivo.

4. Conclusions

We have reported the first effort of utilizing self-assembled nanoscale coordination
polymers as an efficient vehicle to simultaneously deliver cisplatin and pooled siRNAs to
cisplatin-resistant ovarian cancer cells. Our results demonstrated that NCP-1/siRNAs could
mediate effective gene silencing in cisplatin-resistant ovarian cancer cells to overcome MDR
and re-sensitize the cells to cisplatin treatment. Consequently, the co-delivery of cisplatin
and pooled siRNAs drastically enhanced the in vivo chemotherapeutic effects in cisplatin-
resistant SKOV-3 ovarian cancer mouse model. The versatility of the NCP delivery platform
should allow its further optimization for potential clinical translation to treat late stage,
resistant cancers.
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Figure 1.
TEM images of NCP-1 coated with DOTAP (a) and NCP-1/siRNAs (b) showing the

spherical, mono-dispersed, and well-defined morphology. (c) Enhanced serum stability of
siRNAs that were loaded into NCP-1 as evaluated by electrophoresis.
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Figure 2.
(a) Cellular uptake amount of siRNA in ovarian cancer cells after incubating for 4 h (n=3).

(b) Cellular uptake amount of Pt in SKOV-3 cells after incubating for 4 h and 24 h (n=3). (c)
Time-dependent endosomal escape of NCP-1/siRNAs (TAMRA-labeled, red fluorescence)
in SKOV-3 cells. Endosome/lysosome and nuclei were stained with Lysotracker Green and
DAPI, respectively. Bar represented 20 um. (d) Percent co-localization of siRNA and
endosome/lysosome quantified by Image J based on (c).
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Survivin (a), Bcl-2 (b), and P-gp (c) relative expression levels in ovarian cancer cells
transfected with NCP-1, NCP-1/siRNAs, NCP-1/sisurvivin, NCP-1/siBcl-2, NCP-1/siP-gp,
and Zn control/siRNAs at an siRNA concentration of 30 nM (n=3). (d)-(f) Dose-dependent
transfection efficiency mediated by NCP-1/siRNAs and Lipofecatamine RNAIMAX/

SiRNAs (Lipo/siRNAS) in SKOV-3 cells (n=3).
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(a) CLSM images showing cell apoptosis and siRNA internalization in ES-2, OVCAR-3,
and SKOV-3 cells after incubation with NCP-1/siRNAs for 24 h. The siRNA was labeled
with TAMRA (red fluorescence).The cells were stained with Annexin V FITC Conjugate
and the nuclei were stained with DAPI. Bar represented 20 um. (b) Analysis of DNA ladder
on 2% (w/v) agarose gel at 35 V for 5 h after DNA extraction from the ovarian cancers
treated with NCP-1 or NCP-1/siRNA. M: DNA marker; 1: control; 2: NCP-1; 3: NCP-1/
siRNAs. (c) Annexin V/PI analysis of SKOV-3 cells after the incubation with saline
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(control), NCP-1, NCP-1/siRNAs and free cisplatin for 24 h. The quadrants from lower left
to upper left (counter clockwise) represent healthy, early apoptotic, late apoptotic, and
necrotic cells, respectively. The percentage of cells in each quadrant was shown on the
graphs.
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Figure 5.
In vivo anticancer effects of NCP-1/siRNAs on SKOV-3 subcutaneous xenograft murine

models. (a) Tumor growth curves of the mice receiving intratumoral injections (n=6). (b)
Photograph of the excised tumors on day 33. 1: control; 2: free cisplatin + free siRNAs; 3:
NCP-1; 4: Zn control/siRNAs; 5: NCP-1/siRNAs. (c) Weights of the excised tumors on Day
33. Indicated values were mean = SD (n=6). The P values of free cisplatin plus free SiRNAs,
NCP-1, Zn control/siRNAs, and NCP-1/siRNAs compared to control were 0.9159, 0.0538,
0.6493, and 0.0001, respectively, by two-tail T-test. (d) The protein expression levels of
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Bcl-2, P-gp, and survivin significantly decreased in the tumors of mice receiving
intratumoral injection of NCP-1/siRNAs (n=3). The P values of NCP-1/siRNAs compared to
control were 0.0012, 0.0006, and 0.00009 for Bcl-2, P-gp, and survivin expression,
respectively, by two-tail T-test. (€) Representative CLSM images of TUNEL assays of
tumor tissues. DNA fragment in apoptotic cells was stained with fluorescein-conjugated
deoxynucleotides (green) and the nuclei were stained with DAPI (blue). 1: control; 2: free
cisplatin + free siRNAs; 3: NCP-1; 4: Zn control/siRNAs; 5: NCP-1/siRNAs. Bar
represented 50 um. (f) The percentage of TUNEL-positive cells in tumor tissues (n=3).
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Scheme 1.
Schematic showing the compositions of NCP-1/siRNAs. Upon entering cancer cells, the

intracellular reducing environment will trigger the cisplatin release via reductive degradation
of NCP-1.
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