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Abstract
A three layer (trilayer) polymeric micelle system based on the self-association of the triblock
polymer poly(ethylene glycol)-b-poly{N-[N-(2-aminoethyl)-2-aminoethyl] aspartamide}-b-
poly(ε-caprolactone) (PEG-b-PAsp(DET)-b-PCL) has been synthesized and investigated for
combination delivery of rapamycin (RAP) and siRNA targeting Y-box binding protein-1 (siYB-1).
The trilayer micelle is composed of (a) a hydrophilic poly(ethylene glycol) (PEG) block
constituting the outer layer to improve pharmacokinetics, (b) an intermediate compartment
composed of the cationic poly{2-[(2-aminoethyl)amino] ethyl aspartamide} (PAsp(DET))
segment for interacting with siYB-1, and (c) an inner hydrophobic poly(ε-caprolactone) (PCL)
compartment for encapsulation of RAP. A major advantage of this system is biocompatibility
since PEG and PCL are both approved by the FDA, and PAsp(DET) is a non-toxic pH responsive
cationic poly(amino acid)-based polymer. In this study, it has been shown that PCL can
encapsulate RAP with high loading efficiencies, and PAsp(DET) can successfully interact with
siRNA for efficient transfection/knockdown with negligible cytotoxicity. The enhanced
therapeutic efficacy of RAP/ siYB-1 micelles was demonstrated in cell cultures and in a PC3
xenograft nude mouse model of human prostate cancer. Herein, we demonstrate that trilayer
micelles are a promising approach to improve the simultaneous delivery of combination siRNA/
drug therapies.
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1. Introduction
Rapamycin (RAP) (914 g/mol) was originally used as an antifungal agent [1], and later
developed as an approved immuno-suppressant and potential anticancer drug [2–5].
Preclinical data with RAP revealed inhibition of tumor growth in a number of cell lines,
including lung [2], cervix [4], colon [6], prostate [2,7], and breast [8] cell carcinomas with a
typical IC50 < 50 nM. The anticancer mechanism of the drug involves blocking vascular
endothelial growth factor (VEGF) production, stimulating endothelial cells [9,10] and
inducing cell cycle arrest at the transition from G1-S phase [11,12]. In addition, RAP is the
most commonly used chemical to induce autophagy, a lysosome-based pathway that is
responsible for the degradation and recycling of proteins and intracellular components for
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maintaining cellular homeostasis [13]. Unfortunately, autophagy protects some cancer cells
by blocking the apoptotic pathway [14], and further suggests that RAP as a cancer
therapeutic be administered in combination with other drugs. In addition, the systemic
delivery of RAP constitutes a major challenge in the field of cancer therapy due to the
drug’s poor solubility in water (2.6 mg/ml) [15], low bioavailability, and dose-limiting
toxicity [16]. To date, only one successful formulation of RAP into poly(ethylene glycol)-b-
poly(ε-caprolactone) (PEG-b-PCL) micelles has been reported [17].

Small interfering RNA (siRNA) targeting Y-box binding protein-1 (siYB-1) has attracted
great interest as a therapeutic agent because of its ability to efficiently knockdown (kd)
genes associated with cancer cell proliferation and multiple drug resistance (MDR) [18].
YB-1 is an oncogenic transcription/translation factor and regulates DNA- and mRNA-
dependent events in eukaryotic cells [19–21]. YB-1 is also a pronounced marker of tumors
because of its overexpression in cancer cells [22–25]. Moreover, YB-1 translocation from
the cytoplasm to the nucleus stimulates transcription of a number of genes encoding
protective proteins, including those responsible for MDR [26–28]. As a result, the inhibition
of YB-1 expression has been found to sensitize cancer cells to chemother-apeutic drugs such
as doxorubicin (DOX) [29] or paclitaxel (PTX) [30]. Likewise, we have found that the
combination of siYB-1 with RAP greatly enhanced sensitivity of human PC3 prostate cancer
cells to RAP.

As such, multifunctional nanoparticles (NP) are highly desirable for the delivery of effective
drug combinations and the only means to ensure that both drugs will simultaneously reach
cancer cells. In drug delivery, chemical and/or physical optimizations are typically required
of the vehicle to efficiently deliver any single one therapeutic agent. Obviously, co-delivery
of two or more variety of drugs (e.g.siRNA/drug or drug/drug) requires
compartmentalization in the design of the NP to satisfy the different chemical properties of
each drug. To date, there have been few drug delivery systems reported in the literature for
the co-delivery of both drug and gene. The need for drug compartmentalization was
demonstrated with cationic core–shell NP encapsulating PTX in the core and condensing
either plasmid DNA (pDNA) or siRNA on the cationic surface [31]. In another drug
compartmentalization system, NP were formed by conjugating DOX to poly(lactic-co-
glycolide) (PLGA) polymers, and these in turn were entrapped within liposomes made of
PEG-block-distearoylphosphatidylethanolamine (PEG-b-DSPE), phosphatidylcholine and
cholesterol for optimal loading of combretastatin within the outer lipid bilayer
(combretastatin is an anti-angiogenesis drug) [32]. Still, another design utilized NP made
from PEG-b-PLGA polymers decorated with nucleic acid ligands (aptamers) to encapsulate
docetaxel in the core and intercalate DOX within the aptamers at the surface [33]. Although
promising, some of these systems rely on complicated NP assemblies that are ultimately
inherently too complex to scale up.

In the present study, we report on the synthesis and characterization of three layer micelles
formed from the triblock polymer PEG-b-PAsp(DET)-b-PCL for delivery of RAP and
siYB-1. Each drug is encapsulated within a different compartment of the micelle (Fig.1),
and the design successfully incorporates biocompatibility, simultaneous loading of RAP and
siYB-1 at high loading capacities, and relies on self-association of polymer chains to form
NP. More specifically, the trilayer micelle is composed of (a) a hydrophilic PEG block
constituting the outer layer to improve pharmacokinetics, (b) an intermediate compartment
composed of the cationic PAsp(DET) segment for interacting with siYB-1, and (c) an inner
hydrophobic PCL compartment for encapsulation of RAP. In addition, we also report on the
therapeutic efficacy of combination RAP/siYB-1 micelles in cultured cells and in a PC3
xenograft mouse model of human prostate cancer.
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2. Materials and methods
2.1. Materials

2.1.1. Chemicals and biologicals—L-aspartic acid β-benzyl ester, triphosgene,
diethylenetriamine (DET), benzene, anhydrous dichloromethane (DCM), hexane and N,N-
dimethylformamide (DMF) were purchased from Sigma–Aldrich (Milwaukee, WI).
Methoxy-ω-amino PEG (PEG5k−NH2, Mn = 5 KDa, Mw/Mn = 1.04) was purchased from
Polymer Science. Dialysis tubing (MWCO = 3500) was obtained from SpectraPor. The
monomer -caprolactone (Alfa Aesar) was distilled over CaH2 and used fresh. The catalyst
trimethylaluminum (AlMe3) was purchased from TCI (Portland, OR). The anticancer drug
RAP was purchased from LC systems. For gel retardation studies, plasmid DNA (pDNA)
coding for luciferase (pGL4) contained 5320 base pairs (Promega). For drug release studies,
total RNA (tRNA) was isolated from mouse placenta by using a Qiagen RNA purification
kit. For kd studies, siRNA against luciferase (siLuc) was obtained from Promega (Madison,
WI). For cytotoxicity studies, siYB-1 (sequence was previously reported [30]) was obtained
from IDT (sense: 5′-UUUGCUG-GUAAUUGCGUGGdTdT-3′; antisense: 5′-
CCACGCAAUUACCAGCAAAdTdT-3′).

2.1.2. Cell culture—Dulbecco’s Modified Eagle’s Medium (DMEM), phosphate buffered
saline (PBS), fetal bovine serum (FBS), trypsin-EDTA (0.05% trypsin, 0.48 mM EDTA in
HBSS) and penicillin-streptomycin were purchased from Cellgro (MediaTech, Herndon,
VA). LNCap and PC3 are human prostate cancer cells obtained from ATCC and cultured
according to ATCC protocols. LNCap cells were transduced with lentiviral vectors per
standard protocols to generate a stable cell line expressing luciferase (LNCap-Luc).

2.1.3. Knockdown and cytotoxicity assays—For kd assays, the Luciferase Assay
System was purchased from Promega (Madison, WI). Luminescence was measured with a
single tube luminometer (Berthold Technologies). Protein content was obtained using the
DC protein assay kit from BioRad (Hercules, CA), absorbance was measured with the
Spectramax 190 microplate reader (Molecular Devices, Sunnyvale, CA), and results were fit
to a known protein calibration curve. Cytotoxicity was assessed through the resazurin dye.

2.1.4. Animals—All aspects of the animal studies were performed in accordance with the
guidelines defined by the Animal Research Committee of the University of Wisconsin. Nude
male mice (7–8 week old) were obtained from Jackson Laboratory and divided into five
groups (5 mice per group) for xenograft tumor studies. General anesthesia to animals was
induced with 1.5% isoflurane/oxygen. Tumor volume (volume = 0.5 × l × w2) and animal
body weights (bw) were monitored daily for 10 days.

2.1.5. Instruments—1H NMR spectra were obtained with a Varian Unity-Inova 400 MHz
NMR spectrometer (Palo Alto, CA), with temperature regulation at 80 °C or otherwise as
indicated. Chemical shifts are reported in ppm, with respect to the deuterated solvent used.
All polymers were characterized by 1H NMR and gel permeation chromatography (GPC)
(Shodex LF-804 GPC column) at every step of the synthesis.

2.1.6. Statistical analyses—Results were presented as mean ± SEM, n = 3–6. To
compare between data sets, Graphpad Prism 5 Software was used to perform one way
analysis of variance (ANOVA). A p < 0.01 and p < 0.001 were considered significant and
denoted by * or ** respectively to indicate statistical differences.
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2.2. Methods
2.2.1. Synthesis of poly(ethylene glycol)-block-poly(β-benzyl L-aspartate) or
PEG-b-PBLA—The monomer β-benzyl-L-aspartate N-carboxy-anhydride (BLA-NCA) was
prepared using the Fuchs-Farthing method, through the cyclization of β-benzyl-L-aspartic
acid with triphosgene, followed with purification by crystallization in dry THF/hexane.
Next, diblock polymer PEG-b-PBLA was prepared by the ring-opening polymerization of
BLA-NCA initiated by the terminal −NH2 of PEG5k−NH2 (MW 5 kDa) as previously
reported [34]. Typically, BLA-NCA (349 mg, 1.4 mmol) was dissolved in 1 ml DMF and 5
ml DCM, and added into PEG5k−NH2 (200 mg, 0.04 mmol) dissolved in 5 ml DCM. The
reaction was stirred at 35 °C under argon for 24 h. The mixture was then precipitated in
diethyl ether three times, and freeze-dried with benzene to yield a solid white powder. The
degree of polymerization (DP) and size distribution of the polymer were checked by 1H
NMR and GPC.

2.2.2. Synthesis of the intermediate triblockpoly(ethyleneglycol)-block-poly(β-
benzyl l-aspartate)-block-poly(ε-caprolactone) or PEG-b-PBLA-b-PCL—PEG-b-
PBLA was used as a macro-initiator for the ring-opening polymerization of -caprolactone.
Generally, freshly distilled -caprolactone (166 mg, 1.45 mmol) was added to PEG-b-PBLA
(200 mg, 0.016 mmol) dissolved in 10 ml DCM, followed by addition of 6 equivalent
AlMe3 (0.096 mmol). The reaction was allowed to proceed for 24 h at 40 °C. The organic
solvent and AlMe3 were then removed by rotovap under vacuum. The residues were re-
dissolved in DCM, precipitated in diethyl ether, and freeze dried with benzene. The DP for
the PCL block was determined by integrating the corresponding proton peak intensities of
PCL (−OCH2(CH2)4CO−, δ = 4.0 ppm) to the methylene protons of the PEG chain
(−OCH2CH2–, δ = 3.5 ppm) in DMSO-d6 at 80 °C.

2.2.3. Synthesis of the final triblock polymer poly(ethylene glycol)-block-
poly{N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide}-block-poly(ε-
caprolactone) or PEG-b-PAsp(DET)-b-PCL—DET side chains were substituted into
the PBLA segments of PEG-b-PBLA-b-PCL via an aminolysis reaction. Briefly, DET
(148.56 mg, 1.44 mmol) was added to PEG-b-PBLA-b-PCL (180 mg, 0.008 mmol)
dissolved in 10 ml DMSO, and the reaction was allowed to stir for 24 h at 35 °C. The
polymer was dialyzed against ddH2O (SpectraPor, MWCO 3500 Da) for 24 h to remove
excess DET and DMSO. The resulting aqueous suspension of polymer was then lyophilized,
yielding a solid white powder. To verify there was no chain cleavage of PCL during the
reaction, the DP in the final polymer was re-analyzed using 1H NMR, by integrating the
proton peak intensity ratio of PCL peaks (−OCH2(CH2)4CO−, δ = 4.0 ppm) to the
methylene protons of PEG (−OCH2CH2−, δ = 3.5 ppm) in DMSO-d6 at 80 °C. Because the
PAsp(DET) proton peak intensity overlapped with the H2O peak (−NH(CH2)2NH2, δ = 3.1
ppm) we could not use NMR to re-analyze the DP of the PAsp(DET) block, however when
the resulting polymer was re-analyzed with GPC there was only one peak which helped
support the conclusion that there was no chain cleavage.

2.2.4. Preparation of micelles—Typically, 0.5 mM of triblock polymer PEG-b-
PAsp(DET)-b-PCL was dissolved in 1 ml of acetone, then 1 ml of ddH2O was quickly
added to the polymer suspension while vigorously stirring. Acetone was removed by
evaporation in the hood, followed by centrifugation at 10,000 rpm for 5 min, and passed
through a 0.2 µm nylon syringe filter to remove any aggregates that may have formed. RAP-
loaded micelles (RAP/NP) and siRNA/RAP-loaded micelles (siRNA/RAP/NP) were
prepared in the same manner, by first dissolving RAP with the polymer in acetone and then
adding ddH2O with or without siRNA. RAP and siRNA spontaneously load into the micelle
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during self-association of the polymer chains. Micelles were centrifuged and passed through
a nylon filter as before, to remove un-encapsulated drug and/or aggregates.

2.2.5. Characterization of micelles—Particle size and zeta potential of the resulting NP
were characterized at 25 °C using a Zeta sizer Nano-ZS (Malvern Instruments, UK)
equipped with a He–Ne ion laser (λ = 633 nm). The hydrodynamic diameters of samples
were obtained by cumulant method and are reported as Z-average diameters. For zeta
measurements, 800 µl of the micelle suspension was transferred to a disposable capillary cell
(DTS1061, Malvern Instruments, UK) for analysis.

2.2.6. RAP and siRNA loading into micelles—The concentration of RAP in trilayer
micelles was measured by reverse-phase HPLC [17] equipped with a Symmetry Shreld
RP18 column from Waters, and monitoring RAP by UV detection at 279 nm (the triblock
polymer did not absorb at this wavelength). RAP loading and encapsulation efficiency were
calculated using the following equations:

The mobile phase used was a cocktail of 70% acetonitrile, and 30% water containing 0.1%
phosphoric acid/1% methanol. The concentration of RAP was increased from 5%, 10%,
25%, to 50% (w/w) while keeping the concentrations of the triblock polymer constant at 0.5
mM and siRNA constant at 39 µg/ml (3 µM). Next, siRNA loading capacity into NP was
determined based on a previously published procedure [35]. Briefly, the sample solutions
(100 µl) were centrifuged at 15,000× g for 30 min to precipitate the NP and siRNA
concentration remaining in the supernatants (50 µl) was determined by measuring absorption
at λ = 260 nm using a NanoDrop UV–Vis spectrophotometer. The percentage of siRNA
loaded for different RAP concentrations was calculated by subtracting the siRNA
concentration in the supernatant from the total concentration.

2.2.7. Complexations studies—For complexations studies with the triblock polymer, 1
µg of pDNA was used instead of siRNA because it was easier to visualize on an agarose gel
with ethidium bromide (EtBr). Specifically, control diblock PEG-b-PAsp(DET)/pDNA (no
PCL block) or triblock polymer/pDNA complexes were prepared in PBS at various N/P
ratios and incubated at RT for 30 min. The complexes were loaded onto a 0.6% agarose gel
containing 0.0004% EtBr and ran for 30 min at 100 V, using lithium borate as the running
buffer, prior to imaging. Complementing the 2-D gel retardation assay, the minimum
amount of polymer needed to form complexes in solution was also investigated through a 3-
D EtBr fluorescence assay. Quantitatively, the fluorescence of EtBr is highest when
intercalated to pDNA and lowest when un-bound. Upon addition of polymers to pDNA,
EtBr molecules get displaced and result in decreased fluorescence measurements
characteristic of the system at a specific N/P value.

To investigate further siRNA loading capacity into NP without RAP, siLuc at 0– 50 µg/ml
was loaded into trilayer micelles at a constant polymer concentration of 300 µg/ml. We also
looked at loading capacity when siLuc was kept constant at 39 µg/ml (3 µM) while polymer
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concentration was increased above 300 µg/ml, specifically from 355 to 1772 µg/ml
(corresponding to N/P 10–50).

2.2.8. RAP release kinetics—For the drug release study, all micelles were prepared at
the 5% w/w ratio of RAP to polymer, to maximize RAP encapsulation within the PCL core
rather than at the interfaces of micelles as previously done [17]. RAP was loaded into
control PEG-b- PCL micelles and was loaded with or without tRNA into PEG-b-
PAsp(DET)-b-PCL micelles to compare release kinetics in the absence and presence of
nucleic acids. RAP loading levels did not change in the presence of tRNA, as determined by
RP-HPLC. The micelle formulations were diluted with respect to RAP concentration to 0.1
mg/ml in ddH2O and loaded into a dialysis cassette. The release study was conducted by
dialyzing the cassettes against ddH2O at 37 °C for 7 days. At various time points, 20 µl of
suspension was withdrawn from the dialysis cassettes for RAP analysis by RP-HPLC and
replaced with 20 µl of ddH2O.

2.2.9. Knockdown studies—Luciferase-expressing LNCaP prostate cancer cells
(LNCaP-Luc) were used for kd studies. Generally, the cells were seeded in a 24-well plate at
a density of 50,000 cells per well and incubated overnight. Next, triblock PEG-b-
PAsp(DET)-b-PCL/siLuc and control diblock PEG-b-PAsp(DET)/siLuc micelles were
prepared at N/P 10–50. Briefly, 50 µl of micelles were added into each well containing 450
µl of media; negative control cells were treated with 50 µl of sterile water. The plates were
gently shaken before they were returned to the incubator. After 24 h, the luciferase
expression level in each well, with respect to total protein concentration, was determined by
a luciferase assay system.

2.2.10. Cytotoxicity studies—PC3 cells were seeded in a 96-well plate at 5000 cells per
well for 24 h, and then pretreated with 50 nM siYB-1 in trilayer micelles (siYB-1/NP) to
ensure similar levels of cell exposures to siYB-1; specifically, 90 µl of antibiotic free media
and 10 µl of siYB-1/NP were added to wells (final concentration of siYB-1 added to cells
was 50 nM) and incubated for 4 h before replacing with serum media. The next day, 10 µl of
micelle formulations containing either: empty NP, siYB-1/NP, RAP formulated with DMSO
(RAP/DMSO), RAP/NP, or siYB-1/RAP/NP were added to wells at a final concentration of
0.01–1 nM RAP. The cells were incubated for another 24 or 48 h before measuring cell
viability with the resazurin assay [36].

2.2.11. Antitumor activity—Approximately 1 × 106 PC3 cells were inoculated
subcutaneously into the right flanks of anesthetized mice. When the tumor size reached
about 50 mm3, 200 µl of the various formulations (siYB-1/NP, RAP/NP, siYB-1/RAP/NP,
or empty NP) were injected into mice on days 1, 3 and 5 (RAP at 30 mg/kg, siYB-1 at 2 mg/
kg). To investigate the effect of sequential therapy, the fifth group was administered siYB-1/
NP on day 0 and treated with RAP/NP on days 1, 3 and 5. The tumor size and bw of animals
were monitored daily for 10 days.

3. Results and discussion
3.1. Synthesis of the triblock polymer PEG-b-PAsp(DET)-b-PCL

The triblock polymer PEG-b-PAsp(DET)-b-PCL was synthesized via a two-step ring-
opening polymerization (Scheme 1). More specifically, PEG5k–NH2 was used as a macro-
initiator to polymerize BLA-NCA, to yield amine-terminated PEG-b-PBLA-NH2. The DP of
PBLA in the diblock polymer was checked with 1H NMR and found to be 36 (Fig. 2) with a
PDI of 1.07. Similarly, for the second ring opening polymerization step, the terminal amino
group of PEG-b-PBLA-NH2 was used as an initiator for the polymerization of ε-
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caprolactone to yield PEG-b-PBLA-b-PCL. 1H NMR (Fig. 3) and GPC revealed a DP of 36
for PBLA, 88 for PCL, and a PDI of 1.24. To obtain the final triblock polymer, the side
chains of the PBLA block were substituted with DET groups by an aminolysis reaction in
the presence of excess DET. The polymer was then dialyzed against ddH2O to remove
excess DET and DMSO. 1H NMR (Fig. 4) of the resulting PEG-b-PAsp(DET)-b-PCL
polymer revealed that the side chain substitution level was 100% complete, by noting the
disappearance of the aryl protons corresponding to the benzyl groups of PBLA. In
addition, 1H NMR and GPC also re-affirmed that the number of repeating units for both
PAsp(DET) and PCL were unchanged, 36 and 88 respectively, following the aminolysis
reaction. This is important because it was found previously that PAsp(DET) could cleave
itself upon prolonged incubation in PBS in a time dependent manner [37]. We did not
observe this phenomenon with PEG-b-PAsp(DET)-b-PCL polymers; this is most likely due
to the insoluble nature of the polymer in water (due to PCL which preferentially leads to
formation of micelles in aqueous media) and thus may have helped prevent self-induced
chain cleavage of the PAsp(DET) block. The triblock polymer PEG-b-PAsp(DET)-b-PCL
had a final PDI of 1.24 and was estimated to have a total molecular weight of ca. 22 kDa.

3.2. Preparation and characterization of RAP/siRNA micelles
RAP and/or siRNA were loaded into trilayer micelles based on different partitioning of the
two drugs within the micellar core. It has previously been suggested that RAP preferentially
partitions into the hydrophobic PCL core or PCL-PEG interface of PEG-b-PCL micelles
[17], whereas siRNA is well-known to interact with cationic polymers [38] and therefore
should preferentially partition into the cationic PAsp(DET) layer. Both loading of drug and
siRNA happened spontaneously upon self-assembly of PEG-b-PAsp(DET)-b-PCL into
micelles as acetone was removed.

For the encapsulation of RAP, PCL is an attractive polymer due to the biocompatible nature
of the degradation products [39]. In addition, unstable micelles can fall apart rapidly in
plasma [40] and lead to excessive drug loss, but it has been shown that micelles with PCL
cores (e.g. PEG-b-PCL) can maintain sustained drug release in the plasma due to enhanced
circulation [46,47] and low critical micelle concentrations (CMCs), which are indicative of
high stability against dilution effects. Other studies have further validated the stability of
PCL-based micelles with in vivo assays [48,49]. Of particular interest to us is the
encapsulation of RAP into PEG-b-PCL micelles, which was characterized by high loading
efficiencies and sustained in vitro drug release [17]. Therefore, we investigated optimal
loading of RAP into the PCL core of trilayer micelles by varying the ratio of RAP to triblock
polymer (w/w) (Table 1). More specifically, the concentration of the polymer was kept
constant at 0.5 mM while RAP was increased (w/w). For each formulation, RAP
encapsulation was quantified by RP-HPLC and compared to a standard drug calibration
curve. We obtained a max 63% loading (based on initial amount of RAP added) for 25% w/
w RAP to polymer, which is higher than the previous report of 50% RAP loading into PEG-
b-PCL micelles [17]. This increased loading is likely due to the larger overall size of trilayer
micelles at ca. 82 nm compared to PEG-b-PCL micelles at 56 nm (Supporting Info, Fig. S1),
leading to RAP encapsulation both within the PCL core and at the PAsp(DET)-PCL
interface. This was verified by our attempts to load RAP into PEG-b-PAsp(DET) micelles
which was not successful and confirms that PCL is required for efficient encapsulation of
RAP.

At the polymer concentration of 0.5 mM, the amount of siRNA entrapped in the trilayer
micelle was estimated by measuring absorption at λ = 260 nm using a NanoDrop UV–Vis
spectrophotometer and found to be ca. 80% loading (based on initial 3 µM siRNA added).
Furthermore, we found that this amount of siRNA entrapped into micelles was similar and
was not hindered by increasing RAP concentrations. To further verify that siRNA only
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interacted with the PAsp(DET) segment of micelles, attempts were made to encapsulate
siRNA into PEG-b-PCL micelles but this was not successful as expected. This confirms that
the high loading of siRNA into trilayer micelles was most likely due to siRNA entrapped
within the PAsp(DET) segment and also at the PEG-PAsp(DET) and PAsp(DET)-PCL
interfaces.

The size and zeta potential of empty NP were characterized at N/ P 10–50. A minimum N/P
10 was chosen due to this value corresponding to 0.5 mM triblock polymer (Table 1). As can
be seen in Fig. 5A, the average diameter of control PEG-b-PAsp(DET) micelles averaged
ca. 70 nm over N/P 10 to 50, whereas trilayer NP were slightly larger and hovered near ca.
100 nm for all N/P. Furthermore, the zeta potential of control micelles (Fig. 5B) ranged from
7 to 10 mV over the range of N/P tested and ranged from 5 to 7 mV for trilayer micelles,
being essentially neutral for both formulations due to presence of PEG on the surface of NP.

Finally, when RAP and/or siRNA were loaded into trilayer micelles at N/P 10, DLS
revealed that empty trilayer micelles averaged 70 nm, 81 nm when loaded with RAP (RAP/
NP), 113 nm when loaded with siRNA (siRNA/NP), and 108 nm when loaded with both
siRNA and RAP (siRNA/RAP/NP). We also investigated the stability of the NP by
monitoring their size when incubated in PBS for 7 days. We found that all the NP were
stable at room temperature, with no change in their sizes and no formation of aggregates
(Supporting Info, Fig. S2). For example, at day 7 of incubation at room temperature, NP
averaged 70, 82, 111, and 109 nm for NP, RAP/NP, siRNA/ NP, and siRNA/RAP/NP
respectively.

3.3. Complexation studies
We investigated further the ability of the triblock polymer to interact with nucleic acids by
running gel retardation and EtBr fluorescence assays. To limit cost and ensure a good gel
picture, we opted to use pDNA. Fig. 6A reveals that the isoelectric point for both the control
diblock polymer PEG-b-PAsp(DET) and the triblock PEG-b-PAsp(DET)-b-PCL polymer
occurred at N/P 2. The results validate that nucleic acids preferentially interact with the
cationic PAsp(DET) segment of the polymers. To further quantify the condensation degree
of NP in solution, an EtBr exclusion assay was used to monitor the fluorescence at
increasing N/P. Similar to the gel retardation data, Fig. 6B reveals that both polymers were
able to interact with pDNA at a minimum N/P 2 and condensed approximately 80% of the
pDNA.

To investigate further siRNA loading capacity into trilayer micelles, we found that at 300
µg/ml polymer concentration, loading of siLuc saturated above 30 µg/ml, (Supporting Info,
Fig. S3A) with siLuc encapsulation efficiency decreasing below 80% above ca. 35 µg/ml
(Supporting Info, Fig. S3B). When siLuc was kept constant at 39 µg/ml (3 µM) and polymer
concentration was increased (355– 1772 µg/ml corresponding to N/P 10–50), there were
only slight differences in the percentage of siLuc encapsulated (95.6%–89.8%) (Supporting
Info, Fig. S3B).

3.4. Drug release kinetics
The release kinetics of RAP from PEG-b-PCL, PEG-b-PAsp(DET), and PEG-b-
PAsp(DET)-b-PCL micelles was evaluated by incubating the formulations in dialysis
cassettes at 37 °C and dialyzing against ddH2O for a week. RAP was formulated into all
micelles at the 5% (w/w) RAP to polymer ratio to ensure all of the RAP molecules would be
encapsulated in the PCL core. To investigate RAP release in the presence of nucleic acids
(and in order to limit cost of siRNA), we encapsulated tRNA and RAP into micelles. tRNA
used contained mouse ribosomal RNAs, including fragments at 1.9 kb for 18S and 4.7 kb for
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28S ribosomal RNAs. When RAP was formulated into control PEG-b-PCL micelles, we
obtained a t1/2 of ca. 36 h for 50% drug release which is similar to a previous report [17].
RAP formulated into trilayer micelles (RAP/NP) revealed a t1/2 of ca. 48 h. When RAP was
formulated with tRNA into trilayer micelles (RAP/ tRNA/NP), we obtained an even longer
t1/2 of ca. 77 h. Clearly, the presence of tRNA in the middle layer of the micelle provided an
extra barrier and slowed down the release of RAP sufficient to increase the t1/2 from 48 to
77 h (Fig. 7). It was not possible to monitor the release of tRNA from micelles because the
concentration of nucleic acids in the samples taken was too low for detection by absorbance.

3.5. Gene silencing efficiency
For the delivery of siRNA, the cationic polyaspartamide derivative PAsp(DET) is a
promising candidate since it possesses pH-sensitive endosome destabilizing activity at low
pH. More specifically, at neutral pH the 1,2-diaminoethane moieties of PAsp(DET) side
chains become mono-protonated, but under acidic pH conditions of endosomes they become
di-protonated and lead to enhanced buffering properties [41], which may help NP escape
into the cytoplasm of cells. PAsp(DET)-based polyplexes formed with pDNA have shown
high transfection efficiency with negligible cytotoxicity in various cultured cells, including
primary cells [42,43]. However, its application for delivery of siRNA was appreciably
limited due to the unstable nature of the polymer-siRNA complex formed. One main reason
for the lower stability of the PAsp(DET)/siRNA complex is due to the short and rigid
structure of siRNA (21 base pairs) compared to pDNA (>3000 base pairs) [44]. Therefore,
an additional association force is needed to enhance the stability of siRNA complexes
formed with PAsp(DET). It turns out that the incorporation of a hydrophobic force is a
promising candidate for stabilizing siRNA complexes, as has been demonstrated by various
studies of siRNA complexes possessing hydrophobic properties [31,45,46]. For example,
stearic acids (as a hydrophobic moiety) were previously conjugated to the side chains of
PAsp(DET) at various substitution degrees to generate stearoyl PAsp(DET)/siRNA
complexes; this modification resulted in efficient endogenous gene kd (in the human
pancreatic adenocarcinoma Panc-1 cells) in vitro compared to un-modified PAsp(DET)/
siRNA complexes [47], and may explain why our PEG-b-PAsp(DET)-b-PCL micelles are
similarly able to kd genes so efficiently in cells.

The gene silencing efficiency of control PEG-b-PAsp(DET) vs. PEG-b-PAsp(DET)-b-PCL
was investigated by complexing siLuc into resulting micelles and testing on a prostate
cancer cell line expressing luciferase, LNCaP-Luc. Micelles were formed at N/P 10– 50
while keeping the concentration of siLuc at 50 nM. As previously reported for PEG-b-
PAsp(DET) [47], control PEG-b-PAsp(DET) micelles were not able to efficiently kd
luciferase expression compared to trilayer micelles (Fig. 8). The silencing activity of trilayer
micelles ranged from 43% to 59% kd efficiency at N/P 10–50, whereas it hovered from 0 to
14% for control micelles. Though both polymers interacted with nucleic acids in a similar
manner (Fig. 6), formed NP under ca. 100 nm and had neutral surface charges (Fig. 5),
control NP could not mediate efficient siRNA delivery into cells due to particle instability.
In contrast, the triblock micelles significantly improved the transfection and kd efficiency of
siLuc into LNCaP-Luc cells at N/P 10–50 (p < 0.001), most likely due to presence of the
hydrophobic PCL core which helped stabilize the NP (see Supporting Info, Fig. S2).

3.6. Combination therapy in vitro
To investigate the in vitro cytotoxicity of combination RAP and siYB-1 in PC3 prostate
cancer cells, we looked at sequential and simultaneous dosings of the drugs at both 24 and
48 h time points (Fig. 9). It is important to note that at the polymer concentration
investigated (6 µg/ml) there was no cytotoxicity to cells observed up to 48 h (see Supporting
Info, Fig. S4), with cell viability similar to untreated cells. When siYB-1/NP at 50 nM was
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administered to PC3 cells, we found that over >91% of cells were still viable after 48 h thus
downregulation of YB-1 alone did not appear to be detrimental to PC3 cells. Because
downregulation of genes in vitro by siRNA sometimes takes 24–72 h for full effect, it was
necessary to downregulate YB-1 in cells with siYB-1/NP at least 24 h prior to treatment
with the RAP formulations. The next day, RAP in DMSO (RAP/DMSO), RAP/NP, or dual
loaded siYB-1/RAP/NP at 0.01, 0.1 or 1 nM final RAP concentrations were added to cells.
After waiting another 24 and 48 h, the cell viability was measured. We found that cell
viability decreased significantly at 48 h for dual loaded siYB-1/ RAP/NP. For example, we
obtained similar results for RAP/DMSO and RAP/NP formulations at 24 and 48 h, whereas
dual-loaded NP cell viability decreased significantly from 24 to 48 h at all RAP
concentrations tested: from 81% to 42% for 0.01 nM RAP (p < 0.001), 65%–45% for 0.1 nM

RAP (p < 0.001), and 67%–38% for 1 nM RAP (p < 0.001), respectively.

The exact mechanism by which combination siYB-1 and RAP demonstrated enhanced
cytotoxicity is unknown, though it is likely that they target the JAK/STAT3 and PI3k/Akt/
mTOR signaling pathways that are often up-regulated in cancer. It has previously been
found that YB-1 downregulation successfully sensitized breast cancer cells to apoptosis by
interfering with the STAT3 pathway [30].The STAT3 pathway is known to promote
oncogenesis by being constitutively active and is suggestive of poor cancer prognosis
[48,49]. Similarly, the PI3K/Akt/mTOR pathway is an intracellular signaling pathway that is
important in cell proliferation and its up-regulation often confers resistance to many types of
cancers [50,51]. The mammalian target of rapamycin (mTOR) is a key molecule for
activation/regulation of various downstream targets responsible for proliferation,
transcription, translation, and apoptosis of cells, and is involved in regulating the translation
of specific mRNAs such as those of YB-1 [21,52,53] Interestingly, it has been found that
YB-1 synthesis and translation was down-regulated by the mTOR inhibitor PP242 but not
RAP [21]. The enhanced cytotoxicity of silencing STAT3 and inhibiting mTOR via RAP
was demonstrated on hepatocarcinoma cells and characterized by increased cellular
apoptosis [54].As such, the downregulation of critical signaling pathways such as STAT3
and mTOR by siYB-1/RAP/NP may help explain the enhanced cytotoxicity observed in PC3
cancer cells, and validates further investigations into animal tumor models.

3.7. Combination therapy in a xenograft mouse model of PC3 human prostate cancer
Since not all drug combinations demand simultaneous delivery (timing may play a critical
role) [55,56], we decided to investigate the antitumor activity of siYB-1/RAP NP
administered both simultaneously and sequentially (1 day apart) against a nude mouse
xenograft tumor model of PC3 prostate cancer. All NP were formulated at 50% (w/w) RAP
and N/P 50 to maximize RAP and siYB-1 loading. When the tumor size reached ca. 50
mm3, 200 µl of either empty NP, siYB-1/NP, RAP/NP, or dual-loaded siYB-1/RAP/NP
were administered via retro-orbital injections into mice on days 1, 3 and 5 (RAP at 30 mg/
kg, siYB-1 at 2 mg/kg). For the sequential administration strategy, mice were injected with
siYB-1/NP on day 0 and then treated with RAP/NP on days 1, 3 and 5 as before. The tumor
size and bw of animals were monitored daily for 10 days to assess the therapeutic efficacy
and acute toxicity of the treatments in animals. The empty NP treatments did not inhibit
tumor growth, whereas RAP/NP was only slightly effective against this aggressive xenograft
tumor model. As previously noted in a breast cancer tumor model [30], we saw significant
improved prostate cancer tumor regression with siYB-1/NP. More significantly, the results
for combination siYB-1 and RAP NP administered either simultaneously or sequentially
revealed dramatic tumor regression, with up to 75% tumor volume reduction by day 10
compared to the NP vehicle (Fig. 10A). In addition, the formulations did not generate acute
toxicity in animals based on consistent animal weights throughout the treatment period (Fig.
10B); a bw loss of ±20% would have indicated acute toxicities to animals. It is also
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important to keep in mind that the bw did not change drastically because the tumors were
not allowed to grow to extreme volumes (e.g. 1000–2000 mm3 [57,58],) to avoid tumor
necrosis, often characteristic of large tumors. None of the animals died during the course of
the experiments and they were all promptly euthanized by day 10.

4. Conclusion
A three layer polymeric micelle system based on the self-association of the cationic triblock
polymer PEG-b-PAsp(DET)-b-PCL has been developed and characterized for combination
delivery of siYB-1 and RAP. RAP could be loaded up to 63% (at 25% w/w RAP to
polymer) with 80% siRNA (from an initial 3 µM concentration). siYB-1/RAP micelles
averaged ca. 100 nm in diameter and were stable up to 7 days in PBS. RAP release from
tRNA/RAP micelles at 37 ° C was characterized by a t1/2 of 77 h. The incorporation of PCL
into the polymer stabilized resulting NP and generated significant kd of luciferase in
LNCap-Luc cells (<59% kd) after 24 h, compared to the diblock polymer PEG-b-
PAsp(DET) (<14% kd). Combination siYB-1/RAP micelles exerted enhanced cytotoxicity
on PC3 prostate cancer cells cultured in vitro, both at the 24 and 48 h time points for all
concentrations of RAP tested (0.01, 0.1, and 1 nM). Simultaneous (siYB-1/RAP/NP on days
1, 3, 5) and sequential retro-orbital injections (siYB-1/NP on day 0, followed by RAP/NP on
days 1, 3, 5) generated significant tumor regression in a PC3 xenograft nude mouse model of
human prostate cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The trilayer micelle is composed of (a) a hydrophilic PEG block constituting the outer layer
to improve pharmacokinetics, (b) an intermediate compartment composed of the cationic
PAsp(DET) segment for interacting with siYB-1, and (c) an inner hydrophobic PCL
compartment for encapsulation of RAP.
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Fig. 2.
1H NMR spectrum of PEG-b-PBLA in DMSO-d6 at 80 °C Degree of polymerization was
calculated from integration of the phenyl protons (Ph) with respect to the methyl protons of
PEG (peak 2) and found to be 36. When the polymer was run through GPC, there was only
one peak with a PDI of 1.07.
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Fig. 3.
1H NMR spectrum of the triblock polymer backbone PEG-b-PBLA-b-PCL in DMSO-d6 at
80 °C DP of PCL was calculated from integration of the corresponding proton peak
intensities of PCL (peak 8) with respect to the methyl protons of PEG (peak 2) and found to
be 88. When the polymer was run through GPC, there was only one peak with a PDI of 1.24.
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Fig. 4.
1H NMR spectrum of PEG-b-PAsp(DET)-b-PCL in DMSO-d6 at 80 °C. Substitution of
DET was confirmed by the disappearance of the benzyl groups of PBLA. DP of PCL was
recalculated from integration of the corresponding proton peak intensities of PCL and found
to be 88, as before. When the triblock polymer was run through GPC, there was only one
peak with a PDI of 1.24 which confirmed that there was no chain cleavage of the backbone.
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Fig. 5.
The size and zeta potential of resulting NP were monitored at N/P 10–50. A minimum N/P
10 was chosen due to this value corresponding to 0.5 mM triblock polymer (Table 1 ). As can
be seen in (A), the diameter of control PEG-b-PAsp(DET) micelles averaged ca. 70 nm over
N/P 10–50, whereas trilayer PEG-b-PAsp(DET)-b-PCL micelles hovered near ca. 100 nm at
increasing N/P. On the other hand, the zeta potential (B) of control micelles ranged from 7
to 10 mV and 5–7 mV for trilayer micelles; both formulations are neutral in charge due to
presence of PEG on the surface of micelles. *p < 0.01 and **p < 0.001.
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Fig. 6.
(A) Gel retardation assay of pDNA and control diblock polymer PEG-b-PAsp(DET) (left)
and triblock polymer PEG-b-PAsp(DET)-b-PCL (right) both show retardation at N/P 2. (B)
EtBr exclusion assay revealed that the condensation degree for both polymers was
approximately 80% at N/P 2.
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Fig. 7.
For the drug release study, micelles were prepared at the 5% w/w RAP to polymer ratio and
dialyzed against ddH2O at 37 °C for a week. RAP in PEG-b-PCL micelles (PEG-b-PCL),
RAP in triblock PEG-b-PAsp(DET)-b-PCL micelles (PEG-b-PAsp(DET)- b-PCL), and
tRNA/RAP in triblock PEG-b-PAsp(DET)-b-PCL micelles (tRNA/ PEG-b- PAsp(DET)-b-
PCL) all exhibited slow and sustained release of RAP over 7 days. Control PEG-b-PCL
micelles had a t1/2 of ca. 36 h to 50% drug release; RAP formulated into trilayer micelles
revealed a t1/2 of ca. 48 h; when tRNA and RAP were formulated into trilayer micelles, an
even longer t1/2of ca. 77 h was obtained. *p < 0.01 and **p < 0.001.

Zeng and Xiong Page 21

Biomaterials. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
In vitro luciferase kd assay in LNCap-Luc prostate cancer cells after 24 h, comparing control
diblock PEG-b-PAsp(DET) and triblock PEG-b-PAsp(DET)-b-PCL micelles complexed
with 50 nM siLuc. The kd efficiency for siLuc/triblock micelles ranged from 43 to 59% at N/
P 10–50, whereas the kd for siLuc/diblock micelles ranged from 0 to 14% at N/P 10–50. **p
< 0.001.
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Fig. 9.
PC3 cells were pre-treated with siYB-1/NP for 24 h, and then treated with: empty NP (at N/
P 10), siYB-1/NP, RAP/DMSO, RAP/NP or siYB-1/RAP/NP for another 24 h (A) or 48 h
(B) at RAP concentrations of 0.01, 0.1, and 1 nM. Enhanced cytotoxicity was observed after
48 h in cells treated with combination siYB-1/RAP/NP for all 3 RAP concentrations. At the
polymer concentration investigated (6 µg/ml) there was no cytotoxicity to cells observed
after 24 and 48 h, with cell viability similar to untreated cells. When siYB-1/NP at 50 nM

was administered to PC3 cells, we found that over >91% of cells were still viable after 48 h
*p < 0.01 and **p < 0.001.
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Fig. 10.
When the PC3 tumor reached 50 mm3, nude mice (5 per group) received three retro-orbital
injections on days 1,3 and 5 of: NP vehicle, siYB-1/NP, RAP/NP, orsiYB-1/RAP/NP (RAP
at 30 mg/kg, siYB-1 at 2 mg/kg). For the sequential administration strategy, mice were
treated with siYB-1/NP on day 0 and then treated with RAP/NP on days 1, 3 and 5. The
tumor volume (A) and bw of animals (B) were monitored daily for 10 days. The results
shows that combination and simultaneous administration of siYB-1/RAP both resulted in
significant tumor regression, with up to 75% tumor volume reduction compared to NP
vehicle by day 10, and none of the animals exhibited signs of acute toxicity (based on ±20%
bw loss) during the course of the experiment *p < 0.01, **p < 0.001.
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Scheme 1.
The triblock polymer PEG-b-PAsp(DET)-b-PCL was synthesized via a two step ring-
opening polymerization. More specifically, PEG5k–NH2 was used as a macroinitiator to
polymerize BLA-NCA to yield amine-terminated PEG-b-PBLA-NH2. Next, the terminal
amino group of PEG-b-PBLA-NH2 was used as an initiator for the polymerization of ε-cap-
rolactone to yield PEG-b-PBLA-b-PCL. Finally, to obtain the triblock polymer, the side
chains of the PBLA block were substituted with DET groups by an aminolysis reaction.
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