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ABSTRACT: Drug resistance impedes the successful treatment of /_:”“RNAS o Pt rosistant
many types of cancers, especially ovarian cancer (OCa). To counter (= P 251

this problem, we developed novel long-circulating, self-assembled i ?‘T“RNAS “ 20] ; 1 ofreecisigemssiias
core—shell nanoscale coordination polymer (NCP) nanoparticles that - W § i g 4 NePisiRNAS
efficiently deliver multiple therapeutics with different mechanisms of 2‘1@ £ 15

action to enhance synergistic therapeutic effects. These NCP particles chemats) 2107 ¢

contain high payloads of chemotherapeutics cisplatin or cisplatin plus \ e ) sosif f

gemcitabine in the core and pooled siRNAs that target multidrug %~ _/C/ °-°‘o‘:20 e
resistant (MDR) genes in the shell. The NCP particles possess Day post treatment

efficient endosomal escape via a novel carbon dioxide release

mechanism without compromising the neutral surface charge required for long blood circulation and effectively downregulate
MDR gene expression in vivo to enhance chemotherapeutic efficacy by several orders of magnitude. Even at low doses,
intraperitoneal injections of nanoparticles led to effective and long-lasting tumor regression/eradication in subcutaneous and
intraperitoneal xenograft mouse models of cisplatin-resistant OCa. By silencing MDR genes in tumors, self-assembled core—shell
nanoparticles promise a more effective chemotherapeutic treatment for many challenging cancers.

B INTRODUCTION either synthetically modified or delivered by effective vehicles to
elicit gene silencing in vivo. Although nanoparticulate delivery
systems have been shown to improve anticancer efficacy of
chemotherapeutics,”” >’ efficient delivery of siRNAs to cancer
cells in vivo has remained an unsolved problem due to the
contradictory surface charge requirements for efficient endo-
somal escape (cationic) and long blood circulation (neutral).
Although cationic lipids have been combined with nanoscale
coordination polymers for the codelivery of cisplatin and
pooled siRNAs to regress tumor growth in a cisplatin-resistant
OCa mouse model via intratumoral injection,”” such delivery
systems exhibited poor pharmacokinetics and biodistribution

Ovarian cancer (OCa) is the fifth leading cause of death by
cancer for women in the United States, accounting for 5% of
cancer mortalities in this population." Most patients present
with advanced disease and are treated with upfront surgery
followed by platinum/taxane-based chemotherapy, but the
majority have tumors that either do not respond to chemo-
therapy or will eventually recur with multidrug resistant
(MDR) OCa.>™"° Intrinsically resistant and recurring ovarian
cancers are terminal diseases that cannot be cured with existing
therapeutics.”® Thus, there is clearly an urgent need to develop
novel therapeutic strategies to overcome drug resistance in

OCa upon systemic administration and are unsuitable for clinical
Tumors may possess intrinsic or acquired drug resistance translation. .
2-5,11-13 We herein report a robust self-assembled, core—shell

mechanisms that differ from patient to patient.
Moreover, cancer cells within one tumor can exhibit significant
genetic heterogeneity with respect to the signaling pathways
that promote drug resistance.''> Small interfering RNA
(siRNA) has the ability to disrupt cellular MDR pathways by
silencing the expression of relevant genes.lﬁ_25 Simultaneously
delivering pooled siRNAs targeting multiple distinct molecular
signaling pathways would provide an effective approach to
overcoming drug resistance in OCa.””**** We hypothesized
that coadministration of chemotherapeutics and siRNAs
targeting MDR genes can increase the efficacy of existing
OCa treatments.

Because of the instability of siRNAs in systemic circulation Received: March 7, 2016
and their inability to cross cell membranes, siRNAs must be Published: April 18, 2016

nanoscale coordination polymer (NCP)-based nanomedicine
platform for the codelivery of chemotherapeutic agent(s) and
siRNAs targeting MDR genes for the effective treatment of
resistant OCa. The novel nanomedicine, NCP-1/siRNAs,
carries cisplatin in the core and siRNAs in the lipid layer
with built-in mechanisms for triggered release and endosomal
escape and shows prolonged blood circulation, improved tumor
uptake, and enhanced anticancer efficacy in subcutaneous and
intraperitoneal xenograft mouse models of resistant OCa. By
modifying the nanoparticle core to include gemcitabine, the
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resulting NCP-2/siRNAs particles retained all of the above
merits while simultaneously potentiating anticancer efficacy.
Given the dramatically improved therapeutic windows of NCP-
1/siRNAs and NCP-2/siRNAs, we believe that these particles
hold great promise for clinical translation for the treatment of
resistant OCa.

B RESULTS

Synthesis and Characterization of NCP-1/siRNAs. 1,2-
Dioleoyl-sn-glycero-3-phosphate (DOPA)-capped NCP-1 par-
ticles containing a cisplatin prodrug, cis,cis,trans-[ Pt-
(NH,),CL,(OCONHP(0O)(0OH),),] (PtBp), were synthesized
according to our previous report.”” We developed a strategy to
incorporate siRNA in the shell while being shielded by the PEG
layer to prevent nuclease degradation in physiological environ-
ments. N-succinimidyl-3-(2-pyridyldithio)propionyl-1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine (DSPE-SPDP) was
synthesized from succinimidyl 3-(2-pyridyldithio)propionate
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine, and fur-
ther conjugated with thiol siRNA (IDT, USA) to afford the
DSPE-siRNA conjugate. The disulfide linkage is placed on the
S’ end of sense strand of siRNA duplexes in order to avoid
potential inhibition on the antisense strand. DOPA-NCP-1
particles were then coated with cholesterol, DOPC, DSPE-
siRNA conjugates, and 20 mol % DSPE-PEG2k to afford a
core—shell nanostructure with a solid core carrying chemo-
therapeutics and a lipid layer containing siRNAs (Figure 1A).
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Figure 1. Preparation and characterization of NCP-1/siRNAs. (A)
Schematic representation of NCP-1/siRNAs carrying cisplatin in the
solid core and siRNAs in the lipid shell. (B) TEM image of NCP-1/
siRNAs showing the spherical and monodispersed nanostructure. Bar
=100 nm. (C) siRNA release from NCP-1/siRNAs in the presence or
absence of reducing agents. (D) Improved siRNA stability in serum of
NCP-1/siRNAs compared to free siRNA and DSPE-siRNA conjugate
as evaluated by electrophoresis (2% agarose gel). “M” stands for
untreated siRNA marker.
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Transmission electron microscopy (TEM) images indicated
that NCP-1/siRNAs form spherical particles (Figure 1B). The
Z-average size, PDI, and zeta potential of NCP-1/siRNAs were
1053 + 62 nm, 0.112 + 0.004, and —4.8 + 13 mV,
respectively, by DLS measurement. The cisplatin loading was
determined to be 25 wt % by inductively coupled plasma-mass
spectrometry (ICP-MS) and the siRNA loading was 6 wt % by
Quant-iT RiboGreen RNA kit. The siRNA release of NCP-1/
siRNAs was evaluated in PBS supplemented with 4.5 uM
glutathione (GSH, extracellular environment) or 10 mM GSH
(intracellular environment). siRNA release was slow in PBS
without GSH, but significantly enhanced in PBS containing 10
mM GSH (Figure 1C). Inside cells, the disulfide bond of
DSPE-siRNA was rapidly cleaved by a reducing agent, which
led to enhanced siRNA release. We evaluated the capability of
NCP-1/siRNAs to protect siRNAs from nuclease degradation
by incubating NCP-1/siRNAs with serum and observing siRNA
integrity by gel electrophoresis analysis over time. As depicted
in Figure 1D, the intensity of free siRNA bands decreased
rapidly with time; ~ 46% of the siRNA maintained its integrity
in the DSPE-siRNA conjugate after 24 h, only one-half of the
~91.9% of siRNA intact after loading onto NCP-1/siRNAs
(Figure S2), suggesting that NCP-1/siRNAs effectively
protected siRNA from degradation by nucleases in the serum.

Efficient Endosomal Escape. NCP-1/siRNAs have a
novel built-in endosomal escape mechanism that is not reliant
on cationic excipients. Two carbon dioxide molecules are
generated as byproducts of the intracellular release of cisplatin
(Figure 2A), which we hypothesize can change the osmotic
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Figure 2. Novel endosomal escape mechanism. (A) Scheme showing
the CO, generation of PtBp in the reducing environment. (B)
Schematic showing the endosomal escape of NCP-1/siRNAs. (C)
Time-dependent endosomal escape of NCP-1/siRNAs (Alexa
Fluor647-labeled, red fluorescence) in SKOV-3 cells. Endosomes
and nuclei were stained with Lysotracker Green (green fluorescence)
and DAPI (blue fluorescence), respectively. Bar = 20 ym. (D) Percent
colocalization of siRNA and endosome quantified by ImageJ based on

(C).
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pressure to disrupt the endosomal membrane, facilitating the
escape of siRNAs from endosomal entrapment and triggering
the formation of RNA-induced silencing complexes (RISCs) in
the cytoplasm to mediate gene silencing (Figure 2B).

The efficient generation of CO, was first confirmed in a
solution, where we observed efficient CO, generation from
PtBp in reducing environments. Vigorous gas bubbling was
observed when 5 mM cysteine (Cys) was added to a solution of
PtBp in PBS, but no gas generation was noted before the
addition of Cys. The identity of the gas was confirmed to be
CO, by gas chromatography, which displayed a peak with a
retention time identical to that of authentic CO, (Figure S3).

We used confocal laser scanning microscopy (CLSM) to
evaluate endosomal escape efficiency of Alexa Fluor 647 labeled
NCP-1/siRNAs (NCP-1/Alexa-siRNAs) in A2780/CDDP
cells. Human OCa cells A2780/CDDP were incubated with
NCP-1/Alexa-siRNAs for different time periods, fixed, stained
with Lysotracker Green and DAPI, and observed by CLSM.
The colocalization of green fluorescence (Lysotracker Green-
stained endosome) and red fluorescence (Alexa Fluor 647-
labeled siRNA) was calculated by Image]. NCP-1/Alexa-
siRNAs was rapidly internalized by cells, evidenced by the
colocalization of siRNA and endosome/lysosome. A linear
decrease in colocalization occurred over 30 min, indicating that
siRNAs can successfully escape endosomal entrapment and
form RISCs in the cytoplasm (Figure 2C,D).

In Vitro Transfection Efficiency and Cytotoxicity.
NCP-1/siRNAs successfully overcame several key barriers to
gene transfection, including siRNA encapsulation, protection,
release, and endosomal escape. As a result, NCP-1/siRNAs
evoked potent gene silencing, significantly reducing mRNA
expression (Figure 3A,C) and protein production (Figure
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Figure 3. Efficient in vitro gene silencing. mRNA expression and
protein production of Bcl-2 and survivin in cisplatin-resistant OCa
cells (A,B for SKOV-3 and C,D for A2780/CDDP) transfected with
NCP-1/siRNAs at an siRNA concentration of 6 nM (n = 3).

3B,D) in two cisplatin-resistant ovarian cancer cell lines:
SKOV-3 and A2780/CDDP. We compared the gene silencing
efficiency of NCP-1/siRNAs containing two siRNAs to those
containing only an individual siRNA to determine if there was
synergy in the siRNA downregulation of relevant proteins
responsible for drug resistance. Pooled siRNAs in NCP-1/
siRNAs contain the same total siRNA dose as that of NCP-1/
individual siRNA, with each individual siRNA contributing
equally. Unappreciable differences were noticed for the specific
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gene silencing efficiency between treatment groups, suggesting
that pooled siRNAs may work synergistically to silence multiple
drug-resistant genes. At a total siRNA dose of 6 nM, NCP-1/
siRNAs efficiently downregulated both survivin and Bcl-2 gene
expression in SKOV-3 and A2780/CDDP cells by >70%, as
determined by Realtime-PCR and enzyme-linked immunosorb-
ent assays (ELISA). For SKOV-3 cells, NCP-1/siRNAs
outperformed the industry standard Lipofectamine RNAIMAX
at 3 nM in gene silencing (33.9 + 2.88% vs 52.8 + 3.6%).
ELISA quantification indicated that NCP-1/sisurvivin reduced
protein expression (~75% downregulation) in SKOV-3 cells for
up to 4 days (Figure S4).

Efficient gene silencing dramatically enhanced the efficacy of
NCP-1/siRNAs compared to free cisplatin with free siRNAs,
NCP-1, and Zn Control/siRNAs in the two cisplatin-resistant
ovarian cancer cell lines SKOV-3 and A2780/CDDP. By
codelivering cisplatin and two siRNAs, NCP-1/siRNAs
resensitized the cells to platinum drug treatment, drastically
decreasing the dose of a drug required for 50% inhibition
(ICs,) of cisplatin relative to that of free cisplatin with free
siRNAs or NCP-1. As shown in Table 1 and Figure S5—S7, the

Table 1. Cisplatin ICg, Values of Free Cisplatin+siRNAs,
NCP-1, and NCP-1/siRNAs in SKOV-3, A2780, and A2780/
CDDP Cells after 72 h Incubation

SKOV-3 (uM) A2780 (uM) A2780/CDDP (M)

Free cis+siRNAs 51.63 + 10.76 225 + 0.15 15.79 + 2.99
NCP-1 45.77 + 12.42 2.10 + 0.09 12.72 + 0.68
NCP-1/siBcl-2 1.17 + 0.18 2.02 + 0.15 0.30 + 0.20
NCP-1/sisurvivin 3.62 + 0.15 2.11 + 0.17 0.52 + 0.09
NCP-1/siRNAs 0.14 + 0.06 1.89 + 0.02 0.14 + 0.09

cisplatin IC5, of NCP-1/siRNAs decreased by 2 orders of
magnitude, specifically a 368- and 113-fold decrease compared
to free cisplatin with siRNAs in SKOV-3 and A2780/CDDP
cells, respectively. In comparison, NCP-1/individual siRNA was
still more potent than NCP-1 but less powerful than NCP-1/
pooled siRNAs, indicating that simultaneously silencing two
MDR genes was more effective than targeting a single gene in
overcoming drug resistance. NCP-1 alone did not significantly
differ from free cisplatin with siRNAs in cytotoxicity. In
contrast, in the cisplatin-sensitive ovarian cancer cell line
A2780, we observed similar cytotoxicity in all five treatment
groups. This result further confirmed our hypothesis: the
efficient knockdown of MDR genes by NCP-1/siRNAs is vital
to enhancing chemotherapeutic cytotoxicity in drug-resistant
cells.

The ability of NCP-1/siRNAs to induce apoptosis in the
cisplatin-resistant cell lines A2780/CDDP and SKOV-3 and the
cisplatin-sensitive cell line A2780 was examined by Annexin V/
PI staining followed by flow cytometry. After 24 h incubation
with Zn control/siRNAs, cells remained healthy with no
observed apoptosis. NCP-1/siRNAs treatment yielded >90%
apoptosis in all 3 cell lines, similar to NCP-1 and free cisplatin
with siRNAs in A2780, but ~3X that of the other treatments in
A2780/CDDP or SKOV-3 (Figure S8—S10 and Table S1).
This further substantiates our hypothesis that the efficient gene
silencing mediated by NCP-1/siRNAs resensitized the resistant
cells to cisplatin treatment.

In Vivo Pharmacokinetic and Biodistribution. The
pharmacokinetics and biodistribution of NCP-1/siRNAs was
carried out on CT26 tumor-bearing Balb/c mice by intravenous
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or intraperitoneal injection (Figure 4). The platinum
distribution was quantified by ICP-MS and the serum siRNA
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Figure 4. Pharmacokinetics and tissue distributions of NCP-1/siRNAs
by systemic injections. Tissue distributions of Pt at different time
points after iv. (A) or ip. (C) injection of NCP-1/siRNAs. Time-
dependent siRNA concentrations in blood after iv. (B) or ip. (D)
injection of NCP-1/siRNAs. The one-compartment model was used
to fit the observed data in (B). Data are expressed as means + SD (N
=3).

amount was quantified by fluorimetry (excitation: 650 nm;
emission: 670 nm). By iv. injection, both the cisplatin and
siRNA concentrations in blood were best fit by a one-
compartment model with nonlinear elimination, with blood
circulation half-lives of 102 + 0.6 and 10.7 + 1.2 h,
respectively. The ratio of cisplatin to siRNA remained
consistent in the blood for up to 48 h post injection, suggesting
that NCP-1/siRNAs remained structurally intact during both
abdominal absorption and systemic circulation. In addition to
the prolonged blood circulation time, tissue distribution profiles
of NCP-1/siRNAs showed a resistance to uptake by the
mononuclear phagocyte system (MPS), as evidenced by the
low % ID/g (percent injected dose/gram tissue) in the liver
(<5.5 = 1.6 % ID/g for iv. and <9.7 + 5.6 % ID/g for ip.),
lung (<22 £ 0.1 % ID/g for iv. and <82 + 2.2 % ID/g for
ip.), and kidney (<6.6 + 0.7 % ID/g for iv. and <4.1 = 0.6 %
ID/g for ip.). More importantly, NCP-1/siRNAs achieved a
peak tumor uptake of 14.6 + 6.8 % ID/g by ip. injection
compared to 6.1 + 1.1 % ID/g by iv. injection at 24 h post
injection. We hypothesized that the low nonspecific uptake by
normal tissue combined with high tumor accumulation of
NCP-1/siRNAs could dramatically improve the therapeutic
window.

Anticancer Efficacy in a Subcutaneous Xenograft OCa
Mouse Model. We evaluated the in vivo antitumor effect of
NCP-1/siRNAs in cisplatin-resistant SKOV-3 subcutaneous
xenografts by two different methods of systemic injection with
equivalent cisplatin (0.75 mg/kg) and siRNA doses (0.18 mg/
kg), where applicable. The treatment started when the tumors
reached ~120 mm?®. As depicted in Figure SA, no antitumor
efficacy was observed for free cisplatin with free siRNAs, NCP-
1, Zn Control/siRNAs, or NCP-1/ctrl siRNA (NCP-1 loaded
with universal control siRNA). In contrast, NCP-1/siRNAs
controlled tumor growth or caused remarkable tumor
regression.
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Figure S. In vivo anticancer effects of NCP-1/siRNAs on a SKOV-3
subcutaneous xenograft mouse model. (A) Tumor growth curves of
the mice receiving i.p. or iv. injections of NCP-1 (n = S for NCP-1/
ctrl siRNA and 7 = 6 for all the other groups). For i.v. injections, mice
received treatments every 3 days for a total of three injections at an
equivalent cisplatin dose of 0.75 mg/kg and siRNA dose of 0.18 mg
/kg. For ip. injections, mice received treatments every 3 days, for a
total of two injections at an equivalent cisplatin dose of 0.75 mg/kg
and siRNA dose of 0.18 mg /kg. (B) The mRNA expression levels of
Bcl-2 and survivin significantly decreased in the tumors of mice
receiving an iv. injection of NCP-1/siRNAs (n = 3). (C)
Representative CLSM images of TUNEL assays of tumor tissues.
DNA fragments in apoptotic cells were stained with fluorescein-
conjugated deoxynucleotides (green), and the nuclei were stained with
DAPI (blue). Bar represents S0 um. (D) TNF-q, IL-6, IFN-y, and IgE
concentrations in the serum of SKOV-3 tumor-bearing mice receiving
iv. or ip. injections of NCP-1/siRNAs were determined by ELISA.

Compared to control groups, NCP-1/siRNAs injected
intravenously every 3 days for a total of three injections
significantly reduced the mRNA expression levels of the
targeted genes by 63.4% and 68.6% for Bcl-2 and survivin,
respectively (Figure SB). The significant knockdown of the
targeted genes in the tumor site presumably sensitized the
tumor cells to cisplatin treatment, successfully repressing tumor
growth. Notably, NCP-1/siRNAs injected intraperitoneally
every 3 days for a total of two injections led to complete
tumor eradication in S out of 6 mice. Because only one tumor
remained after treatment with NCP-1/siRNAs by i.p. injection,
we were unable to further analyze the gene expression and
apoptosis of the tumors in this group. These results strongly
support our hypothesis that codelivering cisplatin and siRNAs
by NCP-1/siRNAs resensitized resistant OCa to cisplatin
treatment, achieving superior anticancer efficacy compared to
monotherapies.

Moreover, no significant loss of body weight or immuno-
genic response was observed, suggesting treatments were well
tolerated (Figure SD and Figure S14). TUNEL assay of tumors
showed DNA fragmentation (Figure SC), indicating the relative
percentage of apoptotic cells (Figure S15) was significantly
greater in the NCP-1/siRNAs group than those in the other
groups.

We also performed histopathological analysis of the kidneys,
livers, spleens, and lungs of the mice treated with NCP-1/
siRNAs to evaluate toxicity (Figure S16). NCP-1/siRNAs
treatment did not lead to cast formation, swelling, desquama-
tion, tubular damage, or microvillus disappearance in the
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kidneys, suggesting there was negligible nephrotoxicity. No
hemorrhages or dystrophy of hepatocytes was observed in the
livers. NCP-1/siRNAs did not increase the number of
lymphoid follicles in the spleens or cause inflammatory cell
infiltration in the lungs.

The maximum tolerated dose (MTD) of NCP-1/siRNAs,
that is, the highest dose tolerated by 100% of mice after a single
i.p. injection to female BALB/c mice, was determined to be >4
mg cisplatin/kg. At a total cisplatin dose of only 1.5 mg/kg by
i.p. injection, NCP-1/siRNAs achieved tumor eradication in §
out of 6 mice. Therefore, the therapeutic window of NCP-1/
siRNAs by ip. injection is greater than 2.67, a great
improvement over the existing cisplatin regimen.

Anticancer Efficacy of NCP-1/siRNAs in an Intra-
peritoneal Xenograft OCa Mouse Model. The anticancer
efficacy of NCP-1/siRNAs was examined in a cisplatin-resistant
A2780/CDDP intraperitoneal xenograft mouse model. The
survival benefit and tumor inhibition results were obtained in
two separate studies. To study survival, 10° A2780/CDDP cells
were ip. injected into female athymic nude mice to establish
the intraperitoneal xenograft model. Beginning 6 days after
tumor inoculation, mice were treated once every 3 days for a
total of three injections with an equivalent 0.75 mg/kg cisplatin
and 0.18 mg/kg siRNAs where applicable. The mice were
sacrificed when severe health problems were noticed. NCP-1 or
NCP-1/ctrl siRNA alone showed no survival benefit over PBS
(NCP-1 vs control, P = 0.3773, NCP-1/ctrl siRNA vs control, P
= 0.2568 by one-way ANOVA). Although one mouse treated
with PBS survived to Day 92 without showing obvious
abnormal activity, a large tumor was observed growing directly
on the right ovary (Figure S17). As shown in Figure 6A, NCP-
1/siRNAs successfully eradicated all the tumors, leading to
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Figure 6. In vivo anticancer efficacy of NCP-1/siRNAs in a cisplatin-
resistant A2780/CDPP intraperitoneal xenograft mouse model. (A)
Survival curves of mice receiving i.p. injections of nanoparticles at a
cisplatin dose of 0.5 mg/kg and siRNA dose of 0.125 mg/kg every 3
days for a total of three injections (n = S for NCP-1/ctr]l siRNA and n
= 6 for all the other groups). Tumor inhibition: tumor weight (B),
tumor nodule count (C), and representative peritoneal view (D) of
mice receiving i.p. injections of nanoparticles at a cisplatin dose of 0.5
mg/kg and siRNA dose of 0.125 mg/kg every 3 days for a total of
three injections and sacrificed on Day 28 post tumor inoculation (n =
S for NCP-1/ctrl siRNA and n = 6 for all the other groups). “P”, “O”,
and “L” in the legend of (C) refer to peritoneum, omentum, and liver,
respectively.
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100% survival for >90 days. 92 days after tumor inoculation,
NCP-1/siRNAs treated mice were sacrificed with no tumors
evident in their abdominal cavities (Figure S18).

To study tumor inhibition, 5§ X 10° A2780/CDDP cells were
i.p. injected into mice to establish the tumor model. Beginning
S days after tumor inoculation, mice were treated at a cisplatin
dose of 0.5 mg/kg and siRNA dose of 0.125 mg/kg every 3
days, for a total of three injections. All the mice were sacrificed
on day 28, and tumor growth was evaluated in terms of tumor
nodule count and tumor weight. Neither PBS nor free cisplatin
with siRNA treatments showed any anticancer efficacy.
Treatment with NCP-1 completely suppressed tumor growth
in 2 out of 6 mice with no tumors found at the end point, but
tumor growth in the other 4 mice became highly aggressive.
NCP-1/ctr]l siRNA treatment also completely eradicated the
tumors in 2 out of S mice, but tumor growth in the other 3
mice was aggressive. Treatment with NCP-1/siRNAs com-
pletely suppressed tumor growth in 4 out of 6 mice, while the
remaining two mice each had 1-2 tumor nodules but no
tumors growing directly on the ovaries. Compared to NCP-1,
NCP-1/siRNAs treatment led to a significant decrease in tumor
weight (443.8 mg for NCP-1 vs 15.5 mg for NCP-1/siRNAs,
Figure 6B) and tumor nodule count (Figure 6C,D).

NCP-2/siRNAs with Further Enhanced Anticancer
Efficacy against Resistant OCa. Combination therapy with
multiple chemotherapeutics successfully combats resistant
cancers by promoting synergy of different drugs, increasing
therapeutic target selectivity, and overcoming drug resistance
by utilizing different mechanisms of action. Excited by the
efficacy of cisplatin and siRNAs in our NCP-1/siRNAs
platform, we developed a new DOPA-capped particle carrying
cisplatin and gemcitabine, NCP-2. Since the cisplatin and
gemcitabine combination is a standard of care for OCa in the
clinic, NCP-2/siRNAs possess even greater potential for the
treatment of challenging cancers. Particle synthesis was
modified to incorporate gemcitabine monophosphate (GMP)
into the core, followed by coating with DSPC, cholesterol,
DSPE-PEG2k, and pooled DSPE-siRNA conjugates containing
siERCC-1, siBcl-2, and sisurvivin siRNAs. The Z-average,
number-average, PDI, and zeta-potential of NCP-2/siRNAs
were 84.1 + 0.9 nm, 48.8 + 3.2 nm, 0.170 + 0.004, and —3.43
+ 0.06 mV by DLS measurements (Table S3). The loading
amounts of cisplatin, GMP, and siRNAs were 12.9 + 1.4 wt %
by ICP-MS, 26.7 + 2.3 wt % by thermogravimetric analysis
(TGA), and 4.9 + 0.3 wt % by fluorimetry, respectively (Figure
S19). NCP-2/siRNAs are observed to be monodispersed
spherical nanoparticles by TEM (Figure 7A and Figure $20).
The size of NCP-2 nanoparticles is stable in PBS containing 30
nM bovine serum albumin (BSA) (Figure S21). The release of
cisplatin and GMP from NCP-2 nanoparticles was slow in PBS
but significantly promoted in PBS containing 5 mM cysteine,
which suggested their extracellular stability and efficient
intracellular release (Figure S22). These physical properties
of NCP-2 did not vary significantly from those of NCP-1 and
NCP-1/siRNAs.

The pharmacokinetics and biodistribution profiles of NCP-2
were evaluated on CT26 tumor-bearing BALB/c mice by iv.
injection (Figure 7B,C). Pt and GMP contents were quantified
by ICP-MS and liquid chromatography mass spectrometry
(LC-MS), respectively. The concentrations of drugs in the
blood were fitted using two-compartment models. NCP-2
exhibited half-lives (t,/,5) of 18.5 + 5.2 h and 14.7 + 2.8 h for
Pt and GMP, respectively. The peak tumor uptake was achieved

DOI: 10.1021/jacs.6b02486
J. Am. Chem. Soc. 2016, 138, 6010—6019


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02486/suppl_file/ja6b02486_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b02486

Journal of the American Chemical Society

A » B N 0.08h
. 60{ mmm 1h
- N 3h
s . I 8h
N e
& S 40 mmash
o a
% -
.
LT
. -
i .
o ¢ . N
sgal. X Liver Lung Spleen Kidney Bladder Tumor Blood
(o3 D
O Observed 2.5
A1 00+ — Fitted ! = free cistgem+siRNAs
3 "”E 2.0 4 .2
£ 0] S T —a 2siRNAs
2 245 ! pes
2 3 o| E151 T ¢
s 3
o 3 S 10 s
s +
0.1 Eos $
= '
0.0 L

0.0 20 30 40 120 130 140 150
Day post treatment

20 30 40 50

Time (h)

0o 10

Figure 7. Characterization, pharmacokinetics, biodistribution, and in
vivo anticancer efficacy of NCP-2/siRNAs. (A) TEM showing the
monodispersed and spherical morphology of NCP-2/siRNAs.
Pharmacokinetics and biodistribution of NCP-2 in terms of Pt by
ICP-MS (B) and GMP by LC-MS (C). (D) Anticancer efficacy of
NCP-2/siRNAs against SKOV-3 subcutaneous xenografts. Free drug
combination or nanoparticles were intraperitoneally injected at 0.3 mg
cisplatin/kg, 0.67 mg GMP/kg, and 0.15 mg siRNAs/kg on Day 0 and
Day S for a total of two injections.

at 104 + 0.8 % ID/g at 24 h post injection. Similar to NCP-1
and NCP-1/siRNAs, NCP-2 particles are able to avoid uptake
by MPS as evidenced by lower liver and kidney % ID/g.

NCP-2/siRNAs demonstrated the unique endosomal escape
mechanism of NCP-1/siRNAs with enhanced cytotoxic
potential due to the addition of a second chemotherapeutic
agent and a third siRNA. NCP-2/siRNAs retained efficient
gene silencing as determined by ELISA assay (Figure $23) and
increased cytotoxicity in SKOV-3 cells. NCP-2 and NCP-2/
siRNAs dropped the cisplatin ICy, values by 3.7-fold and 11.8-
fold, respectively, compared to free cisplatin (Figure S24, Table
S4). In A2780/CDDP cells, the cisplatin IC5, was more
dramatically reduced, by 155.3-fold and 530.5-fold for NCP-2
and NCP-2/siRNAs, respectively, compared to free cisplatin
(Figure S25 and Table S4). For combination therapy,
combination index (CI) values are used to evaluate the synergy
between the two therapies, with CI values lower than, equal to,
and greater than 1 indicating synergism, additivity, and
antagonism, respectively. On A2780/CDDP and SKOV-3
cells, CI was 0.4—1.0 for NCP-2 against the monotherapeutic
nanoparticles and free drug, and was further lowered to ~0.2
for NCP-2/siRNAs against the monotherapeutic nanoparticles
and free drug (Figure S20—S21). This result indicated strong
synergy among cisplatin, GMP, and siRNAs contributed to
drastically enhanced anticancer efficacy against cisplatin-
resistant OCa cells. This was further supported by the ability
of NCP-2/siRNAs to more efliciently induce cell apoptosis
compared to monotherapeutic nanoparticles, free drug, and
NCP-2 in A2780/CDDP and SKOV-3 cells, as confirmed by
Annexin V/PI analysis (Figure $26—528 and Table SS).

By combining efficient gene silencing, enhanced cytotoxicity,
strong synergy among cisplatin, GMP, and siRNAs, and
favorable pharmacokinetics and biodistribution, NCP-2/
siRNAs showed unprecedented anticancer efficacy against a
cisplatin-resistant SKOV-3 subcutaneous xenograft mouse
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model of OCa. Mice bearing SKOV-3 tumors (~150 mm?)
were treated with PBS, free cisplatin, and GMP with siRNAs,
NCP-2, or NCP-2/siRNAs at 0.3 mg cisplatin/kg, 0.67 mg
GMP/kg, and 0.15 mg siRNAs/kg every S days, for a total of
two injections. As shown in Figure 7D, the free drug
combination failed to inhibit tumor growth, while both NCP-
2 and NCP-2/siRNAs treatment led to tumor regression after
the first injection. NCP-2-treated mice showed rapid tumor
regression followed by aggressive tumor regrowth 15 days later.
In contrast, NCP-2/siRNAs completely eradicated the tumors,
and the mice remained tumor-free for the 156 days until the
completion of the experiment.

B DISCUSSION

Cancer is a complex disease—tumors often consist of mixed
populations of malignant cells with a high degree of molecular
and genetic heterogeneity,'”"> and cancers often develop
different successive mutations to acquire resistance as they
progress. Because combination therapy can increase the
opportunity to address the significant issues of tumor
heterogeneity and drug resistance, we developed NCP-1/
siRNAs, which combines the chemotherapy of cisplatin and the
gene therapy of RNAI in a single platform. We demonstrated
that delivering multiple siRNAs targeting distinct molecular
signaling pathways can effectively overcome drug resistance in
OCa and resensitize OCa to cisplatin treatment. We elaborated
on our discovery by developing NCP-2/siRNAs, which carries
two chemotherapeutics, cisplatin and gemcitabine, and three
siRNAs, siERCC-1, siBCI-2, and sisurvivin. We found that it was
even more efficient in overcoming drug resistance and leads to
complete tumor eradication over a 156-day period.

The majority of the existing siRNA-containing nano-
therapeutics in clinical trials are based on liposomes or
polymers and target macrophages or liver diseases but cannot
be used to effectively treat cancer. The literature contains few
successful examples of in vivo siRNA delivery for cancer
treatment using nanomaterials composed of polymers and
cationic lipids or spherical nucleic acid nanoparticle con-
jugates.”” The development of siRNA carriers for cancer
therapy has faced two main challenges: the opposing surface
charge requirements for efficient endosomal escape (cationic)
and long blood circulation (neutral) and the delicate balance
between the affinity for siRNA binding and sufficient release at
the sites of action.”' ™* The most recognized endosomal escape
mechanism, the proton sponge effect, requires cationic
excipients in the carrier to help siRNA escape from the
endosome after endocytosis. However, only nanoparticles with
near neutral surface charge have demonstrated favorable
pharmacokinetics and biodistribution after systemic injection,
rendering the charged cationic excipient impossible.**~**
Furthermore, an siRNA delivery vehicle needs to have high
binding affinity to siRNA in the extracellular environment to
prevent nuclease degradation while achieving sufficient and
rapid intracellular siRNA release in the cytoplasm to trigger
gene silencing.

By combining an ideal size, cationic lipid-free formulation,
and siRNA protection with a lipid shell, NCP-1/siRNAs
maintain structural integrity in blood circulation. The
prolonged blood circulation time and minimal MPS uptake
allow the core—shell nanoparticles to take advantage of the
EPR effect to preferentially localize in tumors. We noticed
higher tumor uptake of NCP-1/siRNAs by ip. injection,
possibly due to efficient abdominal absorption and a mild
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peritoneal environment that causes less physical damage to the
nanoparticle structure than the fast blood flow of i.v. injections.

We have previously demonstrated that the lipid shell
gradually dissociates from the solid core of core—shell particles
upon entering the cells.”” After shedding the lipid shell, the
core is exposed to high concentrations of endogenous reducing
agents to trigger cisplatin release via reductive cleavage of the
metal—ligand bonds. Thus, NCP-1/siRNAs and NCP-2/
siRNAs carrying high payloads of chemotherapeutic(s) and
siRNAs release all drugs intracellularly, triggered by cysteine
and glutathione concentrations that are higher than that of the
extracellular environment. Inside the cells, the disulfide bond
between DSPE and siRNAs is cleaved by the reducing agent,
allowing the siRNA to be efficiently released from the lipid
shell. When a cisplatin molecule is released, two CO, molecules
are generated inside the endosomes, changing their osmotic
pressure and disrupting the endosome membrane, which
facilitates endosomal escape of the siRNAs. Our built-in
endosomal escape mechanism does not involve cationic lipids
or polymers, thus allowing both NCP-1/siRNAs and NCP-2/
siRNAs to have near-neutral surface charges for prolonged
systemic circulation. The efficient endosomal escape enabled by
this novel mechanism potentiates gene silencing both in vitro
and in vivo. We anticipate that this new endosomal escape
mechanism can be applied to the design of other in vivo
delivery systems for anticancer biotherapeutics, such as
microRNA, antisense oligonucleotides, etc.

B CONCLUSION

In summary, we developed novel self-assembled core—shell
nanoparticles that combine two therapies—the chemotherapy
of cisplatin or cisplatin and gemcitabine and the gene therapy of
siRNA—into a single platform to allow for tumor eradication in
cisplatin-resistant OCa mouse models by systemic injection.
NCP-1/siRNAs and NCP-2/siRNAs have several distinct
advantages over the other existing nanocarriers: (a) a highly
modular synthesis that allows for the optimized loading of
different drugs; (b) the ability to carry high loadings of both
chemotherapeutic and siRNAs that release at the relevant sites
of action; (c) a novel built-in endosomal escape mechanism
that enables a cationic lipid-free siRNA delivery system; (d)
prolonged systemic circulation and enhanced tumor accumu-
lation after iv. or ip. injection; (e) combination therapy that
effectively treats drug-resistant cancers; (f) effective tumor
eradication by systemic administration in two cisplatin-resistant
OCa mouse models. We believe these nanoparticles present a
promising direction in nanomedicine by efficiently delivering
siRNA delivery to cancers, incorporating multiple therapeutic
modalities into a single vehicle, and providing a novel
endosomal escape mechanism. On the basis of the numerous
applications in cancer therapy of cisplatin and gemcitabine
separately and in combination, we anticipate that these core—
shell nanoparticles will have broad impacts on the treatment of
challenging cancers.

B MATERIALS AND METHODS

Materials. 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-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), 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
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Integrated DNA Technologies (USA) and dissolved in diethylpyr-
ocarbonate (DEPC)-treated water before use. Survivin siRNA
(sisurvivin), Bcl-2 siRNA (siBcl-2), ERCC-1 siRNA (siERCC-1), and
ctrl siRNA contained the antisense sequences of 5-GGACCA-
CCGCAUCUCUACAJTAT-3', §’-UUCGGCAUUAGGCCUUCC-
GdTdG-3/, 5-GAGGCUGUGAGAUGGCAUATT-3', and §'-
CGUUAAUCGCGUAUAAUACGCGUAT-3’, respectively. A thiol
modification was put on the 5" end of the sense strand of each siRNA
in order to avoid potential inhibition on the antisense strand. Alexa
Fluor 647-labeled survivin siRNA with a thiol modification was used
for the quantification and imaging of siRNAs.

Human ovarian cancer cell lines resistant to cisplatin SKOV-3 and
A2780/CDDP were obtained from the American Type Culture
Collection (Rockville, MD, USA) and Developmental Therapeutics
Core, Northwestern University, respectively. The human ovarian
cancer cell line sensitive to cisplatin A2780 was from Developmental
Therapeutics Core, Northwestern University. SKOV-3 cells were
cultured in McCoy’s Sa medium containing 10% fetal bovine serum
(FBS). A2780 and A2780/CDDP 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.

BALB/c and athymic female nude mice (6—8 weeks old, 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.

Synthesis of DSPE-siRNA Conjugate. Succinimidyl 3-(2-
pyridyldithio)propionate (SPDP, 21 mg, 0.067 mmol) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE, SO mg, 0.067
mmol) were dissolved in chloroform (40 mL) and refluxed under N,
in darkness for 48 h. After removal of chloroform by rotary
evaporation, the crude product was purified by diol-functionalized
silica gel column chromatography. Yield: 40%. '"H NMR in CDCl:
6847 (d, 1H); 67.72 (m, 2H); 67.14 (d, 1H); 65.25 (s, 1H); 64.38 (d,
1H); 54.17 (s, 2H); 63.99 (t, 4H); 63.52 (s, 1H); §3.03 (t, 2H); §2.65
(s, 2H); 62.30 (d, 2H); 61.70 (bs, 1H); 51.59 (s, 2H); 61.28 (s, 60H);
50.90 (t, 6H). Thiolated siRNAs (IDT, USA) were conjugated to
DSPE-SPDP to afford DSPE-siRNA conjugates via the disulfide bond.

Preparation and Characterization of NCP-1/siRNAs. DOPA-
capped NCP-1 nanoparticles carrying a cisplatin prodrug were
prepared according to our previous report. NCP-1/siRNAs was
prepared by adding 10 uL of aqueous solution of DSPE-siRNA
(DSPE-siRNA/DOPA-coated NCP = 1:16 in weight ratio) and a THF
solution (80 uL) of cholesterol, DSPC (cholesterol/DOPC = 1:2 in
molar ratio), 20 mol % DSPE-PEG2k, and DOPA-coated NCP to 500
uL of 30% (v/v) ethanol/water at SO °C. The mixture was stirred at
1700 rpm for 1 min. THF and ethanol were completely evaporated,
and the NCP-1/siRNAs solution was allowed to cool down to room
temperature.

ICP-MS (Agilent 7700X, Agilent Technologies, USA) was utilized
to analyze the Pt concentration of NCP to calculate cisplatin loadings.
The amounts of siRNA loaded were quantified by Quant-iT
RiboGreen RNA kit (Invitrogen, USA). The particle size and ¢
potential of NCP-1/siRNAs in PBS were determined by Zetasizer
(Nano ZS, Malvern, UK). Transmission electron microscopy (TEM,
Tecnai Spirit, FEI, USA) was used to observe the morphology of
NCP-1/siRNAs.

Preparation and Characterization of NCP-2/siRNAs. DOPA-
capped NCP-2 nanoparticles (DOPA-NCP-2) carrying a cisplatin
prodrug and gemcitabine monophosphate (GMP) were synthesized by
reverse microemulsion. Twenty-five mg/mL cis,cis,trans-[Pt-
(NH,),CL(OCONHP(O) (OH),),] (8.6 umol), 25 mg/mL GMP
sodium salt solution (14.6 pmol), and DOPA (22 umol) were added
to a S mL aliquot of Triton-X-100 (03 M in 1.5 M hexanol/
cyclohexane) solution to form a W = 7.4 microemulsion. Another
microemulsion of 5 mL Triton-X-100 (0.3 M, 1.5 M hexanol/
cyclohexane) containing Zn(NO;),-6H,0 aq. (131 mmol) was also
prepared. The two microemulsions were stirred vigorously for 15 min
at room temperature. The two microemulsions were combined and
stirred for an additional 30 min at room temperature. After the
addition of 20 mL ethanol, NCP-2 particles were washed once with
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ethanol, once with 50% (v/v) ethanol/cyclohexane, twice with 50%
(v/v) ethanol/THF, and redispersed in THF.

NCP-2/siRNAs was prepared by adding 10 L of aqueous solution
of DSPE-siRNA conjugates (DSPE-siRNA/DOPA-NCP-2 = 1:16 in
weight ratio) and a THF solution (80 uL) of cholesterol, DSPC,
DSPE-PEG2k (cholesterol: DSPC:DSPE-PEG2k = 1:1:0.75 in molar
ratio) and DOPA-NCP-2 to 500 uL of 30% (v/v) ethanol/water at 60
°C. The mixture was stirred at 1700 rpm for 1 min. THF and ethanol
were completely evaporated and the NCP-2/siRNAs solution was
allowed to cool to room temperature.

ICP-MS (Agilent 7700X, Agilent Technologies, USA) was utilized
to analyze the Pt concentration of NCP to calculate cisplatin loadings.
siRNA loading amount was quantified by Quant-iT RiboGreen RNA
kit (Invitrogen, USA). The particle size and { potential of NCP-2/
siRNAs in PBS were determined by Zetasizer (Nano ZS, Malvern,
UK). Transmission electron microscopy (TEM, Tecnai Spirit, FEI,
USA) was used to observe the morphology of NCP-2/siRNAs.

siRNA Protection and Release of NCP-1/siRNAs. NCP-1/
siRNAs, DSPE-siRNA conjugate, or free siRNA containing 10 ug of
siRNA was incubated with 20 uL of fetal bovine serum (FBS) for 0.5,
2, 12, and 24 h. After incubation, 0.5% (w/v) Triton X-100 was added
to the mixture to disassociate the lipid from the nanoparticle core. The
mixture was centrifuged at 13 000 rpm for 15 min, and the supernatant
was subjected to electrophoresis to evaluate the siRNA integrity. The
electrophoresis was run on a 2% (w/v) agarose gel at 56 V for 1 h. The
intensity of each siRNA band on the gel was quantified by Image Lab
software.

The siRNA release of NCP-1/siRNAs was evaluated in PBS
supplemented with 4.5 yuM GSH (extracellular environment) or 10
mM GSH (intracellular environment). NCP-1/siRNAs containing 1
ug of siRNA were incubated with 1 mL of PBS at 37 °C with shaking.
At predetermined time intervals, the suspension was centrifuged at
13 000 rpm for 10 min, and 0.5 mL of the supernatant was quantified
for the siRNA content by Quant-iT RiboGreen RNA kit. An equal
volume of the release medium was added, and the precipitate was
resuspended before further incubation.

Endosomal Escape Mechanism. The cisplatin prodrug PtBp
used to construct NCP-1 was dissolved in PBS followed by the
addition of 5 mM cysteine. Vigorous gas bubbling was observed while
no gas generation was noted before adding cysteine. The gas generated
from PtBp in the reducing environment was confirmed by gas
chromatography (GC).

Alexa Fluor 647-labeled siRNA was used to prepare NCP-1/
siRNAs. NCP-1/siRNAs were incubated with A2780/CDDP cells for
5, 10, 20, and 30 min, respectively. The cells were washed with PBS
three times, stained with 100 nM Lysotracker Green for 2 h, fixed with
4% paraformaldehyde, and stained with 10 yg/mL DAPI for 20 min.
The cells were observed by CLSM. The colocalization of green
fluorescence (Lysotracker Green-stained endosome/lysosome) and
red fluorescence (Alexa Fluor 647-labeled siRNA) was calculated by
Image].

In Vitro Transfection of NCP-1/siRNAs. SKOV-3 or A2780/
CDDP cells were seeded at 2 X 10° cells per well in 24-well plates and
further cultured for 24 h. The culture media were replaced by 1 mL of
prewarmed and fresh culture media containing 10% fetal bovine serum
(FBS) prior to the experiment. Nanoparticles were added to the cells
at a siRNA dose of 6 nM, corresponding to a cisplatin dose of 0.32 ug
per well. Following incubation for 4 h, the culture media were replaced
by prewarmed and fresh culture media containing 10% FBS and
incubated an additional 20 h. The supernatant of the culture media
was collected to determine extracellular survivin production by ELISA
(R&D Systems, 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).

In addition, RNA was isolated from the transfected cells according
to the Trizol reagent protocol (Invitrogen, USA), and cDNA was
synthesized from 500 ng of total RNA using PrimeScriptRT reagent kit
(Takara Biotechnology Co. Ltd.) according to the manufacturer’s
instructions. Synthesized cDNA, forward and reverse primers, and the
SYBR Premix Ex Taq (Takara Biotech. Co., Ltd.) were run on the
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CFX96 Real-Time PCR Detection System (Bio-Rad, USA) to evaluate
cellular Bcl-2 and survivin mRNA levels. Sequences of the primers used
were designed with Primer Bank (Table S2). f-actin was used as an
internal loading control.

Cytotoxicity of NCP-1/siRNAs. SKOV-3 cells were seeded at
5000 cells per well and 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 puL of fresh culture media
containing 10% FBS. Free drugs or nanoparticles were added to the
cells at different cisplatin or siRNA doses. Following incubation for 72
h, 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 manufacturer’s instructions. The
concentrations of cisplatin and siRNA required to inhibit cell growth
by 50% (ICs, values) were calculated.

Pharmacokinetics and Biodistribution of NCP-1/siRNAs by
Systemic Injection. CT26 tumor-bearing BALB/c mice were
intravenously or intraperitoneally injected with NCP-1/siRNAs at a
cisplatin dose of 3 mg/kg equivalent to an siRNA dose of 0.75 mg/kg.
Mice were sacrificed at predetermined time points, and their blood,
livers, spleens, lungs, kidneys, bladders, and tumors were harvested to
determine Pt concentration by ICP-MS.

The pharmacokinetics of siRNA loaded into NCP-1/siRNAs was
also evaluated. Three CT26 tumor-bearing mice were intravenously or
intraperitoneally injected with NCP-1/siRNAs (Alexa Fluor 647-
labeled siRNA was used) at a cisplatin dose of 3 mg/kg, equivalent to
an siRNA dose of 0.75 mg/kg. Fifty microliters of blood were taken
from orbital sinus of each mouse at predetermined time points. The
blood was centrifuged at 12 000 rpm for 4 min to obtain the serum.
The siRNA concentrations in the serum were determined by
fluorimetry (excitation: 650 nm; emission: 670 nm).

In Vivo Anticancer Efficacy of NCP-1/siRNAs in SKOV-3
Subcutaneous Xenograft Mouse Model. Tumor-bearing mice
were established by subcutaneous inoculation of SKOV-3 cell
suspension (5 X 10° cells per mouse) into the right flank region of
6-week-old athymic female nude mice. After tumor volumes reached
approximately 100 mm® the mice were randomly divided into 6
groups (n = 6) and given the following treatment: (1) PBS by iv,, (2)
free cisplatin plus free pooled siRNA solution by iv, (3) NCP-1 by
iv,, (4) Zn control/siRNAs by i.v., (5) NCP-1/siRNAs by i.v., and (6)
NCP-1/siRNAs by i.p. at equivalent cisplatin doses of 0.75 mg/kg and
siRNA doses of 0.18 mg/kg. For groups (1)- (5), i.v. injections were
administered every 3 days, for a total of four injections. For group (6),
ip. injections were administered every 3 days, for a total of two
injections. Tumor volumes and body weights were monitored three
times every week. Tumor volumes were calculated as follows: (width?
X length) /2. All mice were sacrificed 14 days after the first treatment,
and the excised tumors were weighed.

The mRNA expression levels and protein productions of Bcl-2 and
survivin in the tumor were evaluated by Realtime-PCR. One hundred
micrograms of tumor were homogenized in liquid nitrogen, and the
RNA in the tumor tissues was extracted with the Trizol reagent.
Intracellular Bcl-2 and survivin mRNA levels were thereafter
monitored by Realtime-PCR.

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

Blood was collected at the end point of the in vivo antitumor
efficacy experiment, and the serum was separated. The serum
concentrations of TNF-a, IEN-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. No significant difference in the
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concentrations of TNF-a@, IFN-y, IL-6, and IgE between PBS and
NCP-1/siRNAs were observed (Figure SD).

Livers, lungs, spleens, and kidneys were also excised and embedded
in OCT medium. Five-micrometer frozen tissue sections were stained
with hematoxylin and erosin (H&E) and observed for toxicity with
light microscopy.

In Vivo Anticancer Efficacy in an Intraperitoneal A2780/
CDPP Mouse Model. To establish intraperitoneal tumors, A2780/
CDDP cells were ip. injected into female 6-week-old athymic nude
mice at a concentration of 2.5 X 10° cells per ml (200 uL per
injection). Mice were treated with PBS, NCP-1 (0.5 mg cisplatin/kg),
and NCP-1/siRNAs (0.5 mg cisplatin/kg, 0.125 mg siRNA/kg) via i.p.
injection every 3 days beginning 5 days after tumor cell injection, for a
total of three injections. The body weights of the mice was measured
on Day 0 and monitored daily after the first drug administration. The
mice were sacrificed on Day 28 and tumor growth in terms of tumor
nodule count and tumor weight was evaluated.

To evaluate the survival benefit of NCP-1/siRNAs, A2780/CDDP
cells were ip. injected into female 6-week-old athymic nude mice at a
concentration of 5 X 10° cells per ml (200 uL per injection). Mice
were treated with PBS, NCP-1 (0.5 mg cisplatin/kg), and NCP-1/
siRNAs (0.5 mg cisplatin/kg, 0.125 mg siRNA/kg) via ip. injection
every 3 days beginning on Day S following tumor cell injection, for a
total of three injections. The body weights of the mice were measured
on Day 0 and monitored daily after the first drug administration. The
mice were sacrificed when severe health problems were noticed in
compliance with the IACUC protocol. The study ended on Day 92.

In Vivo Anticancer Efficacy of NCP-2/siRNAs in a SKOV-3
Subcutaneous Xenograft Mouse Model. Tumor-bearing mice
were established by subcutaneous inoculations of SKOV-3 cell
suspension (5 X 10° cells per mouse) into the right flank region of
6-week-old athymic female nude mice. After tumor volumes reached
approximately 150 mm® the mice were randomly divided into 4
groups (n = 6 for PBS, free drugs, and NCP-2/siRNAs; n = 3 for
NCP-2) and given the following treatments: (1) PBS by ip., (2) free
cisplatin + GMP + siRNAs by i.p., (3) NCP-2 by i.p,, and (4) NCP-2/
siRNAs by i.p. at equivalent cisplatin doses of 0.3 mg/kg, GMP doses
of 0.67 mg/kg, and siRNA doses of 0.15 mg/kg on Day 0 and Day S,
for a total of two injections. Tumor volumes and body weights were
monitored three times a week. Tumor volumes were calculated as
follows: (width> X length)/2. Mice were sacrificed when tumor
volumes reached 2 cm®, or 138 days after the first treatment.
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