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There is a direct correlation between increase in the number of cancer stem cells CSCs and chemoresistance that
impedes successful chemotherapy. Synergistic therapy by targeting both bulk tumor cells and CSCs has shown
promise in reversing chemoresistance and treating resistant prostate cancer. Herein, we demonstrated the fabrication of a pH and glutathione (GSH) sensitive nanocarrier for co-delivery of docetaxel (DTX) and rubone
(RUB), a miR-34 activator for targeting CSCs, for the treatment of taxane resistant (TXR) prostate cancer. DTX
loaded P-RUB (DTX/P-RUB) micelles were prepared by encapsulating DTX into pH responsive diisopropylaminoethanol (DIPAE) and GSH responsive RUB prodrug conjugated polycarbonate based micelles. The self-assembled DTX/P-RUB micelles displayed good stability in vitro and could efficiently target to tumors by enhanced
permeability and retention (EPR) effect. After endocytosis by tumor cells, the micelles underwent expansion and
disassembly due to the protonation of DIPAE and GSH induced cleavage of disulfide bond in acidic endocytic
vesicles, resulting in fast release of DTX and RUB. The released RUB then upregulated the intracellular miR-34a,
which then affected the expression of proteins involved in chemoresistance, thus sensitizing the tumor cells
towards DTX and further leading to significant inhibition of TXR tumor progression. Thus, DTX/P-RUB micelles
have the potential to treat TXR prostate cancer. By taking advantage of this dual responsive strategy, the successful delivery of many other hydrophobic drugs can be achieved for cancer treatment.

1. Introduction
Development of chemoresistance poses a serious problem in cancer
chemotherapy [1,2]. The mounting evidence indicates the increased
number of cancer stem cells (CSCs) after repeated treatments mainly
accounts for the acquired chemoresistance because of their inherent
tumor initiating and self-renewal capacity, more chemo-resistant
property and key roles in tumorigenesis, progression and metastasis
[3–6]. MicroRNAs (miRNAs) regulate CSCs as well as normal stem cells
and dysregulation of miRNAs in CSCs has been contributed to chemoresistance [7–11]. Tumor suppressor miR-34a recently received increasing attention and is a key negative regulator of tumorigenic
prostate CSCs [7,12,13]. A chalcone derivative, 2′-hydroxy-2,4,4′,5,6′pentamethoxychalcone, termed as rubone (RUB), was found to upregulate the intracellular miR-34a in hepatocellular carcinoma, resulting
in significant tumor shrinkage [14]. Unfortunately, the in vivo delivery
of oligonucleotide-based miRNA and highly hydrophobic drugs remains
a challenge due to potential off-target toxicity, rapid clearance, poor
cellular uptake or in vivo instability [14–17].
Over the past several decades, nanoparticles have received
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tremendous attention in cancer therapy for its ability to improve aqueous solubility and stability of hydrophobic drugs and nucleic acids,
prolong blood circulation half-life and increase deposition in the target
tissues via the enhanced permeability and retention (EPR) effect
[18–21]. However, it is well-known to have species difference in the
EPR effect between mice and humans. In human patients, cancer often
grows for many years, resulting in more developed and mature cancer
vascular system. In contrast, murine tumor models are predominantly
implantable tumors that grow rapidly and reach endpoint within a
period of weeks. This rapid growth is often accompanied by high rates
of neoangiogenesis which can exaggerate the EPR effect and hence
amplify passive tumor targeting by carrier-mediated drugs. A fundamental limitation of EPR based delivery is the factors that affect EPR
such as stroma, tumor size, type of vasculature. Furthermore, there is a
poor correlation of preclinical tumor models with human patients with
solid tumors [22]. Furthermore, EPR effect is efficient only for drug
delivery to solid tumors and is not used for spreading tumors and metastasis. Most developed nanocarrier systems rely on drug accumulation
in tumors based on the EPR effect.
Although some nanoparticles have been designed to address
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chemoresistance [23–26], we noted that a few have been exploited to
reverse the drug resistance by targeting the CSCs by regulating the level
of miRNAs with small molecules. Deng et al. reported through encapsulation of RUB in cationic micelles, the RUB exhibits higher water
solubility and higher potency in antitumor activity [27]. We previously
reported the co-delivery of paclitaxel and RUB through encapsulation in
poly (ethylene glycol)-block-poly (2-methyl-2-carboxyl-propylene carbonate-graftdodecanol; PEG-PCD) can be used for the treatment of
taxane resistant (TXR) prostate cancer by chemosensitizing the prostate
cancer cells [28]. Compared with these conventional nanoparticles, a
bio-responsive nanoplatform with excellent biocompatibility, biodegradation and high drug loading is of growing interest in recent years
[29,30], especially for polymer-drug conjugate delivery system, since
insufficient drug exposure due to slow drug release might induce acquired chemoresistance. It is well documented that tumor has a slightly
acidic microenvironment (6.5–6.8) while the pH value is 5.5–6.5 in
early endosomes and 4.5–5.5 in late endosomes/lysosomes [31,32] and
the level of glutathione (GSH) is elevated in tumor cells [33,34]. Thus,
the design of taking advantage of the variations in either redox condition [35–37] or pH value [30,38–40] or even both [41,42] will be
markedly influential on the effectiveness of nanoparticles by accelerating and maximizing the cargo release. Keeping all these in mind, in
this study, we have developed a novel pH and GSH responsive nanoplatform by integrating multi-responsive property to meet the demands
in combating drug resistance. Our polymeric drug delivery system undergoes redox-activated drug release at the tumor site. In early endosomes, the low pH value promotes protonation of DIPA and the GSH
induces the cleavage of disulfide bond, leading to efficient drug release.
As proof-of-concept, we selected the microtubule stabilizer DTX and a
miR-34a activator RUB as a combination therapy for treating TXR
prostate cancer [28]. Driven by delicate balance between hydrophobic
(i.e., RUB and tertiary amine) and hydrophilic (i.e., PEG) segments [43]
and the ionic interaction (i.e., partially ionized tertiary amines [44] and
carboxylic acids) at physiological pH condition (7.4), the RUB and
DIPAE conjugated polycarbonate (P-RUB) can self-assemble into micelles and encapsulate DTX into the micellar core by coprecipitation,
with pH responsive property conferred by DIPAE, a tertiary amine
[45–47], and GSH responsive property endowed by the attachment of
RUB through 2,2′-dithiodiethanol, a disulfide containing linker
[48–50]. We expect such micellar system could keep its structural integrity and selectively accumulate in TXR tumor site after administration. Upon endocytosis by tumor cells, the micelles would expand and
dissociate in response to low pH value of endocytic vehicles, thus
leading to ultrafast drug release by consequent sufficient exposure to
GSH for the cleavage of disulfide bond, which would result in successful
inhibition of TXR tumor growth. This consequence should be attributed
to the protonation of ionizable amino groups and subsequent breakup
of the ionic bonds in acidic endocytic vehicles (Fig. 1). The design not
only perfectly solves RUB loading issue (less than 7%) faced by other
studies, including ourselves', but also lowers the chance of resultant
chemoresistance induced by sublethal drug exposure.

Sigma-Aldrich and used as received. Docetaxel (DTX) was obtained
from LC Laboratories. The buffer solutions were prepared in our lab.
Dialysis membrane was obtained from Spectrum Lab. All solvents were
of analytical grade.
2.2. Synthesis of MBC, RUB, and RUB-S-S-OH
2-Methyl-2-benzyloxycarbonyl-propylene carbonate (MBC) was
prepared in a 2-step process. First, 2,2′-bis(hydroxymethyl) propionic
acid reacted with benzyl bromide to give an intermediate 1. Then MBC
was obtained by the reaction of 1 and triphosgene. Compounds 1 and 2
were condensed in the presence of NaOH in ethanol. Then 4 prepared
from 1, 2-dithioethanol and TBS-Cl reacted with RUB to afford RUB-S-SOH. PEG-PBC was synthesized by ring open copolymerization of mPEG
and MBC. Afterwards, benzyl protecting groups were removed by hydrogen catalyzed by Pd/C, yielding PEG-PCC. Afterwards, RUB-S-S-OH
and PDPA were both conjugated to the pendant carboxylic acid groups
of PEG-PCC via esterification, affording P-RUB. The chemical structure
of P-RUB was determined by 1H NMR in CDCl3 and the weight percentage of RUB in the conjugate was calculated by integration of the
peak and HPLC method (Column: Phenomenex Aqua 5U C18;
temperature = 25 °C; flow rate = 0.7 mL/min; mobile phase = 4:1 vol/
vol mixture of acetonitrile and water).
2.3. Synthesis of RUB-S-S-OH
Step 1. A mixture of 4, 6-dimethoxy-2-hydroxyacetophenone (1.0 g,
5.1 mmol), 2,4,5-trimethoxybenzaldehyde (1.0 g, 5.1 mmol) and KOH
(8.0 g, 142.9 mmol) in ethanol was stirred overnight at room temperature. After removal of solvent, the residue was dissolved in CH2Cl2
(400 mL) and neutralized with 4 M HCl. The organic layer was separated, and the aqueous layer was extracted with CH2Cl2. The combined
organic extracts were washed with saturated NaHCO3, water and brine,
dried over anhydrous Na2SO4, filtered and concentrated. The crude
product was purified by crystallization from EtOH to afford RUB as a
yellow solid (1.37 g, 72%). 1H NMR (500 MHz, CDCl3) δ 14.54 (s, 1H),
8.00 (dd, J1 = 130.2 Hz, J2 = 15.6 Hz, 2H), 7.26 (s, 1H), 7.12 (s, 1H),
6.52 (s, 1H), 6.03 (dd, J1 = 74.5 Hz, J2 = 1.9 Hz, 2H), 3.95 (s, 3H),
3.91 (s, 6H), 3.89 (s, 3H), 3.83 (s, 3H).
Step 2. Chlorotriethylsilane (1 g, 6.5 mmol) was added to a mixture
of 2-hydroxyethyl disulfide (1.0 g, 6.5 mmol) and imidazole (0.46 g,
6.8 mmol) in DCM at 0 °C. The resulting mixture was stirred overnight
at the room temperature, filtered to remove solid precipitate and concentrated. The residue was dissolved in CH2Cl2, washed with saturated
NaHCO3, water and brine, dried over anhydrous Na2SO4, filtered and
concentrated. The crude product was purified by flash column chromatography (hexane: EtOAc = 1:1) to afford compound 1 as colorless
oil (0.6 g, 60%). 1H NMR (500 MHz, CDCl3) δ 3.89 (dt, J1 = 13.4 Hz,
J2 = 6.3 Hz, 4H), 2.90–2.81 (m, 4H), 2.07 (t, J = 6.3 Hz, 1H), 0.97 (t,
J = 7.9 Hz, 9H), 0.62 (q, J = 7.9 Hz, 6H).
Step 3. The solution of triphosgene (59 mg, 0.3 mmol) in DCM was
added to the mixture of RUB (374 mg, 1.0 mmol) and DMAP (610 mg,
5 mmol) in DCM. The mixture was stirred for 1 h before the solution of
compound 1 (280.875 mg, 1.05 mmol) in CH2Cl2 was added. After
stirring overnight, the solvents were removed and the residue was redissolved in CH2Cl2, washed with water, dried over anhydrous Na2SO4,
filtered and concentrated. The crude product was purified by column
chromatography (Hexane: EtOAc = 1:1) to afford compound 2 as a
yellow solid (0.43 g, 65%).
Step 4. A mixture of compound 2 (0.4 g, 0.6 mmol) in ethanol with
tetrabutylammonium fluoride (TBAF) was stirred at the room temperature for 1 h before neutralized with saturated NaHCO3 aqueous
solution. The mixture was then diluted with CH2Cl2 and washed with
water and brine, dried over anhydrous Na2SO4, filtered and concentrated. The crude product was purified by silica chromatography
(Hexane: EtOAc = 1:3) to afford RUB-S-S-OH as an orange solid

2. Experimental session
2.1. Materials
4′,6′-Dimethoxy-2′-hydroxyacetophenone,
2,4,5-trimethoxybenzaldehyde were purchased from TCI America. α-Methoxy-ε-hydroxypoly(ethylene glycol) (mPEG-OH, Mn = 5 kDa) (mPEG-OH), trimethylamine (TEA), 2-dihydroxyethyl disulfide, sodium hydroxide (NaOH),
potassium hydroxide (KOH), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI), 1-hydroxy-7-azabenzotriazole
(HOAt), pyridine, dimethylformamide (DMF), dichloromethane (DCM),
tetrahydrofuran (THF), chlorotriethylsilane (TES-Cl), imidazole, 1,8diazabicyclo [5.4.0]undec-7-ene (DBU), benzyl bromide, 2,2′-bis(hydroxymethyl)propionic acid and triphosgene were all purchased from
96
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Fig. 1. Schematic illustration of structural compositions, self-assembly and drug release of dual-sensitive rubone-conjugated polymeric (P-RUB) micelles.

(282.54 mg, 85%). 1H NMR (499 MHz, CDCl3): δ 7.34 (dd,
J1 = 374.7 Hz, J2 = 16.1 Hz, 1H), 6.86 (dd, J1 = 145.1 Hz,
J2 = 129.0 Hz, 1H), 6.42 (dd, J1 = 18.8 Hz, J2 = 1.9 Hz, 1H), 4.42 (t,
J = 6.6 Hz, 1H), 3.93 (s, 1H), 3.87–3.83 (m, 3H), 3.80 (s, 1H), 2.93 (t,
J = 6.6 Hz, 1H), 2.86 (t, J = 6.1 Hz, 1H), 2.54 (t, J = 6.1 Hz, 1H). 13C
NMR (126 MHz, CDCl3): δ 191.74, 161.89, 158.99, 154.47, 152.91,
152.50, 149.95, 143.24, 140.07, 126.11, 116.12, 115.28, 111.24,
99.68, 97.11, 96.88, 66.43, 60.41, 56.46, 56.39, 56.04, 56.03, 55.65,
41.45, 36.60.

(1.8 g, 7.2 mmol) in CH2Cl2. The resulting mixture was stirred for 4 h
before being quenched by benzoic acid. The mixture was then concentrated and triturated with cold isopropanol (IPA). The resulting solid
was collected by filtration and dried to afford PEG-PBC (2.154 g, 85%).
Step 4. To a mixture of PEG-PBC in THF and methanol (1:1) was
added 10% w/w Pd/C. The reaction was stirred for 24 h under H2
balloon. The reaction suspension was then filtered and the filtrate was
concentrated to afford poly (ethylene glycol)-block-poly (2-methyl2-carboxyl-propylene carbonate) (PEG-PCC) in a yield of 97%.
Step 5. A mixture of PEG-PCC (Mw 9800, 100 mg, 0.01 mmol),
RUB-S-S-OH (33.24 mg, 0.065 mmol), HOAT (67.5 mg, 0.5 mmol), 1ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDCI)
(96 mg,
0.5 mmol) and triethanolamine (TEA) (60.6 mg, 0.6 mmol) in anhydrous DMF was stirred for 24 h under N2 before diisopropylamino
ethanol (73 mg, 0.5 mmol) was added. The reaction was continued for
another 24 h and then triturated with cold isopropanol.
The resulting solid was collected by filtration and dialyzed against
acetone: methanol (1:1) to give poly (ethylene glycol)-block-poly (2methyl-2-carboxyl-propylene carbonate-graft diiso-propylamino
ethanol-grafted-RUB-S-S-OH) (P-RUB) as a yellow solid (104 mg,
73%). The successful conjugation of RUB-S-S-OH and DIPAE on P-RUB
was confirmed by 1H NMR spectra. 5 molecules of RUB were calculated
to be conjugated on each polymer chain.

2.4. Synthesis of P-RUB
Step 1. 2, 2-bis(hydroxymethyl)propionic acid (22.51 g, 0.168 mol)
and KOH (9.4 g, 0.168 mol) was dissolved in DMF by heating the solution to 100 °C. Benzyl bromide (34.34 g, 0.202 mol) was then added
dropwise to the above solution and the mixture was kept stirring at
100 °C overnight. After removal of solvent, the residue was re-dissolved
in EtOAc, washed with H2O (4 × 200 mL), dried over anhydrous
Na2SO4, filtered and concentrated. The crude product was recrystallized from toluene to afford benzyl 2,2-bis(methylol)propionate as a white solid (26.34 g, 70%).
Step 2. A solution of triphosgene (7.425 g, 25 mmol) in CH2Cl2 was
added dropwise to a solution of benzyl 2, 2-bis(methylol)propionate
(11.25 g, 50 mmol) and pyridine (25 mL) in CH2Cl2 (150 mL) at −78 °C
under N2 atmosphere over 1 h. The resulting mixture was stirred at
room temperature for 2 h before being quenched with saturated ammonium chloride solution. The organic layer was separated, and the
aqueous layer was extracted with CH2Cl2 (2 × 100 mL). The combined
organic extracts were washed with 1 M HCl (3 × 150 mL), saturated
sodium hydrogen carbonate aqueous solution and brine, dried over
anhydrous Na2SO4, filtered and concentrated. The crude product was
further purified by recrystallization in ethyl acetate to afford 2-methyl2-benzyloxycarbonyl-propylene carbonate (MBC) as a white solid
(9.37 g, 75%).
Step 3. The catalyst 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was
added to a stirred solution of mPEG-OH (1.0 g, 0.2 mmol) and MBC

2.5. RUB and diisopropylamino ethanol conjugated PEG-PCC (P-RUB)
PEG-PBC was synthesized by ring open copolymerization of mPEG
and MBC. Afterwards, benzyl protecting groups were removed by hydrogen catalyzed by Pd/C, yielding PEG-PCC. Afterwards, RUB-S-S-OH
and PDPA were both conjugated to the pendant carboxylic acid groups
of PEG-PCC via esterification, affording P-RUB. The chemical structure
of P-RUB was determined by 1H NMR in CDCl3 and the weight percentage of RUB in the conjugate was calculated by integration of the
peak and HPLC method (Column: Phenomenex Aqua 5U C18;
temperature = 25 °C; flow rate = 0.7 mL/min; mobile phase = 4:1 vol/
vol mixture of acetonitrile and water).
97
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Nonresponsive P-RUB was synthesized in a similar way by conjugating RUB and dodecanol to the pendant carboxylic acid groups of
PEG-PCC via esterification, affording nonresponsive P-RUB. The
chemical structure of nonresponsive P-RUB was determined by 1H NMR
in CDCl3 and the weight percentage of RUB in the conjugate was calculated by integration of the peak and HPLC method (Column:
Phenomenex Aqua 5U C18; temperature = 25 °C; flow rate = 0.7 mL/
min; mobile phase = 4:1 vol/vol mixture of acetonitrile and water).

6 h at 37 °C in dark. We also used Cy5.5-labeled nonresponsive P-RUB
micelles as a positive control. The cells were then washed with ice cold
PBS thrice and fixed with 4% paraformaldehyde. Finally, the cells were
stained with 4′,6-diamidino-2-phenylindole) (DAPI) and visualized
using the confocal laser scanning microscopy (CLSM). To track intracellular molecular delivery, PC3-TXR and DU145-TXR (5 × 104)
were first seeded in a coverslip chamber respectively and cultured for
24 h. Then, the cells were incubated with fresh media containing Cy5.5
labelled P-RUB micelles as well as Cy5.5 labeled nonresponsive P-RUB
micelles for 6 h at 37 °C in dark, followed by the stain of Lysotracker,
Hoechst 44432 and immediately imaged by CLSM.

2.6. Preparation and characterization of pH and GSH dual responsive PRUB micelles

2.9. RT-PCR and western blot analysis

The pH and GSH responsive micelles were prepared using nanoprecipitation method. Briefly, 5 mg P-RUB or Cy5.5 labelled P-RUB
were first dissolved in 250 μL of acetone. The resultant clear solution
was added into 1 mL of PBS under stirring for 1 h followed by evaporation of residual acetone under vacuum. DTX encapsulated P-RUB
micelles were prepared using a similar way 0.6 mg DTX was co-dissolved with 5 mg P-RUB in 250 μL of acetone. The drug loading and
loading efficiency were determined using HPLC method (Column:
Phenomenex Aqua 5U C18; temperature = 25 °C; flow rate = 0.7 mL/
min; mobile phase = 4:1 vol/vol mixture of acetonitrile and water) by
use of a UV detector at 228 nm for DTX and 324 nm for RUB. The pH
and GSH responsive property of P-RUB micelles was determined by
measuring particle size and ζ potential using a Malvern Zetasizer at a
90° angle after incubation of P-RUB micelles in biomimetic environment of pH 5.0, 10 mM GSH at 37 °C. The morphology and its change of
P-RUB was determined by a transmission electron microscope (TEM). In
vitro RUB release from dual responsive and nonresponsive P-RUB micelles was carried out under different conditions (PBS at pH 7.4 with or
without 10 mM GSH, acetate buffer at pH 5.0 with or without 10 mM
GSH). For DTX release, the dialysis bags (MWCO: 14000 Da) were
loaded with DTX/R-RUB micelles and were then dipped into a large
excess of buffer solutions and gently shaken at 37 °C at a speed of
100 rpm (n = 3). At predetermined time points, 100 μL of solution was
taken out. The buffers were changed periodically to maintain the sink
condition. RUB and DTX concentrations were determined by HPLC
under the following conditions: Phenomenex Aqua® 5μ C18 column
(250 × 4.6 mm) at 25 °C and flow rate of 0.7 mL/min. A mixture of
acetonitirle and water (4:1 vol/vol) was used as the mobile phase, injection volume was 20 μL and wavelengths were 229 and 325 nm for
DTX and RUB, respectively.

The total RNA was isolated from DU145-TXR and PC3-TXR cells
using miRNeasy isolation kits (Qiagen, Valencia, CA) after incubation
with different concentrations of P-RUB for 48 h. Then, total RNA was
reverse transcribed to cDNA using TaqMan qRT-PCR kit (Life
Technologies, Carlsbad, CA). cDNA was amplified on real-time PCR
using SYBR Green dye universal master mix and miR-34a primer on a
Light Cycler 480 (Roche, Indianapolis). U6 was used as a housekeeping
gene and relative amount of miR34as was calculated using the crossing
point (Cp) value.
To determine protein expression, the cells (3 × 105) treated with PRUB (5, 10, 25, 50 μM) for 48 h were lysed with RIPA buffer. The extracted protein concentration in each sample was determined by BCA
assay and then adjusted to the same level and transferred to polyvinylidene difluoride (PVDF) membrane. After incubation with primary
antibody (1:500) at 4 °C overnight, IR fluorescent dye labelled secondary antibodies (925-68074 or 925-32213, Li-COR) was added, followed by analysis using Licor Odyssey system (LI-COR Biotechnology,
Lincoln, NE). The antibodies purchased from Santa Cruz Biotechnology
were used in the study include anti-Elk-1 (sc-355), anti-SIRT1 (sc15404), anti-TAp73 (sc-7957), anti-Bax (sc-6236), anti-β-actin (sc1616).
2.10. Inhibition of CSC proliferation by P-RUB micelles
DU145-TXR and PC3-TXR cells (2.5 × 105/well) were seeded in 6
well plates. After 24 h, both of the cell lines were treated with P-RUB
micelles containing 5, 10 and 25 μM of RUB and incubated for 48 h.
Then, the cells were harvested and analyzed for ALDH+ stained by
Aldehyde assay kit per the manufacturer's instruction (Stemcell
Technologies, Vancouver, Canada) and further analyzed using an
FACSCalibur flow cytometer. GFP-positive and DEAB-treated cells were
used to set up a gated region.

2.7. Determination of critical micelle concentration (CMC)
The CMC of P-RUB micelles was determined using pyrene as a
fluorescent probe. P-RUB micelles were prepared as aforementioned
and diluted to different concentrations (1 × 10−5 ∼0.5 mg/mL). Then
pyrene in acetone (1.2 × 10−6 M) was added to P-RUB solutions and
shake for 24 h at the room temperature. The fluorescence emission
spectra of P-RUB micelles were recorded by using a spectrofluorometer
with an excitation wavelength at 334 nm. The ratio of emission intensity (I384/I373) was plotted against the logarithm of P-RUB mass
concentrations.

2.11. Drug effect on cell cycle of DU145-TXR and PC3-TXR
DU145-TXR and PC3-TXR cells (15 × 104/well) were seeded in 6well plate, respectively and cultured for 24 h, the media was replaced
with 100 μL of fresh media containing different treatments, DTX (60 nM
for PC3-TXR, 180 nM for DU145 TXR), P-RUB (10 μM for PC3-TXR,
20 μM for DU145-TXR), and DTX/P-RUB (30 nM/5 μM, 90 nM/10 μM)
respectively. After 24 h incubation, the cells were stained with PI/
RNase solution and evaluated with a flow cytometer. Effect of DTX on
DU145 and PC3 cell cycle arrest was also determined.

2.8. Cellular internalization and subcellular fate
DU145-TXR and PC3-TXR cells were kindly provided by Dr. Evan T.
Keller from the University of Michigan in 2010. These cells were cultured in 100 nM containing complete RPMI 1460 medium supplemented with 10% of fetal bovine serum (FBS) and 1% antibiotics and
antimycotics. Both these cell lines were cultured at 37 °C under a humidified atmosphere with 5% CO2 supply. For cellular internalization
studies, these cell lines (5 × 104) were first seeded in a coverslip
chamber respectively and cultured for 24 h. Then, the cells were incubated with fresh media containing Cy5.5 labelled P-RUB micelles for

2.12. Cytotoxicity of P-RUB and DTX/P-RUB in 2D and 3D models
For cell viability in a two-dimensional (2D) model, DU145-TXR and
PC3-TXR cells (6 × 103/well) were seeded in 96 well plate, respectively
and cultured for 24 h, the media was replaced with 100 μL of fresh
media containing different treatment, DTX, RUB, P-RUB and DTX/PRUB (5, 10, 25, 50 μM), respectively. After 48 h incubation, cell viability was evaluated by MTT assay. For cell viability in 3D model, DU14598
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TXR cells (8 × 104/well) suspended in 500 μL media was added to 24well plate with 200 μL of 100% Matrigel as basement. After 48 h, the
old media were replaced with the fresh growth medium containing DTX
(180 nM), P-RUB (20 μM), DTX/P-RUB (90 nM/10 μM), nonresponsive
P-RUB and nonresponsive DTX/P-RUB, which was replaced every other
2 days for 10 days before analyzing the therapeutic efficacy.

significant.
3. Results
3.1. Synthesis and characterization of P-RUB
Dual responsive P-RUB was synthesized via a multi-step process and
characterized by 1H NMR (Fig. S1). Briefly, RUB was synthesized via
aldol reaction, and then a disulfide containing linker was conjugated to
RUB by the formation of carbonate bond, yielding RUB-S-S-OH. After
that MBC was obtained and copolymerized with mPEG (Mw = 5000) to
produce PEG-PBC, followed by the removal of benzyl protecting groups
producing PEG-PCC with pendant carboxylic acids. Finally, PEG-PCC
was further treated with RUB-S-S-OH and DIPAE to afford P-RUB.
Polycarbonate was selected as a block polymer because of its convenience for chemical functionality, its biodegradability, its biocompatibility and non-toxic consequent products (an alcohol and
carbon dioxide). About 17% of the carboxylic acids reacted with RUB-SS-OH and 47% with DIPAE based on NMR spectra. The unreacted
carboxylic acids provide opportunity for further attachment of other
components (targeting ligand and chemotherapeutics). Besides, the
partially ionized carboxylic acids (pKa = 5) and DIPAE (pKa = 9) [43]
at physiologic pH condition (7.4) would form ionic interaction, thus
stabilizing the micellar system. RUB content in the conjugate was calculated to be 12.5 wt% as based on the integration of peak at 3.65 ppm
(CH2 of mPEG) and peak at 7.72, 7.03, 6.94,6.49, 6.4(aromatic proton
on RUB-S-S-OH) in the NMR spectra. For use as a positive control, we
also synthesized nonresponsive P-RUB by conjugating RUB and dodecanol to the polycarbonate backbone.

2.13. Biodistribution and anticancer efficacy
All animal study was performed under the guidelines of Institutional
Animal Care and Use Committee (IACUC) at the University of Nebraska
Medical Center (Omaha, NE). To monitor the tumor growth, luciferase
expressing PC3-TXR cells were obtained by transduced the cells with
lentiviral particles encoding GFP and luciferase. Orthotopic PC3-TXR
bearing nude mouse model was established by making a midline incision in the lower abdomen of 8 weeks old male nude mice to expose the
dorsal prostate lobe, where 30 μL of PBS containing 1 million cells was
injected. Three weeks after tumor cell injection, mice with orthotopic
tumor were injected with Cy5.5 labelled DTX/P-RUB micelles through a
tail vein. The fluorescence signal (excitation: 640 nm; emission:
710 nm) was detected by using IVIS imaging system (PerkinElmer,
Hopkinton, MA) at 1, 3, 6, 12, 24, 48 h. After the final imaging at 24 h
and 48 h, the mice were sacrificed. Tumors and major organs, such as
kidney, heart, spleen, lung and liver were harvested for further ex vivo
imaging. To assess RUB concentration in the tumor, equivalent doses of
Cy5.5 labelled P-RUB and free RUB were intravenously injected into
orthotopic prostate cancer bearing mice. Tumors were harvested at 24 h
and 48 h, respectively, followed by homogenization. The homogenate
was centrifuged at 12,000×g at 20 °C for 10 min. The supernatant was
aspirated out and air dried at 40 °C. Afterwards, 250 μL of acetonitrile
and 50 μL of ammonium hydroxide were added to the tubes and stirred
for 20 min. Finally, RUB concentration in the tumors was determined by
LC-MS/MS using Analyst® software on a QTRAP 4000 mass spectrometer. The separation was achieved on a Shimadzu HPLC, with a
Waters C18 column (150 × 3.9 mm, 4 μm) with isocratic elution of
water and acetonitrile at a ratio of 35:65 v/v as a mobile phase at
0.5 mL/min flow rate. An injection volume of 10 μL was used for sample
analysis by LC-MS/MS. The mass spectrometer was operated in the
positively multiple reaction monitoring (MRM) for RUB and internal
standard. The following MRM transitions were monitored: m/z 375.3
for RUB and m/z 197.1 for 2,4,4-trimethoxybenzaldehye. RUB concentration was calculated using a 1/x2 quadratic regression over a
concentration range of 5.0–5000 ng/mL with constant internal standard.
For antitumor efficacy, once the bioluminescence intensity was
reached 6 × 106, the mice were randomly divided into 6 groups, with 6
mice in each group. Then the mice were intravenously injected with
various formulations, including PBS, DTX + RUB, P-RUB, DTX/P-RUB,
DTX/PEG-PCD and nonresponsive DTX/P-RUB micelles (DTX 5 mg/kg
and RUB 25 mg/kg) every other 2 days for 18 days. Tumor bioluminescence and body weights of the mice were recorded once a week. At 2
days after the final injection, the mice were sacrificed. Then miR-34a
level in tumors from each group was determined using miRNeasy isolation and RT-PCR (Qiagen, Valencia, CA). Besides, the major organs
and tumors were collected and fixed in 10% of formalin solution
overnight for following hematoxylin and eosin (H&E) staining and
immunohistochemistry for SIRT1, Ki-67 and cleaved caspase-3.
Representative immunohistochemical images were analyzed using
ImageJ to quantify fluorescence intensity. We also determined SIRT1
protein expression in tumor tissues by Western blot analysis.

3.2. Particle size and surface morphology of micelles carrying P-RUB and
DTX
P-RUB micelles and DTX encapsulated dual responsive and nonresponsive micelles were prepared by nanoprecipitation method. The
resultant responsive micelles had sizes of 45.07 ± 0.49 nm and
49 ± 0.26 nm, respectively, determined by dynamic light scattering
(DLS) and showed spherical morphology by TEM. Determined by HPLC
method, the content loaded in the polymeric micelle core was relatively
high (9%). The polymeric micelles prepared from PEG-PCC showed a
larger size of 250 nm. The hydrophobicity of tertiary amine and RUB
greatly stabilized the micellar structure, resulting in little change in the
particle size of P-RUB micelles when pH was above 6.5 for 120 h
(Fig. 2), implying its ability of maintaining the structural integrity in
the bloodstream and tumor microenvironment. When pH value was
decreased to 5.0, micelles swelled to above 400 nm in 2 h (Fig. 2).
Meanwhile, we noticed that ζ potential increased from 0.8 ± 0.33 mV
to 2.5 ± 0.84 mV when we decreased the pH from 7.4 to 6.5. In contrast, the ζ potential of nonresponsive P-RUB micelles was
−5.2 ± 1.44 mV at pH 7.4 and −5.56 ± 0.88 mV at pH 6.5 (Table
S1). We thus assume that P-RUB micelles expanded due to the protonation of tertiary amines in acidic environment since a gradual positive
surface charge increment was found. TEM and DLS were utilized to
prove the acid-induced dissociation and expansion of P-RUB micelles
under different conditions. As shown in Fig. 2, at pH 7.4, P-RUB micelles showed spherical morphology with a diameter around 30 nm
(TEM). Upon acidification to pH 5.0, the micelles dissociated as indicated by decreased counting rate by DLS and big spherical particles
was observed with a diameter of around 280 nm by TEM. Meanwhile,
the particle size of the micelles significantly increased (from 49 nm to
900 nm) when incubated with 10 mM GSH for 0.5 h at 5.0 (Fig. 2),
implying the dissociation of micelles, the subsequent cleavage of disulfide bond and aggregation formation. Furthermore, this process took
much longer (12 h) when the pH was 7.4. This phenomenon strongly
suggests the facilitated entry of GSH to the micellar core due to the
expansion of micelles by protonation of tertiary amines at low

2.14. Statistical analysis
All the data were presented as the average value ± standard deviation (SD). The statistical comparison was carried out by one-way
ANOVA and a P value < 0.05 was considered to be statistically
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Fig. 2. Characterization of dual-sensitive P-RUB micelles. A) Particle size distribution and TEM images of DTX/P-RUB micelles; B) Change in particle size of P-RUB
micelles after incubation at pH 5, 6.5 and 7.4. Particle size variation of P-RUB micelles before or after incubation for 3, 6 and 12 h in 10 mM GSH at C) pH 7.4 and D)
pH 5.0; TEM images at pH 7.4 E) and pH 5 F). Scale bar = 100 nm.

environmental pH value of 5.0. The critical micelle concentration
(CMC) of P-RUB was determined to be 9.12 μg/mL using pyrene as a
fluorescent probe. Due to the poor aqueous solubility of pyrene, it tends
to diffuse into the hydrophobic core of micelles, resulting in photophysical property changes.

also determined DTX release from nonresponsive P-RUB micelles at
pH7.4 and 5. There was little influence of pH on its release from these
micelles (Fig. 3D).

3.3. Drug release

To determine the cellular uptake and monitor subcellular distribution of P-RUB, Cy5.5 labeled P-RUB was synthesized and further made
into micelles in aqueous solution. As confocal laser scanning microscopic (CLSM) results shown in Fig. 4A, Cy5.5-labeled P-RUB micelles
were efficiently taken up by DU145-TXR and PC3-TXR cells, with uniform intracellular distribution in both cell lines. We also determined the
cellular uptake of Cy5.5 labeled nonresponsive P-RUB micelles and
found to be poorly taken up by these cell types, as evidenced by weaker
fluorescent staining (Fig. 4B). Through the observation of micelles and
intracellular lysosomes by lysotracker staining, we found that Cy5.5labeled P-RUB micelles were mostly endocytosed (Fig. 4C). Furthermore, some polymers have escaped from the lysosome after 6 h.

3.4. Cellular uptake and intracellular distribution

To achieve an ideal therapeutic effect, it is important for DTX/PRUB micelles to undergo drug release soon after endocytosis by cancer
cells. The drug release profiles of DTX/P-RUB micelles were then investigated, while using nonresponsive DTX/P-RUB micelles were used
as a positive control. In agreement with the redox sensitive design, only
less than 5% of RUB was released from P-RUB at both physiological pH
of 7.4 and lysosomal pH of 5.0 within 24 h. Thus, RUB should not be
released before P-RUB micelles are endocytosed by tumor cells. Upon
the addition of GSH, RUB release was accelerated due to the cleavage of
disulfide bond, especially at pH 5 as above 95% of RUB was released
within 8 h, when compared to that at pH 7.4, at which it requires more
than 24 h (Fig. 3A). In contrast, there was little release of RUB from
non-responsive P-RUB micelles regardless of change in pH from 7.4 to 5
and presence of GSH (Fig. 3B). These results suggest that rapid increase
in RUB release from the dual responsive P-RUB micelles may be due to
the protonation of DIPAE, leading to the disassembly of micelles, resulting in complete exposure of disulfide bonds to GSH. In addition,
DTX was expected to kill the bulk and chemo-sensitized tumor cells.
Thus, in vitro release behavior of DTX from DTX/P-RUB micelles was
also determined. As shown in Fig. 3C, the incubation of micelles with
10 mM GSH at pH 5 resulted in 95% of DTX release within 8 h and 99%
of DTX after 12 h, while the intracellular reductive circumstance
(10 mM GSH) or acidic endocytic vesicles (pH = 5–6) individually facilitates DTX release, with 87% and 91%, respectively. Without these
triggers, 72% of DTX was released at pH 7.4 after 24 h. It again indicates the expansion and disassembly of micelles induced by disulfide
bond cleavage and protonation of tertiary amines can accelerate drug
release regardless of its delivery by encapsulation or conjugation. We

3.5. In vitro antitumor activity
The cytotoxicity of DTX, RUB, P-RUB and DTX encapsulated P-RUB
micelles were evaluated on DU145-TXR and PC3-TXR by 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium bromide (MTT) assay. As
shown in Fig. 5A, comparable growth inhibition capability of free DTX,
RUB and DTX/P-RUB micelles were observed on PC3-TXR cells, while
10 μM of P-RUB was needed in the combination therapy for the treatment of DU145-TXR cells to achieve the same proliferation inhibitory
effect as 5 μM free RUB did. Meanwhile, we noticed that DTX and PRUB alone did not show much antitumor effects on PC3-TXR and
DU145-TXR cells while RUB inhibited the proliferation of DU145-TXR
cells by 60%, indicating the combination therapy of DTX and P-RUB
can efficiently overcome the chemoresistance of prostate cancer cell
lines by the upregulation of miR-34a in the cancer cells. We also determined the effect of non-responsive DTX/P-RUB micelles on the cell
viability of DU145, PC-3, DU145-TXR and PC3-TXR cells and found
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Fig. 3. Effect of pH and GSH on drug release from dual responsive and nonresponsive P-RUB micelles.

also determined the effect how DTX regulates the cell cycle of DU145
and PC3 cells and found the major population (almost 70%) of these
taxane sensitive cells in the G2/M phase (Fig. 6A).
As the CSCs contribute to chemoresistance of prostate cancer, efficacy in the inhibition of the ALDH-1 high subpopulation by P-RUB
micelles was determined by Aldeflour staining of ALDH+ cells. The
ALDH-1 high subpopulation constitutes approximately 17.4% and
32.9% of the whole cells on DU145-TXR and PC3-TXR cells (Fig. 5B).
The treatment of P-RUB micelles on these cell lines successfully decreased the ALDH-1-high subpopulation in a dose dependent manner to
8.9% and 24%, which suggests that P-RUB micelles can reverse the
chemoresistance of prostate cancer cells against DTX with increased
CSC proliferation. In addition, DTX/P-RUB micelles can further decrease the ALDH1-high subpopulation of DU145-TXR cells to 4.5%.
Collectively, our results demonstrated that combination therapy of DTX
and P-RUB significantly reversed chemoresistance and decreased the
CSC population of drug resistant prostate cancer cells.

dose-dependent inhibition of these cell proliferation on PC-3 and
DU145 cells and limited inhibitory effect on DU145-TXR and PC3-TXR
cells (Fig. 5A).
To further demonstrate the usefulness of dual responsive P-RUB
micelles, we used buthionine sulphoxime (BSO) to deplete intracellular
GSH and Nigericin to inhibit the endosomal acidification. As shown in
Fig. 5A, blocking of both GSH and acidification of endosomes significantly decreased the cell killing ability of DTX/P-RUB micelles on
PC3-TXR and DU145-TXR cells. Cell viability was higher when GSH was
blocked by buthionine sulphoximine than that by Nigericin (Fig. 5A).
To better simulate the complex tumor microenvironment, we generated hanging top 3D model spheroids of DU145-TXR cells. There was
significant reduction in spheroid size when the tumor spheroids were
treated with DTX, P-RUB and DTX/P-RUB micelles, with almost complete disruptions of the spheroids with DTX/P-RUB micelle treatment.
This suggests DTX/P-RUB micelles were more potent in inhibiting the
cell proliferation than single treatment compared to non-treated control
(Fig. 5B). We also determined the effect of nonresponsive P-RUB and
DTX/P-RUB micelles on these tumor spheroids and found relatively
weaker disruption of tumor spheroids.

3.7. miR-34a and protein regulation by P-RUB micelles
Since RUB is a miR-34a activator, P-RUB is expected to upregulate
miR-34a in the tumor cells. Therefore, we treated DU145-TXR and PC3TXR cell lines with P-RUB micelles and determined their effect by RTPCR (Fig. 6D). P-RUB micelles could successfully upregulate the level of
miR-34a on both cell lines in a dose dependent manner. Increase in RUB
concentration resulted in significant increase in miR-34a expression by
both cell lines compared to the group without treatment of P-RUB
micelles and it is much more significant on PC3-TXR (Fig. 6D). Afterwards, we evaluated the expression of proteins relative to miR-34a
following the treatment of P-RUB micelles. Compared to the control
group, miR-34a inducers, Elk1 and p73 were upregulated on both cell
lines. On the other hand, drug resistance and tumor growth related
SIRT1 expression was repressed and the level of apoptotic Bax protein
was increased by P-RUB micelles (Fig. 6E). The results are consistent

3.6. Effect on cell cycle arrest and CSC proliferation
Since the combination therapy of DTX and P-RUB showed good
potency in inhibiting the proliferation of DU145-TXR and PC3-TXR
cells, we determined how the formulation regulates the cell cycle of
these cell lines. As shown in Fig. 6A, major population of the cells
(∼55%) was in G0/G1 phase in the control, DTX and P-RUB treated
groups. Meanwhile, we also noticed that the cells at S phase increased a
little (∼5%) with the treatment of P-RUB micelles. Treatment with
DTX/P-RUB micelles significantly increased the cell percentage at G2/
M phase in DU145-TXR and PC3-TXR cells (from ∼22% to ∼60%),
indicating P-RUB micelles can chemosensitize DU145-TXR and PC3TXR cells towards DTX, resulting in subsequent cell killing by DTX. We
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Fig. 4. A) Cellular uptake of Cy5.5-labeled DTX/P-RUB (Cy5.5-P-RUB micelles) and B) Cy5.5-labeled nonresponsive DTX/P-RUB micelles in DU145-TXR and PC3TXR cells by confocal laser scanning microscopy (CLSM) (scale bar 20 μm); C) subcellular distribution of Cy5.5-labeled DTX/P-RUB micelles in DU145-TXR and PC3TXR cells by CLSM (scale bar 20 μm).

with the upregulation of miR-34a in DU145-TXR and PC3-TXR from RTPCR. In other words, P-RUB micelles first upregulated the expression of
Elk1 and p73, which then induced miR-34a expression in the tumor
cells.

photon flux was still recorded at 48 h post injection despite of metabolism and clearance. Thereafter, a further tissue distribution of DTX/PRUB micelles was studied by ex vivo imaging of tumors and other major
organs such as heart, lung, liver, spleen and kidney. As shown in Fig. 7B
and C, DTX/P-RUB micelles showed more accumulation in the tumor,
liver and kidneys than in spleen, heart and lungs, suggesting that DTX/
P-RUB micelles can efficiently deliver DTX and RUB to the orthotopic
prostate tumors after systemic administration.
Since Cy5.5 was chemically linked to P-RUB but not to RUB, we
could not carry out the quantitative analysis of free RUB and Cy5.5
labelled P-RUB using a fluorimeter at 24 h and 48 h post systemic administration. Instead, we determined RUB concentration in the tumor
after extraction using LC/MS/MS. The results shown in Fig. S4 correlate
well with fluorescence analysis shown in Fig. 7: P-RUB micelles preferentially accumulated in the tumor. RUB concentration from Cy5.5

3.8. Biodistribution
The tumor targeting ability of DTX/P-RUB micelles was studied on
orthotopic PC3-TXR tumor bearing nude mice. The Cy5.5 labelled DTX/
P-RUB micelles were first injected into mice via the tail vein and time
dependent fluorescence emission images of Cy5.5 at 710 nm were taken
at different time points: 0, 1, 3, 6, 12, 24 and 48 h. Fluorescent signals
were observed at 1 h post injection (Fig. 7). As time elapsed, the
fluorescent intensity increased with time and then reached the maximum at 24 h at the tumor sites post administration. A relatively high
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Fig. 5. A) Cell viability vs concentration curve for free drugs and various formulations on DU145-TXR and PC3-TXR, respectively. Data are presented as the
mean ± S.D. (n = 3; *, P < 0.05; **, P < 0.01).; B) Fluorescent microscope images of 3D spheroids for cell cytotoxicity assay of DU145-TXR treated with DTX, PRUB, DTX/P-RUB, P-RUB and nonresponsive DTX/P-RUB, while non-treated spheroids were used as the control (scale bar 200 μm).

labelled P-RUB micelle treated tumor sample was much higher than
that from the free drug treated tumor samples, possibly due to the rapid
distribution, elimination and metabolism of chalcone and its derivatives
including RUB. Thus, our micelle formulations not only efficiently deliver drugs to the tumor and release the drugs upon stimulation by pH
and GSH, but also protect RUB from metabolism before it reaches the
tumor.

PEG-PCD micelles did not show any therapeutic effect on PC3-TXR
tumor growth. However, nonresponsive DTX/P-RUB micelles could
decrease the tumor burden of mice, but not as effective as the dual
responsive DTX/P-RUB micelles. It can be contributed to several reasons, including its efficient delivery of DTX and RUB to tumor sites,
GSH and pH triggered release of DTX and RUB after endocytosis.
Among all the groups, we noted that the free drug group caused obvious
body weight loss due to the severe systemic toxicity of DTX, not RUB.
miR-34a was greatly upregulated in P-RUB micelles and DTX/P-RUB
micelles treated groups and this was supported by the downregulation
of SIRT1 in tumor tissues in immunohistochemical and western blot
analysis (Fig. 9). Meanwhile, the level of cleaved caspased-3 that indicates cell apoptosis and proliferation was significantly increased and
the number of Ki-76 positive proliferating tumor cells was decreased
when treated with DTX/P-RUB micelles (Fig. 9). We also quantified the
% of SIRT1, Ki-67 and cleaved caspase-3 positive cells by ImageJ. The
% of SIRT1 and Ki-67 positive cells was statistically lower, but % of
cleaved caspase-3 positive cells was higher in the tumor samples of
mice treated with DTX/P-RUB micelles compared to those treated with
the mixture of DTX and RUB or P-RUB treated groups (Fig. 9).
In DTX/P-RUB micelles treated group, fewer cells were observed in
hematoxylin and eosin (H&E) staining of the tumors, and there is no
obvious histopathological abnormality in other organs such as kidney,

3.9. In vivo anticancer efficacy
Inspired by the ability of DTX/P-RUB micelles in combating TXR,
the in vivo anticancer efficacy of DTX/P-RUB micelles was determined
on PC3-TXR orthotopic prostate tumor bearing nude mice. Various
formulations (PBS, DTX + RUB, P-RUB micelles, DTX/P-RUB micelles,
DTX/PEG-PCD micelles and nonresponsive DTX/P-RUB micelles) were
intravenously injected into mice every other 2 days for 18 days. As
shown in Fig. 8A and B, C, rapid tumor growth in mice treated with free
drugs due to their rapid clearance from the body. The single treatment
of P-RUB micelles failed to inhibit the tumor growth, which is consistent with the results obtained in vitro. However, the average tumor
volume in DTX/P-RUB micelles treated mice were the smallest compared to the rest of the groups at the end of treatment (P < 0.05),
showing the highest antitumor activity against PC3-TXR cells. DTX/
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Fig. 6. A) Cell cycle analysis on DU145, PC3, DU145-TXR and PC3-TXR cells after incubation with DTX, P-RUB micelles and DTX/P-RUB micelles for 24 h; B) change
in ALDH-positive subpopulation on DU145-TXR and PC3-TXR cells after treatment with P-RUB micelles containing different concentrations (μM) of RUB alone or
with DTX for 48 h; C) western blot analysis for p-glycoprotein (p-gp). D) RT-PCR analysis for miR-34a and E) western blot for Elk1, p73, Bax, SIRT1 on DU145-TXR
and PC3-TXR cells after incubation with P-RUB micelles containing different concentrations (μM) of RUB for 48 h. Data were given as mean ± SD (n = 3; *,
P < 0.05; **, P < 0.01).

heart, lung and heart in all groups (Fig. S5). These results collectively
indicate that DTX/P-RUB micelles can effectively suppress the tumor
progression while reducing the systemic toxicity of DTX.

both CSCs and bulk tumor cells. Although the hydrophobicity of the
drugs is the major obstacle in application, the delivery by nanocarriers
can effectively improve their aqueous solubility, enhances their therapeutic efficacy and reduces their adverse toxicities. However, recent
need to improve the biological specificity in therapy has driven the
efforts to the development of nanoparticles that respond to pH alteration, redox potential and reactive oxygen species (ROS) [67,68]
through the spatiotemporal control of drug delivery. Despite great efforts devoted to the development of nanoparticles to overcome chemoresistance and most of them focused on how to increase of the accumulation of drugs by avoiding efflux by P-gp [25,69], including the
application of Pluronics [70], not much attention has been paid to
develop multifunctional pH-responsive micelles that can regulate
miRNA expression by small molecule drugs while bypassing P-gp at the
same time.
In this study, we developed dual responsive polymer conjugated
RUB and DOX encapsulated (DOX/P-RUB) micelles that respond to
intracellular pH and GSH levels to accelerate and maximize the drug
release. We demonstrated that P-RUB micelles were able to upregulate
miR-34a expression in p53 null prostate cell lines, PC3-TXR and
DU154-TXR, through upregulating ElK1 and p73 expression (Fig. 6).
RUB release was accelerated by addition of GSH within 24 h which
attributed to the cleavage of disulfide bond, whereas less than 5% of
RUB was detected without GSH (Fig. 3). We also synthesized nonresponsive P-RUB by conjugating RUB and dodecanol to the pendant

4. Discussion
While chemotherapeutic drugs such as DTX and PTX are effective in
killing proliferating prostate cancer cells, they fail to inhibit CSC proliferation owing to multidrug resistance (MDR) [1,51,52]. Thus, cancer
patients face a big threat from chemoresistance that ultimately leads to
subsequent metastasis and relapse. The complicated mechanism of
chemoresistance lies on drug segregation [53–55], altered cellular
pathway [56–58], insufficient drug influx due to high expression of Pglycoprotein (P-gp) for drug efflux [59], dysregulation of miRNAs [15],
reduced apoptosis and proliferation of CSCs [60,61]. miR-34a and its
downstream targets (SIRT1 [62], LEF1 [63], TCF7 [64], AR [65] and
Notch-1 [66]) have been found to influence CSC proliferation, metastasis and chemoresistance of cancers. Considering the challenges faced
by nucleic acid-based drugs, including potential immunogenicity, in
vivo instability, off-target effect and high cytotoxicity [15,17], small
molecules having similar function as miR-34a are often regarded as
better candidates for cancer treatment due to their stability and ease of
production. Thus, the simultaneous administration of a recently discovered small molecule miR-34a activator named RUB and DTX is expected to synergistically and efficiently inhibit tumor growth by killing
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Fig. 7. A) Fluorescent images of Cy5.5-labeled DTX/P-RUB micelles at different time points; B) ex vivo fluorescent image at 24 and 48 h post injection. C) quantitative analysis of fluorescence in major organs and tumors at 24 and 48 h post i.v. administration of DTX/P-RUB micelles. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

carboxylic acid groups of PEG-PCC. There was little release of RUB from
these nonresponsive micelles at pH 7.4 and 5. Moreover, change in pH
had little influence on DTX release from these nonresponsive micelles
(Fig. 3).
There was significant expansion and dissociation of dual responsive
P-RUB micelles at pH 5 (Fig. 2). Meanwhile, DIPAE plays an important

role in other aspects as well: 1) at pH 7.4, the positively charged conjugated DIPAE (pKa: ∼8.5) interact with negatively charged carboxylic
acids (pKa: ∼5), leading to stabilization of micelle structure; 2) due to
the increased degree of protonation of tertiary amine at acidic pH value,
P-RUB micelles expanded and dissociated, resulting in rapid drug release (Fig. 3). In addition, DTX encapsulated P-RUB micelles (DTX/P-

Fig. 8. A) Tumor growth as measured by bioluminescence (120 mg/kg luciferin), B) Size of excised tumors and C) tumor weight at the end of treatment; D) body
weight change of orthotopic PC3-TXR tumor bearing nude mice after intravenous administration of PBS, DTX + RUB (free drugs), P-RUB micelle DTX/P-RUB
micelles, DTX/PEG-PCD and nonresponsive DTX/P-RUB micelles. Data were given as mean ± SD (n = 6; *, P < 0.05; **, P < 0.01).
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Fig. 9. Effect of DTX/P-RUB micelles on miR-34a and gene expression in tumors at 20 days post injection into PC3-TXR orthotopic tumor bearing nude mice. A) miR34a expression in tumors by RT-PCR (*, P < 0.05; **, P < 0.01); B) western blot analysis for SIRT1 expression; C) immunohistochemical analysis of SIRT1, Ki-67,
and cleaved caspase 3 (Scale bar = 200 μm) and D) quantification of SIRT1, Ki-67 and cleaved caspase 3-positive cells by ImageJ.
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