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Abstract
Small interfering RNA (siRNA)-based therapies have great potential for the treatment of
debilitating diseases such as cancer, but an effective delivery strategy for siRNA is elusive. Here,
pH-responsive complexes were developed for the delivery of siRNA in order to sensitize drug-
resistant ovarian cancer cells (NCI/ADR-RES) to doxorubicin. The electrostatic complexes
consisted of a cationic micelle used as a nucleating core, siRNA, and a pH-responsive
endosomolytic polymer. Cationic micelles were formed from diblock copolymers of
dimethylaminoethyl methacrylate (pDMAEMA) and butyl methacrylate (pDbB). The hydrophobic
butyl core mediated micelle formation while the positively-charged pDMAEMA corona enabled
siRNA condensation. To enhance cytosolic delivery through endosomal release, a pH-responsive
copolymer of poly(styrene-alt-maleic anhydride) (pSMA) was electrostatically complexed with
the positively-charged siRNA/micelle to form a ternary complex. Complexes exhibited size (30–
105 nm) and charge (slightly positive) properties important for endocytosis and were found to be
non-cytotoxic and mediate uptake in >70% of ovarian cancer cells after 1 hour of incubation. The
pH-responsive ternary complexes were used to deliver siRNA against polo-like kinase 1 (plk1), a
gene upregulated in many cancers and responsible for cell cycle progression, to ovarian cancer cell
lines. Treatment resulted in ∼50% reduction of plk1 gene expression in the drug-resistant NCI/
ADR-RES ovarian cancer cell model and in the drug-sensitive parental cell line, OVCAR8. This
knockdown functionally sensitized NCI/ADR-RES cells to doxorubicin at levels similar to
OVCAR8. Sensitization occurred through a p53 signaling pathway, as indicated by caspase 3/7
upregulation following plk1 knockdown and doxorubicin treatment, and this effect could be
abrogated using a p53 inhibitor. To demonstrate the potential for dual delivery from this polymer
system, micelle cores were subsequently loaded with doxorubicin and utilized in ternary
complexes to achieve cell sensitization through simultaneous siRNA and drug delivery from a
single carrier. These results show knockdown of plk1 results in sensitization of multidrug resistant
cells to doxorubicin, and this combination of gene silencing and small molecule drug delivery may
prove useful to achieve potent therapeutic effects.
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Introduction
Small interfering RNA (siRNA) offers sequence-specific, post-transcriptional silencing of
genes and is particularly attractive for the treatment of diseases distinguished by altered
patterns of gene expression (e.g., cancer) 1, 2. A number of cancer genes have been
identified that regulate apoptosis, proliferation, cell signaling, and multidrug resistance.
Selective knockdown of one or several of these genes could be an effective strategy for anti-
cancer treatment alone or in combination with chemotherapeutic drugs. Promising siRNA
targets include anti-apoptotic genes such as bcl2 3, drug resistance genes such as mdr1 4, 5,
drug-sensitizing genes such as rad51/50 6 and others2, 7–10. Polo-like kinase 1 (plk1) plays a
critical regulatory role in cell cycle progression, is over-expressed in a broad range of
tumors, and has been implicated in tumorigenesis and progression11, 12. Overexpression of
plk1 is sufficient for malignant transformation of NIH3T3 cells13, prevents apoptosis in
response to DNA damage 14, 15, and is linked to poor patient survival rates16–18. Plk1 acts
by inhibiting the pro-apoptotic activity of tumor-suppressor protein p53, increasing the
resistance of affected cells to genetic damage caused by many anti-neoplastic agents11, 19.
Studies using small-molecule kinase inhibitors have shown that inhibition of plk1 increases
the sensitivity of tumor cells to chemotherapeutics, but the clinical use of such drugs is
compromised by off-target kinase inhibition12, 20. Knockdown of plk1 using siRNA has
been shown to cause cell-cycle arrest and apoptosis in cancer cells, but not in normal cell
lines21–23. Given the role of plk1 in p53 suppression, delivery of siRNA against plk1 in
combination with chemotherapeutics is likely to increase the sensitivity of targeted cells to
chemotherapeutics, producing a synergistic increase in tumor-cell apoptosis beyond the
levels obtained by plk1 knockdown alone. This effect could have significant utility,
particularly in the treatment of multidrug resistant cancers. In fact, previous studies have
examined the delivery of siRNA against rad51, bcl2/xl, xIAP, glutaredoxin, hypoxia
inducible factor-1 α, Src kinase, Kruppel-like factor 6, erythroid-2-related factor 2, and mdr1
to increase the sensitivity of cancer cells or multidrug resistant cancer cells to traditional
chemotherapeutics 3–5, 8, 24–31. However, efficient and safe delivery of therapeutic siRNA
to the cytoplasm of targeted cells remains a fundamental limitation to its development as a
clinical therapy.

Typically, synthetic siRNA is delivered using carriers that electrostatically complex siRNA,
protecting the siRNA from nuclease activity and increasing uptake through interactions with
the negatively-charged cell membrane. The predominant route of cellular entry for such
complexes is endocytosis, which leads to enzymatic degradation in the lysosome and/or
recycling and extracellular clearance. Consequently, much work has focused on carriers that
mediate cytoplasmic delivery of nucleic acids by enhancing endosomal escape. Many
cationic polymer carriers, such as poly(ethylenimine) (PEI), mediate endosomal escape by
osmotic rupture of the endosome through the ‘proton sponge effect’32–40. Other carriers
that become membrane destabilizing in the endosome have also been widely explored,
including cationic or fusogenic lipids such as dioleoyloxy-3-trimethylammonium propane
(DOTAP), viral vectors, fusogenic proteins, and synthetic peptides 41–47. These pH-
responsive carriers undergo a hydrophilic-to-hydrophobic transition as the pH changes from
physiologic (∼7.4) to acidic (∼6.6–5.8) within the endosomal-lysosomal pathway, enabling
membrane interaction and destabilization. However, the clinical application of these carriers
is limited by concerns of tumorgenicity, immunogenicity, and notable toxicity associated
with cationic carriers 48–50.

As an alternative approach, pH-responsive, membrane-destabilizing synthetic polymers have
been investigated to enhance the cytoplasmic delivery of therapeutic macromolecules 51–54.
These are amphiphilic polymers that contain a critical balance of acidic carboxyl groups and
hydrophobic moieties. The carboxylate ions of these polymers become protonated at
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endosomal pH values, and the polymers undergo a change from a hydrophilic, biologically
inert state to a hydrophobic and membrane-destabilizing one. In particular, the polymer
poly(propylacrylic acid) 51–53 and alkylamine derivatives of poly(styrene-alt-maleic
anhydride) (pSMA) 55 have received recent attention for their pH-responsive behaviors.
Unlike carriers based on viral peptides or cationic polymers, anionic polymers are non-
immunogenic and non-toxic56–58.

To address the limitations of therapeutic siRNA delivery, a polymeric delivery system is
described that enhances intracellular delivery of siRNA. The polymer complexes consist of
three basic components: (1) cationic micelles employed as nucleation cores of the
complexes (2) siRNA and (3) anionic, pH-sensitive pSMA polymers that mediate
endosomal escape. The micelles are formed from amphiphilic diblock
poly(dimethylaminoethyl methacrylate-block-butyl methacrylate) copolymers that self-
assemble to form micelles with hydrophobic cores and cationic coronas. These micelles
electrostatically complex siRNA and pH-responsive alkylamine derivatives of pSMA,
forming a ternary complex. The micelles employed herein are also capable of loading
chemotherapeutics such as doxorubicin, offering the potential for concomitant gene and
chemical therapy from a single carrier 59, 60. Ternary complexes formulated with siRNA
against plk1 achieve significant knockdown in drug-sensitive and multidrug resistant ovarian
cancer cells with dependence of knockdown on micelle and ternary complex formulation
and siRNA dose. Knockdown of plk1 in these cell types significantly increases their
susceptibility to doxorubicin. Importantly, multidrug resistant cells with reduced plk1
exhibit the same sensitivity to doxorubicin as drug-sensitive cells with normal plk1 levels.
Caspase 3/7 is upregulated in multidrug resistant cells in response to plk1 knockdown and
doxorubicin treatment, and exposure to a p53 inhibitor (pifithrin α) resulted in restoration of
the doxorubicin-resistant phenotype. Both caspase upregulation and reversion to the
doxorubicin-resistant phenotype indicate that effects of plk1 knockdown are specific to the
p53 signaling mechanism. Although this polymeric delivery system is described in the
context of cancer therapy, it is important to note that it is highly modular and can be
employed in other therapeutic strategies simply by changing the sequence of the therapeutic
siRNA or drug without requiring further optimization of the other components.

2. Materials and Methods
2.1 Materials and Instrumentation

All chemicals were obtained from Sigma-Aldrich and used without purification unless
otherwise noted. Dimethylaminoethyl methacrylate (DMAEMA), butyl methacrylate
(BMA), and styrene were purified by vacuum distillation. The free-radical sources, 2,2-
azobisisobutyronitrile (AIBN) and 2,2'-Azobis(4-methoxy-2.4-dimethyl valeronitrile) (V-70,
Wako) were recrystallized from methanol.

The polymers in this work were characterized by gel permeation chromatography using
three Tosoh TSK-GEL columns (TSK-α3000, α3000, α4000) connected in series to a
Viscotek GPCmax VE2001 and Viscotek RI and UV detectors (VE3580 and VE3210
respectively) (Viscotek, Houston Tx). The mobile phase was HPLC-grade DMF containing
0.1 wt% LiBr. Molecular weight distributions were determined relative to a series of
poly(methyl methacrylate) standards.

2.2 Ternary carrier polymer synthesis
The diblock polymer poly(dimethylaminoethyl methacrylate-block-butyl methacrylate)
(pDbB) was obtained from a two-step reversible addition fragmentation chain transfer
(RAFT) polymerization using a trithiocarbonate chain transfer agent (CTA), dodecyl
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cyanovaleric trithiocarbonate (DCT), synthesized as previously described 61. In the first
step, a poly(dimethlyaminoethyl methacrylate) (pDMAEMA) macroCTA was obtained by
polymerizing DMAEMA at a [CTAo]/[Io] ratio of 30:1 (AIBN radical source) and a [CTAo]/
[Mo] ratio of 1:200 (30 wt% in N,N’-dimethylformamide (DMF), 60 °C for 6 hours, nitrogen
atmosphere). pDMAEMA was isolated by precipitation in an 80/20 v/v pentane/ether
mixture, followed by repeated cycles of dissolution in ether and precipitation in pentane, and
dried under vacuum. The molecular weight (Mn) and polydispersity were 7,300 g/mol and
1.2, respectively. In the second step, pDMAEMA was used as a macroCTA for the
polymerization of butyl methacrylate ([CTAo]/[Io]=20:1 (V-70 radical source), [CTAo]/
[Mo]=1:70, 60 wt% DMF, 30 °C for 12 hours, nitrogen atmosphere). pDbB was isolated by
precipitation in 80/20 v/v pentane/ether mixture, followed by repeated cycles of dissolution
in ether and precipitation in pentane, and dried under vacuum. The molecular weight (Mn)
and polydispersity of the block copolymer were 9,400 g/mol and 1.2 respectively.

Alkylamine derivatives of poly(styrene-alt-maleic anhydride) (pSMA) were previously
developed and thoroughly characterized with respect to membrane disruption in response to
lowered pH values characteristic of the endosomal/lysosomal pathway55. Both pSMA
molecular weight and extent and type of alkylamine modification impacts the pH-
responsiveness 55. Based on these results, pSMA of molecular weight 48,500 g/mol (Mn)
was synthesized by RAFT polymerization (polydispersity = 1.3) and derivatized with 60%
pentylamine. Briefly, equimolar amounts (0.02 mol) styrene and maleic anhydride were
polymerized using a [CTAo]/[Io] ratio of 10:1 (AIBN radical source), and a [CTAo]/[Mo]
ratio of 1:580 (50 wt% dioxane, 60 °C, 22 hours, nitrogen atmosphere). 4-cyanopentanoic
acid dithiobenzoate (CTP) was employed as the RAFT agent (synthesized as previously
described 62). pSMA was isolated by precipitation in ethyl ether, and subsequent alkylamine
modification and hydrolysis were performed as described elsewhere 55.

2.3 Ternary complex formation and characterization
Cationic micelles of the pDbB copolymers were obtained by a solvent displacement method.
23 mg of pDbB was dissolved in 3.7 ml MeOH. An equivalent volume of deionized H2O
was added at 12.2 µL/min, such that the original solvent was diluted 50% with water after 5
hours. The solvent mixture was then transferred to a Slide-A-Lyzer dialysis cassette
(MWCO = 3,500, Pierce) and dialyzed against deionized H2O for 24 hours. The solutions
were then filtered through a 0.2 µm syringe filter and lyophilized. The lyophilized solids
were resuspended in PBS pH 7.4 at a concentration of 1 mg/ml for subsequent knockdown
experiments.

To formulate the ternary complexes, the appropriate amount of siRNA was added to a
solution of pDbB micelles in PBS at pH 7.4 in order to achieve a desired micellar charge
ratio (+/−), over a range of 8:1 to 2:1. The micelle charge ratio is the ratio of positively-
charged pDMAEMA residues to the number of phosphate groups present in the siRNA
backbone, assuming 50% protonation of the pDMAEMA residues at pH 7.4 based on the
pKa. After 15 minutes of complexation, a solution of pSMA in PBS at pH 7.4 was added to
the binary siRNA/micelle complexes to achieve a desired overall charge ratio (+/−), over a
range of 8:1 to 1:3:1, accounting for the additional negative charges from the carboxylate
groups in the pSMA polymer. The degree of protonation of the pSMA polymers was
determined from pKa data previously published 55. Ternary complexes were characterized
for size and zeta potential using a ZetaPALS detector (Brookhaven Instruments Corporation,
Holtsville, NY, 15 mW laser, incident beam = 676 nm) in Dulbecco’s phosphate buffered
saline (without calcium and magnesium). Correlation functions were collected at a scattering
angle of 90°, and particle sizes were calculated using the viscosity and refractive index of
water at 25 °C. Particle sizes are expressed as the number average assuming a log-normal
distribution. Average electrophoretic mobilities were measured at 25 °C using the ZetaPALS
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zeta potential analysis software, and zeta potentials were calculated using the
Smoluchowsky model for aqueous suspensions.

2.4 Ternary complex cytotoxicity
Ternary complex cytotoxicity was determined using a lactate dehydrogenase (LDH)
cytotoxicity detection kit (Roche). NCI-ADR/RES cells were seeded in 96-well plates at a
density of 25,000 cells/cm2. NCI-ADR/RES is a multidrug resistant ovarian cancer cell line
derived from OVCAR8 cells, obtained from the NCI repository, and maintained in RPMI
1640 media + 10% fetal bovine serum and 1% penicillin-streptomyocin (Invitrogen). After
24 hours incubation, ternary complexes of varying micelle and overall charge ratios were
added to the cells at a final concentration of 25 nM siRNA (control siRNA #1, Ambion) in
serum-free conditions. After 4 hours incubation, serum was added to the wells at 10% of the
final volume. After 24 hours, the cells were rinsed twice with PBS and lysed (100 µL/well,
20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% TritonX-100, 2.5
mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM sodium orthovanadate) for 1
hour at 4 °C. The cell lysate was diluted 1:5 in PBS and quantified for lactate dehydrogenase
(LDH) according to the manufacturer’s specifications (Roche Cytotoxicity Detection Kit
(LDH)).

2.5 Ternary complex mediated siRNA uptake and plk1 knockdown and sensitization
towards doxorubicin

Intracellular uptake of siRNA ternary complexes was measured using flow cytometry
(Becton Dickinson LSR bench top analyzer). NCI/ADR-RES were seeded at 25,000 cells/
cm2 and allowed to adhere overnight. FAM-labeled siRNA (Ambion) was incorporated into
ternary complexes at various micellar and overall charge ratios, and added to the plated cells
at a final siRNA concentration of 25 nM in serum-free conditions. After incubation with the
complexes for 1 hour, the cells were trypsinized and resuspended in PBS with 0.5% BSA
and 0.01% trypan blue. Trypan blue was utilized as previously described to quench
extracellular fluorescence, enabling the discrimination of ternary complexes that had been
endocytosed63. 10,000 cells were analyzed per sample and fluorescence gating was
determined using samples receiving no treatment, treated with naked siRNA (no carrier),
and using a commercially available carrier, HiPerFect (Qiagen).

The efficacy of the ternary complexes for siRNA delivery was evaluated using RT-PCR to
screen for the most effective complex formulations. OVCAR8 or NCI/ADR-RES cells were
plated in 24-well plates (25,000 cells/cm2). After 24 hours, ternary complexes (micellar
charge ratio of 8:1 and overall charge ratios of 4:1, 2:1, and 1:3:1 as well as micellar charge
ratios of 8:1, 4:1, and 2:1 and overall charge ratio of 1:3:1) were added to the cells at a final
plk1 siRNA (Ambion) concentration of 25 nM in serum-free media (100 µL volume). After
4 hours, serum was added to 10% of the final volume. As a positive control, parallel
knockdown experiments were run using the commercially available siRNA carrier,
HiPerFect (Qiagen), following manufacturer’s conditions. The extent of siRNA-mediated
plk1 mRNA reduction was assessed after 48 hours. Total RNA was isolated using Qiagen’s
Qiashredder and RNeasy Mini Kit. Residual DNA in the samples was digested (RNase-Free
DNase Set, Qiagen) and RNA was quantified using absorbance at 260 nm. Reverse
transcription was performed using the Omniscript RT kit (Qiagen). A total of 10 ng RNA
sample was used for cDNA synthesis and PCR was conducted using the ABI Sequence
Detection System 7000 using predesigned primer and probe sets (Assays on Demand,
Applied Biosystems) for plk1 and β-actin as the housekeeping gene. Comparative threshold
cycle (CT) analysis was used to quantify plk1 normalized to β-actin and relative to
expression of untreated cells. Following analysis to determine the most potent ternary
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complex formulation for siRNA delivery, gene knockdown was analyzed in response to
siRNA dose (5, 10, 25, and 50 nM) using RT-PCR as described above.

To determine the sensitization towards doxorubicin, cells (OVCAR8 and NCI/ADR-RES)
were seeded at 25,000 cells/cm2 in 96-well, clear bottom, black plates and allowed to adhere
overnight. Ternary complexes at 8:1 micelle charge ratio and 2:1 overall charge ratio,
determined to be the most efficacious formulation for gene knockdown, were added to the
cells at a final plk1 siRNA (Ambion) concentration of 25 nM in serum-free media. After 4
hours, serum was added to 10% of the final volume. After 48 hours, doxorubicin was added
at various concentrations (0, 0.1, 0.5, 1, 5, 10, 50, and 100 µg/ml). Metabolic activity of the
treated cells, which is an indirect measure of the number of living cells, of the treated cells
was analyzed after an additional 24 hours. A 10 vol% solution of AlamarBlue in media was
added to cells. Active mitochondria convert resazurin, the active ingredient in AlamarBlue,
to resorufin, a fluorescent molecule. After 4 hours of incubation, the media/AlamarBlue
solution was analyzed for fluorescence with a plate reader (Tecan Safire 2) and % cell
viability and IC50 (inhibitory concentration to 50% of the population) were determined by
comparing fluorescence of samples to controls.

Caspase 3/7 activation was measured using a commercially available kit (Anaspec). After
assaying for metabolic activity with AlamarBlue, the caspase 3/7 fluorogenic indicator was
added directly to the culture media as indicated by kit instructions. Plates were assayed
using a fluorescent plate reader after shaking for 1 hour. Data were expressed as fold
increased caspase activity relative to samples receiving no treatment.

The specificity of plk1 knockdown activity through p53-mediated apoptosis was examined
by treating a subset of plk1-knockdown cells with a p53 inhibitor, pifithrin α. Reversion to
doxorubicin resistance was monitored using the AlamarBlue assay, as described above,
comparing doxorubicin sensitization of ternary complex-mediated plk1 deficient NCI/ADR-
RES and OVCAR8 cells in the presence and absence of 5 µM pifithrin α, which was
contained within the media for the duration of the experiment. Cell viability (%) was
determined by comparing fluorescence of samples to controls and IC50 (inhibitory
concentration to 50% of the population) was determined.

2.6. Synthesis, loading, and utilization of doxorubicin-loaded micelles for dual delivery
with siRNA

pDbB was synthesized and purified as described in Section 2.2 but with an increased
molecular weight of the butyl block to 4,400 g/mol (pDbB = 11,700 g/mol (Mn),
polydispersity = 1.4) by increasing the polymerization time to 16 hours. This was done to
ensure stable doxorubicin loading into the micelle core. Micelles were formed as detailed in
Section 2.3 and loaded with doxorubicin using solvent evaporation. Briefly, an 8.6 mM
solution of doxorubicin in chloroform was prepared by stirring with a 3-fold molar excess of
triethylamine (TEA) in chloroform for 2.5 hours at room temperature. The doxorubicin
loading solution was then added to stirring micelle solution (∼2 mg/ml) in H2O, maintaining
the overall mixture below 7% v/v chloroform. The chloroform was removed by evaporation,
causing doxorubicin to partition into the hydrophobic butyl core. Free doxorubicin was
separated from the doxorubicin-micelle solutions using Vivaspin centrifuge filters (MWCO
= 30 kDa, PES, Sartorius). The doxorubicin loaded micelles were rinsed three times using
nanopure H2O. Following centrifugation, the purified micelles were resuspended in H2O
and lyophilized. The loading of doxorubicin was determined by resuspending micelles in
H2O and measuring absorbance at 485 nm. By comparing the absorbance of the micelle
solution versus a standard curve of free doxorubicin, the weight percent of doxorubicin in
the loaded micelle was calculated. Loaded micelles were characterized for size and charge,
as discussed in Section 2.3.
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The loaded micelles were utilized for dual delivery of siRNA and doxorubicin. Cells
(OVCAR8 and NCI/ADR-RES) were plated at 25,000 cells/cm2. After 24 hours, ternary
complexes (both unloaded and loaded with doxorubicin) with micelle charge ratios of 8:1
and overall charge ratios of 2:1 were used to deliver plk1 siRNA at a final concentration of
25 nM. RT-PCR was used to analyze knockdown 48 hours after treatment as detailed in
Section 2.5. In addition, cell viability and caspase 3/7 upregulation were monitored to
compare treatments of free doxorubicin, ternary complexes with free doxorubicin, and
dually-loaded ternary complexes. For the dually-loaded ternary complexes, cells were
exposed to a final doxorubicin concentration of 0.2 µg/ml doxorubicin. The doxorubicin
dose for dually-loaded complexes was limited by the loading capacity of the micelles and
the ternary complex dose required to maintain the plk1 siRNA concentration at 25 nM.

2.6. Statistical methods
ANOVA was used to test for treatment effects, and Tukey’s test was used for post hoc
pairwise comparisons between individual treatment groups.

3. Results and Discussion
3.1 Ternary complex formation and characterization

Reversible addition fragmentation chain transfer (RAFT) polymerization was used to
synthesize the diblock copolymer pDbB used to formulate cationic micelles and the pH-
responsive polymer pSMA using two-step procedures as shown in Scheme 1. The first block
of the pDbB copolymers consisted of poly(dimethylaminoethyl methacrylate)
(pDMAEMA), which has been shown to effectively condense nucleic acid drugs 33, 38, 54.
This polymer was used as a macroCTA for the synthesis of the second block, poly(butyl
methacrylate). The resulting pDbB copolymers are capable of self-assembling in aqueous
environments to form micelles with cationic coronas, as depicted in Figure 1A. Figure 1B
shows the particle size and zeta potential of these micelles in PBS at pH 7.4. The naked
pDbB micelles were found to have effective diameters of 37 nm and positive zeta potentials
of 8.4 mV. Agarose gel shift assays showed that these micelles completely complexed
siRNA at micellar charge ratios above 1:1 (Supplementary Information). Formation of
binary complexes between siRNA and the pDbB cationic micelles resulted in smaller and
more reproducible complexes (35 ± 0.4 nm, Figure 1B) than could be achieved using
pDMAEMA homopolymers (356 ± 54 nm, data not shown). Subsequently, these micelles
were used as cores for the formation of ternary complexes with siRNA and pH-responsive,
membrane disruptive pSMA polymers, as depicted in Figure 1A.

Previously, alkylamine derivatives of pSMA were shown to cause membrane destabilization
in response to lowered pH values characteristic of the endosomal/lysosomal pathway55. The
amount of membrane disruption and the nature of the pH response could be controlled by
altering the type and extent of alkylamine modification of the parent pSMA backbone, as
well as its molecular weight. Increasing the size of the polymer or changing the extent or
type of alkylamine modification of the pSMA backbone to introduce more hydrophobicity
generally increased the membrane destabilization caused by the modified pSMA 55. Based
on this work, a 48,500 g/mol pSMA polymer in which 60% of the anhydride groups had
been opened with pentylamine was synthesized as shown in Scheme 1, a composition
selected to maximize endosomal membrane disruption while limiting polymer size to
minimize concerns regarding polymer clearance in potential in vivo applications. Recently,
Yessine et al. used a similar pH-responsive polymer based on poly(methacrylic acid) in
ternary complexes with diblock copolymer micelles to escape lysosomal trafficking and
deliver antisense oligodeoxynucleotides to the cytosol of macrophages 65.
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Formulation of the ternary complexes is governed by two interrelated charge ratios (Figure
1A). The micelle charge ratio is defined as the ratio of positively-charged DMAEMA
residues in the pDbB micelle corona to negatively-charged phosphate groups in the siRNA
backbone. Based on published reports of the DMAEMA pKa 64, the degree of protonation of
the pDbB corona was assumed to be 50%. The overall charge ratio accounts for the ratio of
positive charges from the pDbB micelles to the total negative charges present from both
siRNA and pSMA, based on the previously published pKa values for pSMA55. Ternary
complexes were formulated using micellar charge ratios from 8:1 to 2:1 and overall charge
ratios of 4:1, 2:1, and 1.3:1. The minimum micelle charge ratio was the charge ratio
necessary to obtain complete siRNA complexation based on gel retardation (see
Supplementary Figure 1). The overall charge ratio is defined as the total +:- charge ratio of
the ternary complex and the range of accessible overall charge ratios is limited by the
micelle charge ratio. The highest possible overall charge ratio is the same as the micelle
charge ratio for a ternary complex containing no pSMA. As the amount of anionic pSMA
added to the ternary complex increases, neutrality is approached, and pSMA no longer
electrostatically interacts with the complexes. Therefore, the theoretical lower limit of the
overall charge ratio is unity, but a slightly positive charge ratio is preferential to address
concerns of particle stability and cellular uptake. The lowest overall charge ratio employed
in this study was 1.3:1. Overall charge ratios throughout the possible range were tested to
determine the complex formulation that best optimized particle size, charge, uptake and
siRNA delivery. Figure 1B shows zeta potentials for ternary complexes with a fixed micellar
charge ratio of 8:1 and overall charge ratios of 4:1, 2:1, 1.3:1 and also for micellar charge
ratios of 8:1, 4:1, and 2:1 at a fixed overall charge ratio of 1.3:1. Zeta potentials were found
to be similar and slightly positive for all formulations tested (∼0.1 mV, with a range of 0 to
1.2 mV, Figure 1B). Although the charge ratios differ for the particles with micelle charge
ratio of 8:1 as the overall charge ratio is decreased from 4:1 to 1.3:1, no alteration in surface
charge is observed as measured by zeta potential. This is likely due to salt shielding effects
from the buffering system utilized for the measurements (Dulbecco’s PBS). Despite this
effect, this buffer is relevant for such measurements as it is similar in salt concentration and
buffering capacity to environments experienced in vitro and in vivo. Across the range of
compositions tested, the particles appear to have slightly positive zeta potentials, which
contribute to colloidal stability and should favor endocytotic uptake.

Particle size is an important variable for cellular uptake and is highly influenced by the
pSMA content of the ternary complexes. For ternary complexes at a fixed micelle charge
ratio, the overall charge ratio decreases as the amount of anionic pSMA in the ternary
complexes increases. This is expected to increase the particle size as increasing amounts of
pSMA accumulate in the complexes. In fact, such trends in particle size are observed for
ternary complexes formed at a constant micelle charge ratio of 8:1 and overall charge ratios
of 4:1, 2:1, and 1.3:1. Particle size increases from ∼40 nm to ∼100 nm across this range
(Figure 1B). A similar trend can be seen by examining the size of ternary complexes
formulated at fixed overall charge ratio of 1.3:1 and increasing micelle charge ratios from
2:1 to 8:1. Complex size increases significantly from ∼30 nm to ∼100 nm (Figure 1B) over
this range. The pSMA content of the complexes is also increasing over this range, further
supporting the idea that the amount of pSMA included within the complex plays a key role
in determining the eventual complex size.

The particle size and surface charge are critical design variables for ensuring efficient
uptake. It is generally accepted that positively charged particles have enhanced cellular
uptake in vitro due to interactions between the particles and the negatively charged cell
membrane 66, 67. Additionally, particle size is an important variable for internalization by
endocytosis. Previous studies have shown that ∼200 nm is the approximate limit for cellular
uptake by macropinocytosis, and particles above this size may not be internalized 68–70. All
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of the ternary complex formulations tested in this study had particle sizes well below 200
nm and exhibited slightly positive zeta potentials (Figure 1B), making them attractive
candidates for intracellular delivery of therapeutic siRNA.

3.2 Ternary complex cytotoxicity
The cytotoxicity of the ternary complexes was evaluated by incubating NCI/ADR-RES cells
in the presence of ternary complexes (micelle charge ratios of 8:1 and overall charge ratios
of 4:1, 2:1, and 1.3:1 as well as micelle charge ratios of 8:1, 4:1, and 2:1 and overall charge
ratio of 1.3:1) for 24 hours. Relative cell survival was measured by intracellular lactate
dehydrogenase (LDH) activity and is shown in Figure 2. Low cytotoxicity (cell survival
>90%) was observed for all formulations tested. This result distinguishes the ternary
complex system from many synthetic siRNA delivery systems. Cationic polymers and
lipids, including PEI, poly(DMAEMA), N-(2,3-dioleoyloxy)propyl-N,N,N-
trimethylammonium chloride (DOTMA), and1,2-dioleoyloxy-3-trimethylammonium
propane (DOTAP), have been shown to induce apoptosis and necrosis in a variety of cell
lines 39, 40, 48–50, and many commercially available transfection reagents also exhibit very
high cytotoxicity. As an example, HiPerFect, a cationic lipid formulation, causes a 50%
reduction in cell survival after 24 hours (Figure 2). Previous work has shown that decreasing
the molecular weight of cationic polymers used for transfection, or modifying polycations
with hydrophilic segments can decrease cell toxicity71–73, though tradeoffs exist between
decreasing toxicity and efficacy. In the ternary complex system, the cationic micelle is
electrostatically shielded by pSMA and siRNA, and this shielding may reduce cytotoxic
interactions with the cell membrane. Moreover, the pDMAEMA blocks of the pDbB
micelles are small compared to many commonly used transfection reagents, and their
interaction with cellular components may be significantly different in the micelle corona.

3.3 Ternary complex mediated siRNA uptake and plk1 knockdown
Internalization of siRNA complexes at various micelle and overall charge ratios was
investigated using flow cytometry. NCI/ADR-RES cells were exposed to ternary complexes
at micelle charge ratio of 8:1 and overall charge ratios of 4:1, 2:1, and 1.3:1 as well as
complexes at a micelle charge ratios of 8:1, 4:1, and 2:1 at an overall charge ratio of 1.3:1,
and the resulting cell uptake is shown in Figure 3A. As expected based on size and charge
data, all ternary complexes mediated significant siRNA uptake. There was no correlation of
uptake with respect to alterations in overall charge ratio when the micelle charge ratio is
fixed at 8:1 (>70% positive cells for all treatments). However, as micelle charge ratio
reduces from 8:1 to 2:1 with the overall charge ratio constant at 1.3:1, there is a reduction of
FAM-positive cells. At micelle charge ratios of 2:1 and overall charge ratios of 1.3:1, only
24% of cells are positive for siRNA. This reduction might be due to a lesser amount of pH-
responsive polymer pSMA in the complexes with the lowest micelle charge ratio. Given that
these ternary complexes are ∼40 nm and should be endocytosed readily, it is possible that
reduced endosomolytic efficacy as a result of decreased pSMA content in the complex may
lead to increased extracellular clearance of siRNA through endosomal recycling pathways.
Compared with the commercially available carrier HiPerFect, the ternary complexes
generally elicit nearly 2-fold greater siRNA-positive cells at the timepoint tested (1 hour).
The high percentage of FAM positive cells following treatment with the ternary complexes
is significant, since heterogeneous transfection of a cell population and subsequent
deviations in gene knockdown may confound the results of in vitro experiments74 and would
also have implications for in vivo applications, particularly in the case of chemotherapeutic
sensitization.

The impact of ternary complex formulation on siRNA transfection efficiency was
determined in knockdown experiments against polo-like kinase 1 (plk1) using ternary
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complexes. Knockdown efficiency was evaluated in both drug sensitive (OVCAR8) and
multidrug resistant (NCI/ADR-RES) ovarian cancer cell lines after performing western blots
analysis to verify similar levels of constitutive plk1 protein production in the two lines
(Supplementary Information). Plk1 mRNA levels were evaluated using RT-PCR 48 hours
after treatment with the complexes. Plk1 knockdown was evaluated as a function of varying
overall charge ratios at a fixed micelle charge ratio. Cells were treated with ternary
complexes at a fixed micelle charge ratio of 8:1 and overall charge ratios of 4, 2, and 1.3:1
and plk1 expression was observed to decrease to ∼50% of control, with no statistically
significant differences between the treatments (see Supplementary Data). In contrast to this
result, plk1 knockdown is found to decrease as the micelle charge ratio decreases from 8:1 to
4:1 to 2:1 at a fixed overall charge ratio of 1.3:1 (Figure 3B). Though the majority of the
data presented in this paper is presented at an overall charge ratio of 2:1, an overall charge
ratio of 1.3:1 was employed since this formulation allowed for 3 different micelle charge
ratios to be tested. As described in Section 3.1, the ternary complex overall charge ratio is
limited by micelle charge ratio, as the addition of anionic pSMA reduces the overall charge
ratio. As neutrality is approached, pSMA no longer electrostatically interacts with the
complexes. Therefore, the overall charge ratio with the greatest attainable range of micelle
charge ratios is 1.3:1. Overall charge ratios of 2:1, show similar trends at micelle charge
ratios of 8:1 and 4:1 respectively (data not shown). Figure 3B shows that relative plk1
expression is reduced to ∼52% of control at a micelle charge ratio of 8:1 and overall charge
ratio of 1.3:1. Knockdown is reduced as the micelle charge ratio decreases to 4:1 and 2:1,
where gene expression is 70% and 85% of control. Similar levels of plk1 knockdown are
apparent in the OVCAR8 and NCI/ADR-RES cells. These results suggest that the micelle
charge ratio plays a critical role in siRNA transfection efficiency that is not related to
surface charge phenomenon, as each of the complexes was formulated at identical overall
charge ratios. At a fixed charge ratio, the micelle charge ratio controls the amount of
membrane-disruptive pSMA in the ternary complex. Decreasing knockdown with
decreasing micelle charge ratio therefore indicates pSMA plays a critical role in mediating
successful siRNA delivery. Based on uptake data, the amount of pSMA impacts the fraction
of siRNA positive cells, and the extent of plk1 knockdown increases with the amount of
pSMA, indicating the pSMA content of the complexes plays a critical role in determining
the efficiency of siRNA delivery. These results, taken together, indicate that the most potent
siRNA knockdown is mediated by particles with micellar charge ratios of 8:1 and overall
charge ratios of 4:1, 2:1, or 1.3:1 (not statistically different, see Supplementary Figure 3).
The ternary complex composition with an overall charge ratio of 2:1, however, was utilized
for all subsequent experimentation.

A siRNA dose response study was performed using ternary complexes at a micelle charge
ratio of 8:1 and an overall charge ratio of 2:1. Although there was little response in plk1
gene expression at 5 nM siRNA, expression was reduced to 70%, 50%, and 40% at 10, 25,
and 50 nM siRNA in OVCAR8 cells. Similar reductions in plk1 expression were also seen
using NCI/ADR-RES cells. In addition, a control siRNA (Control siRNA #1, Ambion) was
delivered to cells using the ternary complex system at 50 nM and shown to elicit no non-
specific plk1 knockdown (data not shown). The level of knockdown achieved by the ternary
carriers is highly significant, but does fall short of the level of knockdown mediated by the
commercial siRNA delivery reagent HiPerFect, at both 25 nM (Figure 3B) and 50 nM
siRNA (Figure 3C), which reduces gene expression to ∼40% and ∼25% at these doses,
respectively. However, the ternary complexes exhibit dramatically reduced cytotoxicity
compared to HiPerFect (Figure 2) and also transfect a higher percentage of the total cell
population (Figure 3A), offering distinct advantages for both in vivo and in vitro
applications. Given these advantages, the discrepancy between the knockdown obtained
using the ternary system and the knockdown using HiPerFect might arise from mechanistic
differences outside the scope of this study. Gene knockdown by siRNA delivery is a

Benoit et al. Page 10

Mol Pharm. Author manuscript; available in PMC 2010 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



complex process involving: siRNA uptake, both in terms of the percentage of the cell
population transfected and the concentration of siRNA achieved per cell; endosomal release
of intact siRNA into the cytosol; incorporation of siRNA into the RNA silencing complex,
and subsequent mRNA degradation. Therefore, more fundamental studies are required to
elucidate how future generations of the ternary complex system can be improved to
overcome many of these hurdles.

3.4 plk1 knockdown sensitizes multidrug resistant cells to doxorubicin through p53
signaling

Knockdown of plk1 was expected to increase the sensitivity of OVCAR8 and NCI/ADR-
RES cells to chemotherapeutics. Doxorubicin was added as an adjunct following plk1
siRNA treatment. Cell death, indicated by reduced metabolic activity, was used to evaluate
sensitivity to this common chemotherapeutic, and this data is shown in Figure 4A. Cell
death correlated with doxorubicin concentration in both cell types, and cells treated with
plk1 siRNA showed increased sensitivity to doxorubicin. As a result of ternary complex
mediated reduction of plk1 expression alone, cell viability was reduced about 20% versus
control cells. With the additional treatment of doxorubicin, the IC50 was reduced 10-fold in
OVCAR8 cells and 20-fold in NCI/ADR-RES (Figure 4C). Further, plk1 knockdown in
NCI/ADR-RES cells increases sensitivity to doxorubicin to the extent observed in OVCAR8
cells with endogenous plk1 levels (IC50 approximately equivalent at 5 µg/mL),
demonstrating the potential for plk1 knockdown in treatment of drug-resistant carcinomas.
These results are similar to previous work by Hussain et al. using liposomes targeted to an
epithelial cell adhesion molecule to deliver antisense RNA against bcl2/xl, that resulted in a
2.5-fold reduction in the IC50 of drug-sensitive breast cancer cells exposed to doxorubicin
24. Additional work by Wu et al., showed that multidrug resistant breast cancer cells
depleted of mdr1 by siRNA treatment (mediated by Oligofectamine) resulted in a 12-fold
IC50 reduction after 12 days of exposure to doxorubicin5. This work has particular
relevance, since the resistant breast cancer cell lines used in these previous studies have
recently been re-classified as the drug resistant NCI/ADR-RES ovarian cancer cells used
here75. Though the reduction in IC50 observed by Wu et al. is highly significant, it should be
noted that the dose of siRNA employed and time required to observe cell-sensitization were
both greater than in the present work (200 vs. 25 nM and 12 days vs. 48 hours, respectively).
Finally, in a separate study using two nanoparticle formulations for delivery of paclitaxel
and siRNA against mdr1 in multidrug resistant SKOV3 cells, a 10-fold decrease in IC50 was
observed compared to cells treated with paclitaxel alone 76. siRNA treatment of the
multidrug resistant cells resulted in paclitaxel sensitivity similar to non-resistant cells, and
complete knockdown of mdr1 was achieved using 100 nM siRNA. In the present study, a 25
nM siRNA dose achieved incomplete silencing of plk1 (50% of control, Figure 3), but
completely restored doxorubicin sensitivity in NCI/ADR-RES cells. Together with the
results of our present work, these previous studies demonstrate both the potency of siRNA
against plk1 for reversal of multidrug resistance and the efficacy and promise of the
polymeric siRNA delivery system described herein.

In cells treated with ternary complexes against plk1, cell death following doxorubicin
administration was expected to result from caspase-mediated apoptosis activated by
increased p53 activity. Caspases 3 and 7 were monitored in OVCAR8 and NCI/ADR-RES
cells treated with both doxorubicin and ternary complexes against plk1. Caspases 3/7 are
upregulated (Figure 4B) in response to plk1 knockdown and doxorubicin treatment, up to
3.5-fold in OVCAR8 and 1.5-fold in NCI/ADR-RES cells compared to those receiving no
treatment. For doxorubicin treatment alone, caspase activation is not as robust, only 2-fold
control in OVCAR8 and 1.1-fold in NCI/ADR-RES at the highest doxorubicin concentration
used (100 µg/ml). Additionally, plk1 knockdown alone mediated a modest increase in
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caspase (∼1.2-fold of control cells). These results indicate that plk1 knockdown enhances
the effects of doxorubicin by facilitating induction of cell death through the classical
mitochondrial apoptosis pathway, mediated by p53 signaling. In previous work using a
liposomal delivery system, a 3-fold upregulation of caspase 3 in lung cancer cells was
observed after treatment with antisense RNA against bcl2/xl and doxorubicin compared to
cells treated only with doxorubicin24. This observation is similar to our current work in
OVCAR8 and NCI/ADR-RES cells, where a 1.5-fold increase in caspase activation was
observed as a result of treatment with plk1 siRNA and doxorubicin compared to treatment
with doxorubicin alone.

To confirm the role of p53 signaling in increasing caspase-mediated apoptosis, cells treated
with plk1 siRNA and doxorubicin were exposed to pifithrin α, a specific inhibitor of p53. In
NCI/ADR-RES cells, the IC50 values determined from this experiment indicated partial
reversion to the doxorubicin resistant phenotype as a result of p53 inhibition. The inhibited
IC50 values of plk1-depleted OVCAR8 and NCI/ADR-RES cells increased to 2 and 60 µg/
mL respectively (Figure 4C), similar to the IC50 values of cells with baseline plk1
expression. These results clearly indicate that the chemotherapeutic sensitization caused by
plk1 knockdown is specific to the p53 signaling mechanism, consistent with the known role
of plk1 in suppressing pro-apoptotic p53 activity.

3.5 Dual delivery of plk1 siRNA and doxorubicin using ternary system
The cationic micelles used to nucleate the ternary complexes offer opportunities for co-
delivery of small molecules and siRNA from a single carrier. Doxorubicin was loaded into
the hydrophobic butyl methacrylate core of pDbB micelles to enable dual delivery of siRNA
and chemotherapeutic. Micelle loading was found to be 10% doxorubicin by weight. Drug
loaded micelles and dually-loaded ternary complexes formed using loaded micelles were
slightly larger than their unloaded counterparts. At micelle and overall charge ratios of 8:1
and 2:1 the loaded micelle and dually-loaded ternary complexes were 45 ± 2.2 nm and 58 ±
4.5 nm as compared to 37 ± 1.2 nm and 43 ± 0.2 nm, respectively. The increased size of the
drug-loaded micelles and complexes results not only from the doxorubicin loading, but
changes in the polymer composition necessary to obtain stable doxorubicin entrapment. The
butyl block length of the pDbB polymer was extended slightly (from 2,100 g/mol to 4,400 g/
mol), thus increasing slightly the size of both the loaded micelles and ternary complexes.

Ternary complex-mediated knockdown was unaffected by doxorubicin loading (data not
shown), resulting in ∼58% of control plk1 expression in both OVCAR8 and NCI/ADR-RES
cells, similar to the original ternary complexes which resulted in ∼50% of control expression
(Figure 3B) at the same micelle and overall charge ratios (8:1 and 2:1, respectively). These
results indicate that neither the reformulated pDbB core nor loading with doxorubicin
adversely impacts the ability of the complexes to mediate transfection. As measures of
efficacy and sensitization, cell viability and caspase 3/7 upregulation were monitored for
cells treated with ternary complexes and soluble doxorubicin and doxorubicin-loaded
ternary complexes and the data are shown in Figures 5A and B. The doxorubicin dose across
treatment groups was 0.2 µg/mL in order to match the dose obtained from dually-loaded
ternary complexes at a siRNA dose of 25 nM. As shown in Figure 5A, reduction in cell
viability (∼71% viability) was obtained as a result of drug sensitization when cells were
concomitantly treated with siRNA and doxorubicin, regardless of which ternary complex
formulation was used. The similar levels of decreased cell viability observed between the
two siRNA treatment groups suggest that the availability of doxorubicin is not significantly
reduced as a result of loading within the micelle core. Further evidence of drug-sensitization
by the dually-loaded ternary complexes is provided by caspase 3/7 upregulation, as shown in
Figure 5B. Plk1 siRNA and doxorubicin treatment in both ternary formulations results in
caspase upregulation to 1.5-fold of untreated control cells.
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Though these results highlight the potential utility of dual delivery, the effects on caspase
activation and cell toxicity are weaker than was previously observed with singly loaded
siRNA ternary complexes because of the limited doxorubicin concentration (0.2 µg/mL) that
could be delivered from the current dual formulation. Various strategies could be pursued to
increase doxorubicin loading, including variations in the composition and block length of
the hydrophobic micelle core. However, the effects of these modifications could also
adversely impact doxorubicin release from the micelle or siRNA delivery, necessitating a
trade-off in optimization of the particle formulation. The vastly different therapeutic dose
requirements presented by siRNA and chemotherapeutic agents may prove a significant
complication in the development of carriers for dual-delivery, despite ongoing research in
this area 59. For this reason, complimentary delivery of such therapeutics from independent
systems 76 may offer distinct clinical advantages compared to single-carrier formulations.
Alternatively, other molecules of therapeutic utility present opportunities for investigation,
including imaging agents to aid in diagnosis and particle fate analysis 60, 77–79.

Conclusions
Here, we have reported the development of a novel pH-responsive micellar siRNA delivery
system. This ternary carrier, composed of cationic micelles formed from pDbB and the pH-
responsive polymer pSMA, exhibited favorable size and charge (∼30–105 nm and slightly
positive), was not cytotoxic, and mediated efficient cell uptake of siRNA. Moreover, siRNA
delivery was a function of both micelle charge ratio and overall charge ratio, and
knockdown was siRNA concentration-dependent. The optimized formulation resulted in
∼50% of control plk1 gene expression and doxorubicin sensitivity in multidrug resistant
NCI/ADR-RES, comparable to the sensitivity of the parental, non-resistant cell lineage,
OVCAR8. This phenotypic alteration specifically implicated the p53 signaling pathway,
based on upregulation of caspase 3/7 and reversion to the drug-resistant phenotype upon
administration of a p53 inhibitor. Doxorubicin was successfully loaded into pDbB micelles
used to form ternary complexes capable of dual delivery of chemotherapeutic and siRNA.
Dual delivery of siRNA and doxorubicin resulted in less potent cell killing and caspase
upregulation than when siRNA and doxorubicin were delivered singularly due to limitations
in doxorubicin loading, outlining the complicated needs of a dual-delivery system for siRNA
and drug. However, the effectiveness and low cytotoxicity of this new carrier make it a
promising candidate for future siRNA delivery studies in disease models and future
experiments will involve treatment by doxorubicin and plk1 siRNA in NCI/ADR-RES
xenograft tumor models.
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Figure 1. Ternary complex formation and characterization
(A) Depiction of ternary complex formation including micelle charge ratio and overall
charge ratio and (B) ternary complex characterization with respect to size and surface
charge. (A) The diblock pDbB is shown in purple for poly(DMAEMA) and black for
poly(butyl methacrylate), and siRNA is depicted in red. The pH-responsive polymer pSMA
is shown in blue. Two charge ratios govern complex formation. The micelle charge ratio is
defined as the ratio of positively-charged DMAEMA residues in the pDbB micelle corona to
negatively-charged phosphate groups in the siRNA backbone. Based on published reports of
the pDMAEMA pKa 64, the degree of protonation of the pDMAEMA corona was assumed
to be 50%. The overall charge ratio accounts for the ratio of positive charges from the pDbB
micelles to the total negative charges present from both siRNA and pSMA, based on the
previously published pKa values for pSMA55. (B) Micelles, micelles+siRNA, and ternary
complexes were formed at various micellar and overall charge ratios at 25 nM siRNA
concentrations in phosphate buffered saline and characterized for size and zeta potential
using a ZetaPALS detector. Data are from three independent experiments conducted in
triplicate.
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Figure 2. Ternary complex cytotoxicity as a function of ternary carrier composition
NCI/ADR-RES cells were treated with siRNA (Negative control #1) at 25 nM using ternary
complexes at various micelle charge ratios (listed first) and overall charge ratios (listed
second). After 24 hours, cell lysate was collected and assayed for lactate dehydrogenase, a
measure of cell viability, and data is shown relative to untreated cells. Data are from three
independent experiments conducted in triplicate with error bars representing standard
deviation. Statistical significance was evaluated at a level of p < 0.05 with the following
symbols * indicating significance versus HiPerFect.
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Figure 3. Ternary complex mediated siRNA uptake and plk1 knockdown
FAM-labeled siRNA uptake by NCI/ADR-RES cells was measured using flow cytometry 1
hour after treatment (A). Plk1 knockdown in OVCAR8 (black) and NCI/ADR-RES (white)
cells was measured using real time RT-PCR 48 hours after treatment with ternary complexes
as a function of micelle charge ratio with overall charge ratio fixed at 1.3:1 (B), and siRNA
dose (5–50 nM). A commercially available transfection reagent, HiPerFect (Qiagen), was
used as a positive control. For A, statistical significance was evaluated at a level of p < 0.05
with the following symbols indicating significance versus HiPerFect and treatments with
micelle charge ratios of 2:1 and overall charge ratios of 1.3:1, respectively: *, #. For B,
statistical significance was evaluated at a level of p < 0.05 with the following symbols
indicating significance versus treatments of HiPerFect and micelle charge ratios of 8:1,
respectively: *, #. For C, statistical significance was evaluated at a level of p < 0.05 with the
following symbols indicating statistical significance versus treatments of 50 nM siRNA with
HiPerFect, 50 nM siRNA with the ternary delivery system, and 25 nM siRNA with the
ternary delivery system, respectively: *, #, and &.
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Figure 4. plk1 knockdown sensitizes multidrug resistant cells to doxorubicin through p53
signaling
OVCAR8 and NCI/ADR-RES were treated with plk1 siRNA ternary complexes and
doxorubicin (--□--; OVCAR8 (no doxorubicin), –■–; OVCAR8 + doxorubicin, --∆--; NCI/
ADR-RES (no doxorubicin), –▲–; NCI/ADR-RES + doxorubicin. Resulting % viable cells
(A) and caspase 3/7 upregulation (B) was assessed and expressed compared to untreated
cells (as a percent in A or as a fold-upregulation in B). IC50 values were extrapolated from A
and listed in C. In addition, a p53 inhibitor, pifithrin α was added to the cells in addition to
doxorubicin and resulting IC50 values from those experiments are listed in C. Representative
data ± standard deviations are shown from 3 independent studies done in quadruplicate.
Statistical significance was evalulated at a level of p < 0.05 with * indicating significance
versus cells without siRNA delivery at the same doxorubicin concentrations. IC50 values
were extrapolated from A and listed in C. In addition, a p53 inhibitor, pifithrin α was added
to the cells in addition to doxorubicin and resulting IC50 values from those experiments are
listed in C. Representative data ± standard deviations are shown from 3 independent studies
done in quadruplicate.
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Figure 5. Doxorubicin-loaded ternary complexes are effective at initiating loss of cell viability
and upregulated caspase 3/7 levels
OVCAR8 (black bars) and NCI/ADR-RES (white bars) were treated with dually-loaded plk1
siRNA and doxorubicin ternary complexes. Resulting cell viability (A) and caspase 3/7
upregulation (B) was assessed and expressed compared to untreated cells (as a percent in A
or as a fold-upregulation in B). The doxorubicin dose was 0.2 µg/mL across treatments and
experimental conditions. Statistical significance was tested, however there were no
differences p > 0.05 between the two treatments, ternary complex-delivered plk1 siRNA and
soluble doxorubicin and doxorubicin-loaded ternary complex delivered plk1 siRNA.
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Scheme 1. Polymer Synthesis
(A) Synthesis of the diblock polymer pDbB via a two step RAFT polymerization. (B) A pH-
sensitive derivative of pSMA was obtained by RAFT polymerization followed by
subsequent reactions to modify 60% of the anhydride groups with pentylamine. R =
CCNCH3C2H4CO2H, Z = SCSSC12H25, x ∼ 46, y ∼ 15 (∼ 31 for Figure 5), Z’ = SCSC6H5
n ∼ 190.
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