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ancer therapy relying on a single
therapeutic strategy remains subop-
timal. The combination of two or
more therapeutic approaches with different
mechanisms can cooperatively prohibit cancer
development and is a promising strategy for
effective treatments of cancers with synergistic
or combined effects.' "¢ Meanwhile, consider-
able effort has been devoted to advanced
therapeutics based on RNA interference, and
a variety of siRNA-based therapeutics have
been developed, showing great promise in
disease treatments.””'® Therefore, the combi-
nation of traditional chemotherapy with newly
emerging siRNA-based therapy has gained
more attentions. For example, Spankuch
et al. have identified that treatment of breast
cancer cells with siRNAs or antisense oligonu-
cleotides targeting polo-like kinase 1 (Plk1)
improved the sensitivity of cancer cells to
paclitaxel."*'> Brahmbhatt et al. have reported
that sequential administration of targeted
minicells containing specific sSiRNA or a cyto-
toxic drug showed more significant therapeu-
tic efficiency in the treatment of drug-resistant
tumors than single administration of minicells
loaded with siRNA or chemotheraputics.'®
Nevertheless, to exert their maximal effect in
vivo, it is expected the chemotherapeutic drug
and the siRNA should be simultaneously de-
livered to the same tumoral cell after systemic
administration and, ideally, be distributed in
the cells at an optimized ratio for maximal
intracellular cooperation.
Advancement in nanotechnology has al-
lowed for the development of delivery sys-
tems with dual capacity for siRNA and
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ABSTRACT Combination of two or more therapeutic strategies with different mechanisms can
cooperatively prohibit cancer development. Combination of chemotherapy and small interfering RNA
(siRNA)-based therapy represents an example of this approach. Hypothesizing that the chemotherapeutic
drug and the siRNA should be simultaneously delivered to the same tumoral cell to exert their synergistic
effect, the development of delivery systems that can efficiently encapsulate two drugs and successfully
deliver payloads to targeted sites via systemic administration has proven to be challenging. Here, we
demonstrate an innovative “two-in-one” micelleplex approach based on micellar nanoparticles of a
biodegradable triblock copolymer poly(ethylene glycol)-b-poly(e-caprolactone)-b-poly(2-aminoethyl
ethylene phosphate) to systemically deliver the siRNA and chemotherapeutic drug. We show clear
evidence that the micelleplex is capable of delivering siRNA and paclitaxel simultaneously to the same
tumoral cells both in vitro and in vivo. We further demonstrate that systemic administration of the
micelleplex carrying polo-like kinase 1 (PIk1) specific siRNA and paditaxel can induce a synergistic tumor
suppression effect in the MDA-MB-435s xenograft murine model, requiring a thousand-fold less
padlitaxel than needed for padlitaxel monotherapy delivered by the micelleplex and without activation of

the innate immune response or generation of carrier-associated toxicity.
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chemotherapeutic drugs. Minko and co-
workers have reported the codelivery of
siRNA and doxorubicin using liposome as
a carrier for enhancing the efficacy of che-
motherapy in the treatment of multidrug
resistant cancer.'” Mesoporous silica nano-
particles have also been fabricated as deliv-
ery systems for coencapsulation of siRNA
targeting Bcl-2 or P-glycoprotein with doxo-
rubicin to overcome drug resistance in
cancer cell lines.'®'® Moreover, nanoparti-
cles derived from polymeric materials have
been tested as carriers for simultaneous
delivery of siRNA and anticancer drugs.?°~%2
Nevertheless, although these carriers have
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shown potential in vitro, their performance in vivo,
particularly following systemic administration, has
not been reported.

Highly efficient and safe delivery systems which are
suitable for systemic delivery of siRNA remain a major
hurdle for RNA-based cancer therapy. Whereas, more
sophisticated delivery systems are needed for combi-
nation therapies involving siRNA since they should
have dual or multiple drug loading capacity as well
as satisfying the systemic delivery. Until now, very
limited work has been reported on the in vivo applica-
tions of codelivery of therapeutic siRNA and che-
motherapeutic drugs for cancer therapy. The first
study, reported by Huang's group, demonstrated that
development of both cationic and anionic liposome-
polycation—DNA (LPD) nanoparticles for systemic co-
delivery of siRNA and doxorubicin to the drug-resistant
tumors; this system has achieved considerable thera-
peutic effects in a human lung cancer model.?**
Another example of this therapeutic paradigm is nano-
particles based on poly(p,L-lactide-co-glycolide) which
have been used to codeliver paclitaxel along with
siRNA targeting P-glycoprotein to drug resistant
murine mammary cancer.?> Nonetheless, the pursuit
of potent and safe codelivery systems continues.

We have recently developed a micelleplex system
based on the assembly of a biodegradable triblock
copolymer poly(ethylene glycol)-b-poly(e-caprolactone)-
b-poly(2-aminoethyl ethylene phosphate) designated
as MPEG-b-PCL-b-PPEEA. The triblock copolymer is
amphiphilic and can self-assemble into micellar nano-
particles, with PCL as the hydrophobic core, PPEEA as
the cationic shell and PEG as the hydrophilic corona.?®
The unique structure imparts these micellar nanopar-
ticles with the capacity to simultaneous encapsulation
of negatively charged siRNA and the hydrophobic
paclitaxel to form a “two-in-one” micelleplex (Figure
1A). We examined the ability of this micelleplex to
simultaneously deliver PlIk1 specific siRNA (siPlk7) and
paclitaxel into the same tumor cells both in vitro and in
vivo, and further demonstrated the synergistic tumor
suppression effect following systemic administration.
We provide clear evidence that the “two-in-one” mi-
celleplex system including a chemotherapeutic drug
and specific siRNA cooperatively inhibits the tumor
growth in a synergistic manner.

RESULTS AND DISCUSSION

In the present work, we synthesized the triblock
copolymer designated as mPEGys-b-PCLgq-b-PPEEA ¢
(the subscript number represents degree of polymer-
ization of each block) using a previously reported
procedure.?® The chemical structure of MPEG,s-b-
PCLgo-b-PPEEA, is given in Figure 1A. The polymer
formed a micellar structure in aqueous solution and
exhibited the ability of simultaneous loading of siRNA and
paclitaxel. Paclitaxel was entrapped in the hydrophobic
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PCL core with high encapsulation efficiency (>90%) via
a hydrophobic—hydrophobic interaction (Figure 1B).
siPlk1 was subsequently absorbed to the assembly
through a charge interaction with the PPEEA block
to form the “two-in-one” micelleplex, denoted as
paclitaxelyicelleplexgpy. Efficient siRNA binding occurred
at a molar ratio of nitrogen in the carrier/phosphate in
siRNA (N/P ratio) of 5/1 as demonstrated by a gel
retardation assay (Figure 1C). The micelleplex showed
compact and spherical morphology with a mean dia-
meter of 50 nm (Figure 1D, E), demonstrated by the
transmission electronic microscopic image and dynamic
light scattering analysis.

To demonstrate the simultaneous delivery, we first
analyzed the cellular uptake and intracellular distribu-
tion of fho-Padlitaxel yicallaplexeam-sirna in MDA-MB-435s
cells, where Rho-paclitaxel and FAM-siRNA represent
rhodamine (Rho) and fluorescein (FAM) labeled pacli-
taxel and siRNA, respectively. Cells were incubated
with Rho-paclitaxelyicallaplexpam.signa for 1 or 2 h. Fluo-
rescence-activated cell sorting (FACS) analysis showed
that the cells were located only in the double-positive
quadrant after 1 h incubation, indicating the micelle-
plex indeed delivered two payloads into the cells
simultaneously. Furthermore, the intracellular fluores-
cence intensity increased with time as more micelle-
plexes were internalized (Figure 2A). Simultaneous
delivery was corroborated by confocal microscopy,
which showed a high degree of colocalization of the
red and green fluorescence distributed in the cyto-
plasm (Figure 2B).

Herein, we verified whether the micelleplex could
efficiently knockdown the expression of the therapeu-
tic target gene Plk1. As previously reported, Plk1 is a
key regulator of the mitotic progression in mammalian
cells,”?® and the activity of Plk1 is elevated in cancer
cells, which contributes to oncogenic transformation.®
We incubated MDA-MB-435s cells with siPlk T packaged
micelles (micelleplexsipy;) for 24 h and then detected Plk1
mMRNA expression using real-time PCR. After sequence-
specific PIk1 gene silencing by micelleplexgpy;, the Plk1
MRNA expression level was reduced in a siPlkT dose-
dependent manner (Figure 3A). A higher siPlk1 con-
centration resulted in more significant knockdown
efficacy. For example, 62.5 and 125 nM of siPlk1 led
to approximately 32% and 78% knockdown of Plk1
MRNA, respectively, whereas negative controls includ-
ing treatments with phosphate buffered saline (PBS,
0.01 M, pH7.4), blank micelle and micelle carrying
scramble siRNA (micellepleXginonsense) showed no
knockdown efficiency. Although transfection of MDA-
MB-435s cells with Lipofectamine 2000 transfection
reagent carrying 50 nM of siPlk1 (Lipofectamineip;)
exhibited more effective knockdown of Plk1 expres-
sion than with micelleplexpy; at 62.5 nM of siPIk1, it is
worth noting that Lipofectamine 2000 is designated
for in vitro transfection and not particularly suitable for
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Figure 1. (A) Chemical structure of mPEG,5-b-PCLgo-b-PPEEA,( and schematic illustration of micellar nanoparticle formation
and the loading of paclitaxel and siRNA. (B) Paclitaxel encapsulation efficiency at various polymer to drug weight ratios (n = 3).
(C) Binding ability of micellar nanoparticles to siRNA at different ratios of nitrogen in carrier to phosphate in siRNA (N/P ratio)
demonstrated by the gel retardation assay. (D, E) Transmission electronic microscopicimage (scale bar: 170 nm) and dynamic
light scattering analysis of P2“"*¢/mjcelleplex,rna at a N/P ratio of 10/1.

in vivo applications. A reduction in PIk1 mRNA was sub-
sequently accompanied by decreased Plk1 protein ex-
pression in a similar dose-dependent manner (Figure 3B, C)
following transfection with micelleplexipy;, as deter-
mined by Western blot analyses of Plk1 protein in the
cell lysates 48 h after transfection.

Recently, Spankuch and co-workers have reported
that silencing Plk1 expression with siPlk1 using com-
mercial oligofectamine as a carrier improved the sen-
sitivity of cells toward paclitaxel and Herceptin in a
synergistic manner.'> However, the synergistic effect
on the inhibition of cell proliferation and induction of
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apoptosis was achieved by a two-step sequential
treatment of cells with siPlk7 and antineoplastic
agents. Here, we sought to examine whether simulta-
neous delivery of siPlk1 and paclitaxel by Pait@elm;.
celleplexgipi; could synergistically inhibit the prolifera-
tion of cancer cells. We incubated MDA-MB-435s cells
with Pacitxelmicalleplexgpy; at a fixed siPlk1 dose (125
nM), while varying the dose of paclitaxel from 0.1 to
0.001 ug/mL. Cell proliferation was determined by a
tritiated thymidine (*H-TdR) incorporation assay. As
indicated (Figure 4), simultaneous delivery of siPlk1
with paclitaxel at a low concentration (0.005 ug/mL) by
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Figure 2. (A) Cellular uptake o micelleplexgam-signa OVer time as analyzed by fluorescence-activated cell sorting
(FACS). (B) Confocal laser scanning microscope (CLSM) image of intracellular distribution of Rho-Paclitaxelyicallaplexe am.signa in
MDA-MB-435s cell after incubation for 2 h (630x). The scale bar is 10 um. Paclitaxel and siRNA were labeled with rhodamine
(red) and fluorescein (green), respectively. Cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; blue). Both
FACS and CLSM analyses were performed after incubating ""°P2<a¢\micelleplexg am.sirna With MDA-MB-435s at a N/P ratio of
10:1.
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Figure 3. (A) Expression of Plk1 mRNA determined by quantitative real-time PCR. (B) Representative Plk1 protein expression
determined by Western blot analysis. (C) Analysis of light intensities of Plk1 protein expression as the ratio of Plk1 to 5-actin
from Western blot results. MDA-MB-435s cells were transfected with micelleplexg;py; at N/P of 10:1 with different siPlk7 doses.
The concentrations of siPlk1 with Lipofectamine 2000 (Lipofectamine;py ;) and siNonsense with micelleplex
(micellepleXginonsense) Were 50 and 125 nM, respectively. Transfection experiments were performed independently three
times. * p < 0.007 as compared with controls (n = 3).

paclitaxel yyjcelleplexgpp: significantly reduced cell pro-

liferation to ~10%, achieving a synergistic inhibitory
effect (combination index (c.i.) < 1), which was in sharp
contrast to that induced by paclitaxeliicallepleXsivonsense
(~50% inhibition, p < 0.005) and micelleplexs;py;
(~40% inhibition, p < 0.003). However, although com-
binatorial delivery of separate siPlk1 and paclitaxel by
paclitaxelmicellepleXsivonsense and micelleplexgpy; also
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induced an obvious inhibition of cell proliferation,
the extent was inferior to the simultaneous delivery
system, especially with the concentration of paclitaxel
at 0.01 and 0.005 u«g/mL. In addition, it was observed
that treatment with free paclitaxel dissolved in dimethyl
sulfoxide (DMSO) at doses of 0.005 and 0.01 xg/mL
showed less inhibitory effect on cell proliferation when
compared with the micelleplex delivery system carrying
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the same dose of paclitaxel, indicating that micelleplex siPlk1, and then stained with Annexin-V-FITC and
can enhance the cytotoxicity of paclitaxel at certain propidine iodide (Pl) for the determination of cell
doses. It is worth noting that blank micelles and apoptosis. Micelleplexgpy; was able to induce cell

micellepleXginonsense did not exhibit a significant inhib- apoptosis (including the early apoptotic cells and fully
itory effect on cell proliferation. apoptotic cells) to ~16%, but not surprisingly, simulta-

Knockdown of Plk1 has been shown to induce neous delivery of siPlkT with paclitaxel at 0.005 xg/mL
apoptosis in tumor cells.3>® Apoptosis was evaluated increased cell apoptosis to ~58%, with a synergistic

after treating MDA-MB-435s cells with formulations effectas well (c.i. < 1, Figure 5), which was clearly higher
containing 0.005 ug/mL paclitaxel and/or 125 nM than that of the combinatorial delivery system

(Paclitaxel micellepleXsivonsense-Micelleplexgpki, ~43%).
12 Similarly to the cell proliferation assay described
[ ***** above, neither blank micelles nor micelleplexsinonsense

100l @ & induced significant cell apoptosis.
s The nanosized micelleplex possesses a PEG protec-
§ 80 tion corona, thus is expected to be beneficial for its
:g: . accumulation in tumor site through the “enhanced
g 601 f permeation and retention” (EPR) effect, which is also
® called passive targeting of nanoparticulate delivery
% 401 system.?! To demonstrate this, we administrated
§ 20l Rho-paclitaxelyyjcalleplexram.sirna DY tail vein injection to
MDA-MB-435s tumor-bearing mice and monitored
o LM | the micelleplex distributions in situ by fluorescence
§c}@q}\® 0&‘@ +§\¢ 0.1 9.01 0.905 0.001 imaging. The image revealed both rhodamine and
B9 a\l—& \f* \\é}q’ Concentration of paclitaxel (ug/ml.) fluorescein fluorescence at tumor site and within
Lo & & tumor tissue (Figure 6A and Supporting Information,
N Figure S1). More interestingly, when the fluorescence
HFree Paclitaxel M Pe"=MicellepleXsonsense gradually faded from other parts of the body over time,
@™"“Micelleplex ,,, [ = MicellepleXsorsorse it could still be detected at the tumor site. This demon-
+ Micelleplexpus strated that the micelleplex could indeed enhance

Figure 4. Effect of codelivery of siPlk1 and paclitaxel by payload accumulation in tumor tlssu‘es.. In contrast,
micelleplex on the proliferation of MDA-MB-435s cells. The fluorescence was completely absent within 4 h follow-
concentration of paclitaxel varied from 0.001 to 0.1 xg/mL, ing the injection of free FAM-siRNA (Figure 6A).

while the concentration of both siPlk7 and siNonsense was . Rho-paclitaxel

125 nM. Free paclitaxel was dissolved in DMSO for cell To further examine whether micelleplex

culture. * p < 0.005, ** p < 0.003, *** p < 0.001 (n = 3). FAM-siRNA €N simultaneously deliver payloads into tumoral
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Figure 5. Induction of apoptosis on MDA-MB-435s cells by P***¢Imjcelleplex;;py; and other formulations. The early

apoptotic cells are presented in the lower right quadrant, and fully apoptotic cells are presented in the upper right quadrant.
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(400x). Paclitaxel and siRNA were labeled with rhodamine (red) and fluorescein (green), respectively, and cell nuclei were
stained with DAPI (blue). The scale bar is 50 um. (C) FACS analysis of Rho-paclitaxel and FAM-siRNA colocalization in tumoral

cells following i.v. injection of PBS, R"°Pa<litaxelmicalleplexg am.sirna OF

cells following its accumulation in tumor tissue, we
sectioned the tumor tissues 24 h post injection. Con-
focal image exhibited strong and well colocalized Rho-
paclitaxel and FAM-siRNA fluorescence in the tissue
section (Figure 6B). The two fluorescent signals were
primarily distributed around the nucleus according to
the Z-scan analysis, indicating the simultaneous up-
take of both payloads by tumoral cells with the delivery
of the micelleplex. In contrast, although combinatorial
administration of RhoPaclitaxelnicalleplex inonsense and
micelleplexgamsirna  delivered  Rho-paclitaxel and
FAM-siRNA to tumor tissues, the fluorescent signals
were less colocalized within tumoral cells (Figure 6B),

SUN ET AL.

ho-padlitaxelmicellepleXsinonsense and micelleplexgam.sirna-

implying that combinatorial delivery was less effective
for the simultaneous delivery of paclitaxel and siRNA
into the same tumoral cells in vivo.

This conclusion was also supported by FACS analysis
of tumor cells following systemic administration
(Figure 6C). We isolated tumor cells from the tumor
tissue of mice 24 h postinjection and analyzed the cells
by FACS. For RhoPaclitaxelyicalleplexeamsirna injection,
the distribution of tumoral cells was relatively concen-
trated and the majority of cells were located in the
double-positive quadrant. However, with the combi-
natorial systemic delivery of FroPa@elyicalleplexnonsense
and micelleplexgam-sirna tumoral cells were splitinto
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Figure 7. (A) Inhibition of MDA-MB-435s xenograft tumor growth by P*“™'micelleplex,is; in comparison with various
formulations (n = 6). (B) Comparison of tumor growth inhibition effect between i.v. injection of Taxol and paclitaxel jy; ol |e-
plexsipi; with the same dose of paclitaxel (n = 6). (C) Western blot analyses of Plk1 protein in tumor after four injections of
different formulations. (D) Western blot analyses of pro-caspase-9 and pro-caspase-3 after 17 injections of different
formulations. MDA-MB-435s xenograft tumor-bearing mice received one i.v. injection every other day from the 12th day
postxenograft implantation in all of the experiments. The dose of paclitaxel per injection was 0.667 ug/kg and the dose of
siRNA was 0.223 mg/kg, if required. The tumor tissues were collected for Western blot analyses 24 h after the last injection.

two populations and the fraction of double-positive the same doses of paclitaxel and siPlk1 by Paciitaxel
cells was significantly reduced. The results were in micelleplex;p; exhibited particularly significant inhib-
agreement with observation by CLSM, demonstrating ition of tumor growth compared with PBS treatment
that P! micelleplexgpi; System was advantageous (p < 0.0001). More importantly, a synergistic inhibitory
in simultaneous delivery of paclitaxel and siRNA into effect of the two therapeutic agents on tumor growth
the same tumoral cells. Moreover, the presence of was demonstrated (c.i. < 1). In contrast, combinatorial
siPlk1 in tumoral cells delivered by the micelleplex delivery of separate siPlk1 and paclitaxel by micelle-
was clearly detected by in situ hybridization of siPlk1, plexgpis and P2 @€ micelleplexsivonsense ONly showed
which indicated that siPlk7 was mainly distributed in moderate inhibition of tumor growth and no synergis-
the cytoplasm where the siRNA exerted its function tic effect was observed, primarily due to the more

(Supporting Information, Figure S2). separate internalization of the two micelleplexes by

Next, we assessed whether the synergistic effect of tumoral cells as demonstrated above. Additionally, the
paclitaxel yicealleplexgipi; on cell proliferation inhibition codelivery system Pai@€micalleplex.py; showed a
in vitro could also be achieved in terms of tumor more effective antitumor growth effect than Taxol with
growth inhibition following systemic administration. the same paclitaxel dose (Figure 7B). Taxol is a clinically
Mice bearing MDA-MB-435s xenografts were treated used formulation of paclitaxel dissolved in Cremophor
by Pitaxelmicelleplexgpy; or various other formula- EL and 50% ethanol. It is worth noting that although

tions through i.v. injection every other day from the the therapy was performed every other day, the overall
12th day after xenograft implantation. As indicated dose of siRNA for injection in the whole therapeutic
(Figure 7A), the delivery of paclitaxel by P>/ micelle- process was only 3.79 mg/kg (17 injections). Such a
pleXsinonsense at @ lower paclitaxel dose (0.667 ug/kg dose of siRNA was comparable to and even lower than
per injection) hardly affected tumor growth compared ~ the doses used in other reports.>*3233

with PBS treatment. Delivery of siPlk7 (0.223 mg/kg per To determine if siRNA delivery by micelleplex af-
injection) by micelleplexsipi; only moderately inhib- fected the knockdown of the targeted mRNA in vivo,
ited tumor growth. However, simultaneous delivery of we treated mice bearing MDA-MB-435s xenografts
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paclitaxelyyicellepleXsinonsense ON inhibition of MDA-MB-435s
xenograft tumor growth (n = 6). Paclitaxel doses were 10 to
1000-fold increase (10x to 1000 x) compared to those used
in Paclitaxelyicelleplexqip ;. Tumor-bearing mice received
one i.v. injection every other day from the 12th day post-
xenograft implantation. The dose of siNonsense per injec-
tion was 0.223 mg/kg, while the doses of paclitaxel per
injection varied from 6.67 ug/kg (10x) to 667 ug/kg
(1000x), respectively.

every other day with one injection of P™@Imjcelle-

plexsipi; or the other controls. After four injections, the
tumor mass was excised 24 h after the last injection
and Plk1 mRNA expression was analyzed by quantita-
tive real-time PCR. Xenografts from mice treated by the
micelleplex containing siPlk7 showed reduced Plk1
mMRNA levels (~ 60% of the PBS control, Supporting
Information, Figure S3), whereas the other controls did
not cause this effect. Analysis of Plk1 protein of each
tumor mass by Western blot showed consistent knock-
down efficiency. Down-regulation of Plk1 protein oc-
curred only when the micelleplex containing siPlkT was
used (Figure 7Q). It should also be noted that such a low
dose of paclitaxel delivered by the micelleplex did not
affect the PIlk1 mRNA and protein expression.

The significant inhibition of P2 micelleplexgipi;
on tumor growth was also supported by Western blot
analyses of pro-caspase-3 and pro-caspase-9 in the
tumor after treatment. Pro-caspase-3 and pro-caspase-9
were clearly activated by P"™®®micelleplexgpy; treat-
ments in comparison to treatment with micelleplexgipy;
or combinatorial treatment with micelleplexgpy; and
PaclitaxelmicellepleXsivonsenser iNicating more significantly
enhanced apoptosis following P*™@'micelleplexgipy;
treatment (Figure 7D). In addition, the simultaneous
delivery system remarkably increased TUNEL-positive
tumoral cells (Supporting Information, Figure S4A) and
reduced the percentage of proliferating Ki67-positive
tumoral cells (Supporting Information, Figure S4B), in-
dicating the enhanced efficiency of P*™@mjcelleplexipy;
treatments in inducing apoptosis and inhibiting the pro-
liferation of tumoral cells.
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To further demonstrate the effectiveness of the
simultaneous delivery system on tumor growth inhibi-
tion, we performed an in vivo tumor suppression
experiment with the micelleplex by replacing siPlk1
with siNonsense, while increasing the paclitaxel dose
from 10 to 1,000-fold over that used in P*™@Imjcelle-
plexsipk;- Although a comparable therapeutic effect to
paclitaxelyicelleplexsipy; could be achieved by single
paclitaxel therapy with the delivery of micelleplex
(Paclitaxel micellepleXsinonsense)s  ONe  thousand-fold or
more paclitaxel was needed (Figure 8). This result
demonstrates that the synergistic inhibitory effect of
the simultaneous delivery system can significantly
reduce the dose of antineoplastic drug required when
delivered by the same micellar system.

It has been reported that double-stranded siRNA
may activate the innate immune response, leading to a
nonspecific antitumor effect.3*3> To address this issue,
mice bearing tumor xenografts were treated similarly to
the antitumor efficacy experiments with four injections
(one injection every other day), and then euthanized at
4 h (early response) and 24 h (late response) after the
last injection. Serum was collected and assayed for
human and mouse interferon (IFN) as well as inflam-
matory cytokines produced by the immune system.
The results showed that, at both time points, delivery of
siPlk1 by the micelleplex did not cause an elevation in
human or mouse IFN-a, IFN-3, IFN-y, tumor necrosis
factor (TNF)-a or interleukin (IL)-6 levels (Supporting
Information, Figure S5). Additionally, simultaneous
delivery of siPlk1 and paclitaxel with the micelleplex
did not result in any sign of toxicity to the mice as
demonstrated by normal heart, liver and kidney func-
tions following treatment (Supporting Information,
Table S1). Collectively, the results established that the
antitumor effect of P micelleplexgp,; was a result
of the cooperation of the specific knockdown of Plk1
and the cytotoxicity of paclitaxel rather than due to
siRNA-mediated activation of the innate immune
response.

Although the combination of chemotherapy and
siRNA-based therapy for cancer treatment has received
increasing attention, the ideal delivery system that can
maximize the efficiency of the active agents is a great
challenge. It has been proposed that such delivery
vehicles should: (i) be able to encapsulate different
payloads with tunable doses, (i) endow similar phar-
macokinetics of the payloads and be able to system-
ically deliver them into the same tumoral cells,
(iii) synergistically inhibit tumor growth following sys-
temic injection, and (iv) be safe for in vivo applications.
In this study, we developed an innovative “two-in-one”
micelleplex for simultaneous delivery of Plk1-specific
siRNA and paclitaxel for combination cancer therapy.
We found that the two drugs delivered by the “two-in-
one” micelleplex was able to fulfill the above criteria,
and thus demonstrated that the micelleplex exerted a
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synergistic tumor suppression effect in vivo following
systemic administration. In contrast, combinatorial
delivery of separate siPlk1 and paclitaxel with the
physical mixture of P*™®imijcelleplexsnonsense and
micelleplexgpy; could not deliver both drugs to the
same tumoral cell at the optimized drug doses. As a
result, the physical mixture could not induce a syner-
gistic effect on tumor growth inhibition. In fact, as
demonstrated in vitro (Figure 4), the drug ratio of siPlk1
and paclitaxel was critical in achieving the synergistic
antitumor effect. Further underlying mechanistic stud-
ies (Figure 6B, C) revealed that the “two-in-one” micelle-
plex could successfully deliver both siRNA and
paclitaxel into the same tumoral cell at the designated
drug ratio. However, with regard to the combinatorial
delivery, siRNA and paclitaxel to a large extent were
separately delivered to different tumoral cells, result-
ing in unpredicted intracellular drug distribution in
individual tumoral cells.

MATERIALS AND METHODS

Materials and Characterization. Paclitaxel and rhodamine-la-
beled paclitaxel (Rho-paclitaxel) were purchased from Sigma-
Aldrich (St. Louis, MO), and Natural Pharmaceuticals (Beverley,
MA), respectively. The Lipofectamine 2000 transfection kit
(Invitrogen, Carlsbad, CA) was used according to the supplied
protocol. Antibodies against human polo-like kinase 1 (Plk1),
pro-caspase-3, pro-caspase-9, Ki67 and S-actin and goat anti-
mouse IgG-HRP antibody were purchsed from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA siRNAs targeting human
Plk1 (siPlk1) (sense strand, 5-UGAAGAAGAUCACCCUCCUUA-
dTdT-3’ and antisense strand, 5'-UAAGGAGGGUGAUCUUCUU-
CAdTdT-3') and scrambled siRNA (siNonsense) (sense strand,
5’-UUCUCCGAACGUGUCACGUdTAT-3’ and antisense strand,
5'-ACGUGACACGUUCGGAGAATAT-3') were supplied by Shanghai
GenePharma Co. Ltd. (Shanghai, China). Fluorescein-tagged
siRNA (FAM-siRNA) was synthesized by modification of the
3'-end of the sense strand of the scrambled siRNA with fluorescein.

Particle size was characterized on a Malvern Zetasizer Nano
7590 with a He—Ne laser (633 nm) and 90° collecting optics.
Transmission electronic microscopy (TEM) was performed on a
JEOL-2010 microscope with an accelerating voltage of 200 kV.
The paclitaxel encapsulation efficiency was determined by the
high performance liquid chromatography (HPLC) method after
the drug-loaded micelles were lyophilized and dissolved in
acetonitrile. The HPLC measurement was performed under
the conditions as previously described.3®

Polymer Synthesis. The triblock copolymer poly(ethylene glycol)-
b-poly(e-caprolactone)-b-poly(2-aminoethyl ethylene phosphate)
was synthesized according to a previously described proce-
dure.?® The degree of polymerization of each block was deter-
mined to be 45, 80, and 10, respectively, according to the
"H NMR spectrum using the reported method.?® Thus, the polymer
was designated as MPEGs-b-PCLgy-b-PPEEA; . 'H NMR (DMSO-
ds, ppm): 1.29 (—C(O)CH,CH,CH,CH,CH,0—), 1.53 (—C(O)CH,-
CH,CH,CH,CH,0—), 2.27 (—C(O)CH,CH,CH,CH,CH,0—), 3.15
(—OCH,CH,NH3"CI7), 3.51 (—CH,CH,0—), 3.98 (—C(O)CH,CH,-
CH,CH,CH,0—), 4.30 (—OCH,CH,NH; " CI™, —=P(O)OCH,CH,0—).

Preparation of Micellar Nanoparticles and Paclitaxel-Loaded Micellar
Nanoparticles. Micellar nanoparticles and paclitaxel-loaded mi-
cellar nanoparticles were prepared by the solvent evaporation
method. Briefly, triblock copolymer (10 mg) with or without
paclitaxel was dissolved in 1 mL of tetrahydrofuran and stirred
atroom temperature for at least 2 h. Then, 10 mL of ultrapurified

SUN ET AL.

CONCLUSION

In summary, this study represents the first example
of systemic and simultaneous delivery of siRNA and
a chemotherapeutic drug by micellar nanoparticles
demonstrating synergistic tumor growth inhibition.
The “two-in-one” micelleplex system shows great
superiority in simultaneously delivering the two pay-
loads into the same tumor cell, and can remarkably
inhibit tumor growth in a synergistic manner. We have,
for the first time, provided clear evidence that the
synergistic tumor suppression effect is correlative to
the simultaneous delivery of siRNA and paclitaxel into
tumor cells. Additionally, the “two-in-one” micelleplex
system is highly biocompatible and exhibits no activa-
tion of the innate immune response after systemic
administration. We believe that the high effective-
ness and biocompatibility of this simultaneous delivery
system provides a promising approach for cancer
therapy.

water (Millipore, 18.2 MQ2) was added dropwise into the stirring
solution at a rate of 60 mL/h. The mixture was stirred for an
additional 1 h, followed by removal of tetrahydrofuran. The
solution was filtered through a 0.45 um filter to remove free
paclitaxel. The final volume was adjusted to 2 mL for further
experiments.

Preparation of Micelleplex and Gel Retardation Assay. Micellar
nanoparticles or paclitaxel-loaded micellar nanoparticles was
diluted with Opti-MEM medium (Invitrogen) at different con-
centrations. Desired amount of siRNA (siPlk1 or siNonsense) in
Opti-MEM medium was then mixed with equal volume of
nanoparticles by gentle pipetting. The formed micelleplex
was allowed to stand at room temperature for 20 min before
use. The electrophoretic mobility of micelleplex was visualized
on a UV illuminator with ethidium bromide staining after
electrophoresis on a 2% (w/v) agarose gel for 20 min at 60 V
in TAE buffer (40 mM Tris-HCl, 1% v/v acetic acid, 1 mM EDTA).

Cell Culture. The MDA-MB-435s tumor cell line from the
American Type Culture Collection (ATCC) was used to evaluate
the potency of the delivery system both in vitro and in vivo. Cells
were cultured in Dulbecco's Modified Eagle Medium (DMEM,
Gibco, Carlsbad, CA) with 10% fetal bovine serum (Gibco) at
37 °C with 5% CO,.

Animals and Tumor Xenograft Model. Female BALB/c nude mice
(4—6 weeks old) were purchased from Shanghai Experimental
Animal Centre of Chinese Academy of Sciences (Shanghai,
China), and all animals received care in compliance with the
guidelines outlined in the Guide for the Care and Use of
Laboratory Animals. The procedures were approved by the
University of Science and Technology of China Animal Care
and Use Committee.

To set up the tumor xenograft model, MDA-MB-435s cells
were maintained in T-75 flasks (Corning Inc., NY) and passaged
twice a week. Cells (5 x 10°) were suspended in 100 uL of
Dulbecco's PBS without calcium or magnesium and were
administered by subcutaneous injection into the armpit of the
mice. Tumor volume (mm?3) was determined by measuring
length (/) and width (w) and calculated as V = Iw?/2. Tumor-
bearing mice were used 12 days post-tumor inoculation in
experiments, at which point tumor volumes reached around
50 mm?>.

In vitro Analysis of Codelivery of PTX and siRNA into Tumor Cells.
Rho-paclitaxelyicelleplexramsirua CONtaining both Rhodamine-labeled
paclitaxel and FAM-labeled siRNA was prepared as described
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above. MDA-MB-435s cells (5 x 107 cells/well) were seeded in a
24-well tissue culture plate and incubated for 24 h at 37 °Cin 5%
CO,, followed by adding the RhePacliexeimicallaplexeav-sinna
solution. At predetermined time intervals, cells were washed
twice with PBS, lysed with trypsin-EDTA solution, and analyzed
on a FACSCalibur flow cytometer (BD Biosciences, USA). The
results were analyzed using WinMDI 2.9 software.

For confocal laser scanning microscopy (CLSM) observa-
tions, MDA-MB-435s cells (5 x 10* cells/well) were seeded in a
35 mm glass bottom culture dish (MatTek Corporation) and
incubated for 24 h at 37 °Cin 5% CO,. Pl yicalleplexeavsirna
was added and incubated with the cells for 2 h. After removal
of the medium, cells were washed twice with the preheated
PBS, then 4 mL of growth medium containing 1 ug/mL 4/,
6-diamidino-2-phenylindole (DAPI) was added. The cells were
directly observed under a Zeiss LSM 710 confocal microscope
(Carl Zeiss, Jena, Germany) using a 63 x objective.

In vitro siPIk1 Transfection and Analysis of PIk1 Expression. MDA-
MB-435s cells (5 x 10%) were seeded in 24-well tissue culture
plates and incubated at 37 °Cin 5% CO, for 24 h to reach ~70%
confluence. Various formulations were added and incubated
with the cells for 24 h (for mRNA isolation) or 48 h (for protein
extraction). The cellular levels of Plk1 mRNA and protein were
assessed using quantitative real-time PCR (qRT-PCR) and Wes-
tern blot, respectively.

In qRT-PCR analysis, total RNA from transfected cells was
isolated using the RNeasy mini-kits (Qiagen, Germantown, MD)
according to the protocol of manufacturer. Two micrograms of
total RNA were transcribed into cDNA using the PrimeScript
First Strand cDNA Synthesis Kit (Takara, Japen). Thereafter, 2 uL
of cDNA was subjected to qRT-PCR analysis targeting Plk1 and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using
the SYBR Premix Ex Taq (Perfect Real Time) (Takara). Analysis
was performed using the Applied Biosystems StepOne Real-
Time PCR Systems. Relative gene expression values were de-
termined by the AACT method using StepOne Software v2.1
(Applied Biosystems). Data are presented as the fold difference
in Plk1 expression normalized to the housekeeping gene
GAPDH as the endogenous reference, and relative to the
untreated control cells. Primers used in qRT-PCR for Plk1 and
GAPDH are: Plk1-forward 5'-AGCCTGAGGCCCGATACTACCTAC-3,
Plk1-reverse 5-ATTAGGAGTCCCACACAGGGTCTTC-3/, and
GAPDH-forward 5'-TTCACCACCATGGAGAAGGC-3’, GAPDH-
reverse 5'-GGCATGGACTGTGGTCATGA-3'. PCR parameters con-
sisted of 30 s of Tagq activation at 95 °C, followed by 40 cycles of
PCRat95°C x 55,60 °C x 30s,and 1 cycle of 95°C x 155,60 °C
x 60 s, and 95 °C x 15 s. Standard curves were generated and
the relative amount of target gene mRNA was normalized to
GAPDH mRNA. Specificity was verified by melt curve analysis.

In Western blot analysis, transfected cells were first washed
twice with cold PBS, and then resuspended in 50 uL of lysis
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100,
10% glycerol, 1.5 mM MgCl,, 1 mM EGTA) freshly supplemented
with Roche's Complete Protease Inhibitor Cocktail Tablets. The
cell lysates were incubated on ice for 30 min and vortexed every
5 min. The lysates were then clarified by centrifugation for
10 minat 12000 x g. The protein concentration was determined
using the BCA Protein Assay Kit (Lot: 23250, Thermo, Madison,
WI). Total protein (50 ug) was separated on 12% Bis-Tris-poly-
acrylamide gels and then transferred (at 300 mA for 45 min) to
Immobilon-P membranes (Millipore, Bedford, MA). After incu-
bation in 5% bovine serum albumin (BSA, Sigma-Aldrich) in
phosphate buffered saline with Tween-20 (PBST, pH 7.2) for 1 h,
the membranes were incubated in 1% BSA in PBS with mono-
clonal antibodies against Plk1 (1:500) overnight. After incubation
in 1% BSA with goat antimouse IgG-HRP antibody (1:10000) for
30 min, bands were visualized using the ECL system (Pierce).

Cell Proliferation and Apoptosis Analyses Post siPlk1 Transfection. Cell
proliferation after siPlk7 transfection was determined by the
tritiated thymidine CH-TdR) incorporation assay. MDA-MB-435s
cells cultured in 24-well plates were treated for 72 h with
paclitaxel dissolved in DMSO, P*“"™micelleplexginonsenser
paciaelmicelleplexgpy;, the mixture of P™®micelleplexgnonsense
and micelleplexgpy; with the paclitaxel dose ranging from 0.1 to
0001 ug/mL. MDA-MB-435s cells treated with blank micelles
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and micellepleXginonsense Were used as controls. After the addition
of *H-TdR (5 uCi/well) for 6 h, cells were harvested through a cell
harvester (Shanghai Mosutech, Co. Ltd., China) and samples were
measured for radioactivity using a Beckman LS 1701 liquid scintilla-
tion system (Beckman Coulter, Inc, Indianapolis, IN) and Bio-Safe I
scintillation fluid (Research Products International Corp.,, Mount
Prospect, IL). The results of the experimental and control groups
were normalized to the untreated group.

For apoptosis analysis, MDA-MB-435s cells cultured in
24-well plates were treated with the above-mentioned formula-
tions at a paclitaxel dose of 0.005 ug/mL. After 72 h of treatment,
apoptotic cells were detected on flow cytometry using the
Annexin V-FITC Apoptosis Detection Kit | (BD Biosciences,
San Jose, CA), and the results were analyzed using WinMDI 2.9
software.

In vivo Fluorescence Imaging. For in vivo imaging, female mice
bearing MDA-MB-435s tumors were administered 400 uL of
Rho-paclitaxelyyicalleplexpam-sinna OF equivalent free FAM-siRNA,
or PBS by i.v. injection. Animals were placed onto the warmed
stage inside of an IVIS light-tight chamber and anesthesia was
maintained with 2.5% isoflurane. Image acquisition was per-
formed at different time intervals on a Xenogen IVIS Lumina
system (Caliper Life Sciences, USA). Results were analyzed using
Living Image 3.1 software (Caliper Life Sciences).

Drug Distribution in Tumor Tissues and Tumoral Cells. The distribu-
tions of Rho-paclitaxel and FAM-siRNA in tumor tissues and
tumoral cells were analyzed using FACS and CLSM.
Rho-paciit@xelmicelleplexgavsiana and other controls were intravenously
injected into nude mice bearing MDA-MB-435s tumors.
Twenty-four hours later, the mice were sacrificed and tumor
tissues were collected. For CLSM analysis, the tissues were
fixed in 4% paraformaldehyde overnight at 4 °C, and then
immersed overnight in 30% sucrose solution. Tumor tissues
were sectioned (6 um thick) and counterstained with DAPI and
imaged using a Zeiss LSM 710 confocal microscope using a
40 % objective. For FACS analysis, tissues were placed into a cell
culture dish containing 10 mL RPMI-1640 medium (without
serum) and nontumor tissues were removed with sterile
ophthalmological tweezers. The remaining tumor tissues were
then transferred to a new dish and cut into small pieces. The
fragments were resuspended in 20 mL RPMI-1640 medium
(without serum). The pelleted materials were resuspended
with 10 mL tumor cell digestion solution (1 mg/mL collagenase
1) and incubated at 37 °C for 2 h with agitation. Tumor cells
were thencollected by centrifugation at 1200 rpm for 6 min at
room temperature and washed twice with PBS containing 1%
FBS. Tumor cells were filtered through a 200-mesh sieve and
analyzed on a FACSCalibur flow cytometer (BD Biosciences).
The results were analyzed using WinMDI 2.9 software.

Tumor Suppression Study. Tumor-bearing mice were randomly
divided into different groups, and treated with various formula-
tions by i.v. injection every other day. The doses of siPlk1 (or
siNonsense) and paclitaxel of each injection were fixed at 0.223
mg/kg and 0.667 ug/kg, respectively. Otherwise, the dose of
siNonsense was fixed at 0.223 mg/kg, but the doses of paclitaxel
were gradually increased from 10x to 1000x of 0.667 1g/kg.

Detection of Pro-caspase-3, Pro-caspase-9 and Plk1 Expression in Tumor
Tissues. Tumor tissues were collected 24 h after the last treat-
ment, and lysed in 100 uL tissue lysis buffer (50 mM HEPES, pH
7.5,150 mM NaCl, 1 mM EGTA, 2.5 mM EDTA, 10% glycerol, 0.1%
Tween 20, 1 mM dithiothreitol, 10 mM glycerol 2-phosphate,
1 mM NaF and 0.1 mM Na3VO,) freshly supplemented with
Roche's Complete Protease Inhibitor Cocktail Tablets. The
lysates were incubated on ice for a total of 30 min and vortexed
every 5 min. The lysates were centrifuged for 10 min at 12,000 g
and the protein concentration was determined using the BCA
Protein Assay Kit (Lot: 23250, Thermo). Total protein (50 ug) was
then separated on 12% Bis-Tris-polyacrylamide gels and trans-
ferred to Immobilon-P membranes (Millipore, Bedford, MA) at
300 mA for 45 min. After incubation with 5% BSA in PBS for 1 h,
the membrane was incubated in 1% BSA with monoclonal
antibodies against either pro-caspase-9 (1:500) or pro-caspase-3
(1:500) overnight. The membrane was further incubated in
1% BSA with goat antimouse IgG-HRP antibody (1:10 000) for
30 min and visualized using the ECL system (Pierce).
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To determine the Plk1 expression in tumor tissue after
different treatments, tumor tissues were collected 24 h after
the last injection. The tumor tissues were lysed and the total
protein (50 ug) was separated and analyzed as described above
except using a monoclonal antibody against Plk1 (1:500).

Statistical Analysis. All of the data represent mean values +
standard deviation of independent measurements. Statistical
analysis was performed with a Student's t-test (two-tailed).
Statistical significance was assigned at p < 0.05 (95% confidence
level). The synergism of the combined therapy was evaluated by
combination index (c.i.) method.?”® A c.i. of 1 indicates an
additive effect between two agents, whereas a c.i. < 1 or c.i. > 1
indicates synergism or antagonism, respectively.
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