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Abstract

P-glycoprotein (P-gp)-mediated multidrug resistance (MDR) is a major obstacle in achieving the therapeutic benefits of paclitaxel (PTX)
in the treatment of human ovarian carcinoma. This study is aimed to develop an efficient PTX drug delivery approach to overcome
MDR. Redox-responsive micelles consisting of amphiphilic polymers containing disulfide linkages, ie, poly (phosphate ester)-SS-D-o-
tocopheryl succinate (POPEA-SS-TOS, PSST) were prepared. PTX-loaded PSST micelles (PTX/PSST-M) designed to display synergistic
functions, including reversible inhibition of P-gp, intracellular redox-sensitive release and potent anticancer activities. The average size
of PTX/PSST-M was 68.1+4.9 nm. The encapsulated PTX was released quickly through redox-triggered dissociation of micelles. The
inhibition of P-gp activity and enhanced cellular accumulation of the PSST micelles were validated. PTX/PSST-M showed significantly
increased cytotoxicity against PTX-resistant human ovarian cancer A2780/PTX cells: when the cells were treated with PTX/PSST-M for
48 h, the equivalent ICs, value of PTX was reduced from 61.51 to 0.49 umol/L. The enhanced cytotoxic effects of PTX/PSST-M against
A2780/PTX cells were attributed to their synergistic effects on reducing the mitochondrial transmembrane potential, ATP depletion,
ROS production, and activation of apoptotic pathways. Furthermore, PTX/PSST-M significantly increased cell apoptosis/necrosis and
cell cycle arrest at the G,/M phase in A2780/PTX cells. These results demonstrate that the redox-responsive PSST micelles inhibit
P-gp activity and have a good potential to effectively reverse PTX resistance in human ovarian carcinoma cells by activating intrinsic

apoptotic pathways.
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Introduction

The morbidity and mortality of human ovarian carcinoma
are rising worldwide. The therapeutic outcome of paclitaxel
(PTX), a frontline chemotherapeutic agent for ovarian carci-
nomal', is severely impaired due to the frequent occurrence
of multidrug resistance (MDR)®. Tt has been estimated that
approximately 500000 new ovarian carcinoma cases develop
MDR each year®. In particular, PTX resistance occurs in more
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than 70% of patients at the time of initial diagnosis and in
almost all patients upon relapse!’. The occurrence of MDR is
an important cause of the failure of PTX to treat ovarian car-
cinoma. The potential mechanisms associated with MDR can
be classified as acquired and intrinsic resistance. In particular,
the overexpression of P-glycoprotein (P-gp), a member of the
ATP-binding cassette (ABC) transporters that facilitate drug
efflux, is the major mechanism of acquired resistance to drug

treatment®”!

. In addition, suppression of the apoptotic path-
way is another important mechanism that induces MDR!.
Therefore, reducing P-gp levels and activating intrinsic apop-
totic pathways may effectively overcome MDR.

For over two decades, the combination of chemotherapeu-
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tic agents with MDR modulators has been thought to be an
effective strategy to overcome MDR. However, the major
limitations of this strategy include potential toxicity caused by
high concentrations of MDR modulators, such as verapamil,
cyclosporin A®, and tariquidar!"”, and their unfavorable phar-
macokinetic interactions with the therapeutic drugs. Recently,
pharmaceutical excipients, including D-a tocopheryl polyeth-
ylene glycol 1000 succinate (TPGS)™ " and D-a-tocopheryl
succinate (TOS)™ ', have been recognized by their potent
inhibitory effects on P-gp by reducing the ATPase activity of
P-gp. Considering their low bioactivity and toxicity, the appli-
cation of copolymers conjugated with a TOS moiety to over-
come MDR has gained increasing interest™ >*.. These TOS
moiety-based nanomedicines exhibit desirable drug delivery
characteristics such as high stability, high drug-loading capac-
ity, prolonged systemic circulation lifetime, enhanced cellular
uptake, and suppression of MDR by inhibiting P-gp.

These nanoparticles (NPs) are also faced with the common

challenges encountered by other nano-vehicles!" 2!

, including
high hydrophobicity and a long degradation period, some-
times weeks or months. The slow degradation severely delays
the release of cargo drugs in NPs, and the sufficient therapeu-
tic drug concentration cannot be easily reached. To address
this challenge, stimuli-responsive delivery systems that are
sensitive to the aberrant intracellular environment, including
abnormal pH, redox property, and enzyme levels, have been
developed to overcome MDRP. The glutathione (GSH) con-
centration gradient is one of the several stimuli utilized to trig-
ger the intracellular drug delivery of NPs®?!. The GSH con-
centration is approximately 2-20 pmol/L in the extracellular
milieu and 2-10 mmol/L in the intracellular fluids. In many
reports, redox-responsive NPs consisting of disulfide bond-
linking block copolymers have been demonstrated to enhance
drug accumulation and retention in cells, leading to higher
cytotoxicity against cancer cells with MDR!"” 2 2],

Recently, poly(phosphoesters) (PPEs) have been used in
increasing biomedical applications as the burgeoning hydro-
philic chains for drug and gene delivery due to their easy
functionalization, favorable biocompatibility, and optimal
biodegradability™ >,
amphiphilic block copolyester, poly(phosphoesters)-g-TOS
conjugated with disulfide bonds (POPEA-SS-TOS, PSST) via
a Michael-type addition reaction. After validating the amphi-

In this study, we aimed to develop an

philicity and inhibitory activity of the PSST polymers against
P-gp, PTX-loaded PSST micelles (PTX/PSST-M) were pre-
pared by using a modified solvent evaporation method. The
cellular uptake profiles and cytotoxicity of these shell-detach-
able micelles against PTX-sensitive A2780 cells and PTX-
resistant A2780/PTX cells were investigated. Furthermore,
the mechanisms governing how these micelles reduced MDR
were studied.

Materials and methods

Materials

2-Chloro-2-oxo0-1,3,2-dioxaphospholane (COP), 2-hydroxy-
ethyl acrylate (HEA), D-a-tocopheryl succinate (TOS), cysta-
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mine dihydrochloride, triethylamine (TEA), and rhodamine
123 were purchased from Sigma-Aldrich (St Louis, MO, USA).
Tetrahydrofuran (THF) was initially dried over molecular
sieves (4A) for at least three days and refluxed over sodium
wire until the indicator benzophenone turned purple. Car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) were
obtained from GL Biochem (Shanghai, China). PTX (purity
>98%) was obtained from Spring & Autumn Biological Engi-
neering (Nanjing, China). Hoechst 33342 and 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Biosharp (Seoul, South Korea). Penicillin-
streptomycin (PS), 2’,7’-dichlorodihydrofluorescein diacetate
(DCFH-DA), fetal bovine serum (FBS), trypsin without eth-
ylene diamine tetraacetic acid (EDTA), phosphate-buffered
saline (PBS), 0.25% trypsin (w/v) with 1 mmol/L EDTA, and
DMEM culture medium were purchased from Gibco (Grand
Island, NY, USA).

Cell culture

The drug-sensitive human ovarian carcinoma A2780 cell
line and the PTX-resistant A2780 cell line (A2780/PTX) were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were cultured in DMEM
containing 10% FBS and 2 mmol/L L-glutamine at 37°C in a
humidified 5% CO, incubator.

Synthesis and characterization of PSST polymer
PSST polymer was obtained via a three-step synthesis pro-
cess. i) TOS was conjugated with cystamine via an amidation
reaction between the terminal carboxyl group and the amino
group. Briefly, TEA (12 mmol) was added to the DMSO solu-
tion containing 5 mmol cystamine dihydrochloride. The
mixture was stirred for 2 h to remove hydrochloride and to
generate cystamine. Subsequently, TOS (5 mmol), DCC (12
mmol), and DMAP (12 mmol) were dissolved in the cystamine
solution and maintained at 40°C for 6 h. The TOS-S5-NH,
crude product was dialyzed in a dialysis bag (MWCO 500
Da) against DMSO and then against distilled water to remove
small molecules. The flaxen powder was obtained after lyoph-
ilization. ii) The monomer 2-(2-oxo-1,3,2-dioxaphospholoy-
loxy) ethyl acrylate (OPEA) was synthesized by an acyl halide
reaction between COP and HEA in the presence of TEA, as
described" . The yield of OPEA was 73%. iii) Finally, PSST
polymer with a similar structure of pendants on a long chain
was synthesized via ring-opening polymerization of OPEA in
anhydrous THF using TOS-SS-NH, as the macroinitiator and
Sn(Oct), as the catalyst. To synthesize POPEA-SS-TOS, TOS-
SS-NH, (1 mmol) and OPEA (10 mmol) were dissolved in
anhydrous THF in a 25-mL freshly dried and nitrogen-purged
flask and stirred at room temperature for 15 min. Sn(Oct),
(0.5 mmol) was added, and the mixture was stirred for 12 h
under nitrogen protection. The mixture was precipitated into
excess cold diethyl ether, and PSST polymer was obtained by
vacuum drying. The yield of POPEA-SS-TOS was 78.6%.

The "H NMR spectra of the copolymers were obtained using
a Varian Inova 400 spectrometer (Bruker Company, Billerica,



MA, USA) operating at 400 MHz with deuterated chloroform
(CDCL) as the solvent. The molecular weight of the PSST
polymer was determined by gel permeation chromatography
(GPC) with THF as the mobile phase. The critical micellar
concentration (CMC) value was obtained using a fluorescence
method using pyrene as a fluorescent probe™. Additionally,
the effects of the PSST polymer on MDR and P-gp expression
were evaluated as described in the Supplementary informa-
tion.

Preparation of PTX-loaded PSST micelles (PTX/PSST-M)
PTX/PSST-M were prepared by the solvent evaporation
method®". Briefly, 10 mg PSST copolymer and 1.1 mg PTX
were dissolved in 1 mL methanol and dropwise added to
10 mL PBS (pH 7.4) with a syringe. The mixture was sub-
sequently sonicated by a probe sonicator (Q700, Qsonica,
Australia) for 1 min at 100 Hz and stirred for 2 h to become
homodisperse. The residual organic solvent was eliminated
by rotary vacuum evaporation at 40 °C for 20 min. To remove
unloaded PTX and to maintain sterility, the micellar suspen-
sion was filtered through 0.45-pm and 0.22-pm filter mem-
branes. Blank PSST micelles were prepared by the same pro-
cedures but without adding PTX. The size distribution and
zeta potential of the micelles were detected by dynamic light
scattering (DLS) at 25°C using a Zetasizer Nano ZSP (Malvern
Instruments, Malvern, UK). Imaging of micelles stained with
1% phosphotungstic acid solution was performed with a trans-
mission electron microscope (TEM, JEOL JEM-2100 F, Japan)
at an accelerating voltage of 200 kV.

The PTX content in the micelles was measured by HPLC
(Waters 2695, Milford, MA, USA) at 227 nm with acetoni-
trile/water (70/30, v/v) as the mobile phase. The encapsula-
tion efficiency (EE) and loading efficiency (LE) of the PTX in
micelles were determined using the following equations:

Amount of drug loaded

EE(%)= Amount of drug fed *100%
LE(%)= Amount of drug loaded «100%
(%)= Amount of drug fed+polymer g

Reduction-triggered disassembly of the PSST micelles

To evaluate the redox-sensitive behavior of the PSST micelles,
the size change of micelles (1 mg/mL) in response to 10
mmol/L DTT was detected by DLS. Additionally, the self-
assembly of PSST polymer was characterized by assessing the
fluorescence spectra using Nile red (NR), a redox-insensitive
but polarity-responsive hydrophobic dye, as the fluorescent
probe. The amphiphilic aggregates loaded with NR were
encapsulated into the micellar core via a hydrophobic interac-
tion. Redox-triggered dissociation of PSST micelles was ana-
lyzed following the previously described procedure®™ *!. The
fluorescence emission of the amphiphilic aggregates loaded
with NR in an environment with or without 10 mmol/L DTT
was examined via fluorescence spectrophotometry (Thermo
Fisher Scientific, Waltham, MA, USA) with excitation and emis-

sion wavelengths of 550 nm and 500-800 nm, respectively.
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Controlled PTX release in vitro

The in vitro release kinetics of PTX from the micelles was
investigated as previously reported®!. The dialysis tube
method was employed, and PBS buffers (0.01 mol/L, pH 7.4)
with or without 10 mmol/L DTT were used as the release
medium. One milliliter of PTX/PSST-M was transferred to a
dialysis bag (MWCO 3500) against 20 mL of release medium.
Similarly, free PTX was dispersed in 0.1% Tween 80 and dia-
lyzed in the same manner. The dialysis was conducted at
37°C with a rotation speed of 100 rounds per minute. At pre-
determined time-points, 1 mL release medium was sampled,
and the release medium was replenished with the same vol-
ume of fresh medium. The PTX concentrations in the release
medium were quantified by HPLC, as described above.

Cellular uptake of PSST micelles in A2780/PTX cells
A2780/PTX cells were seeded on 24-well culture plates at a
density of 8x10* cells per well. After incubation for 24 h, free
PTX or PTX/PSST-M was added with an equivalent PTX con-
centration of 5 pmol/L. The same treatments were carried out
in A2780 cells as controls. After incubation for 0.5, 1, 2, and 4
h, the cells were washed twice with cold PBS and lysed with
1% Triton X-100 at 37 °C for 30 min. The PTX concentrations in
the cell lysates were measured by HPLC. The protein concen-
trations in the cell lysates were measured using a BCA Protein
Assay kit (Thermo Fisher Scientific, USA). The intracellular
PTX concentrations were normalized to the total protein con-
tent of the cell lysates.

To visualize cellular accumulation of drugs loaded in the
PSST micelles, the fluorescent probe rhodamine 123 (Rho-
123), a P-gp substrate similar to PTX, was loaded into the PSST
micelles to yield Rho-123-loaded PSST micelles (Rho-123/
PSST-M)P* ¥ After treating A2780/PTX cells with free Rho-
123 or Rho-123/PSST-M at an equivalent Rho-123 concentra-
tion of 1 pmol/L for 0.5, 1, 2, and 4 h, the auto fluorescence of
Rho-123 was measured using a flow cytometer (FCM, Thermo
Fisher Scientific, USA) by counting 10 000 events per sample.

In addition, the cellular accumulation of free Rho-123 and
Rho-123/PSST-M in the A2780/PTX cells was observed by
fluorescence microscopy. Briefly, A2780/PTX cells were
seeded at a density of 5x10° cells/ well in a 96-well plate. After
adherence for 24 h, the cells were treated with free Rho-123 or
Rho-123/PSST-M at an equivalent Rho-123 concentration of
1 pmol/L. The cells were washed three times with cold PBS,
fixed with 4% paraformaldehyde for 15 min, and stained with
Hoechst 33342 for 10 min. Fluorescence images were taken by
an IN Cell Analyzer 2000 (GE Healthcare, Little Chalfont, UK).

To investigate the uptake mechanisms of the PSST micelles,
A2780/PTX cells were pre-incubated with known trans-
membrane inhibitors for 1 h*®l, These inhibitors included
20 mmol/L 2-deoxyglucose, 10 pmol/L chlorpromazine, 20
pmol/L hexamethylene amiloride, 10 pmol/L wortmannin,
50 pmol/L genistein, and 5 mmol/L methyl-p-cyclodextrin.
Next, the cells were treated with Rho-123/PSST-M at a con-
centration equivalent to 1 pmol/L Rho-123 for 4 h. The cells
were washed and analyzed by FCM.

Acta Pharmacologica Sinica
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Cytotoxicity of PTX formulations measured by MTT assay

The in vitro cytotoxicity of PTX/PSST-M against A2780/PTX
cells was determined via an MTT assay. Briefly, A2780 or
A2780/PTX cells were seeded on 96-well plates at a density of
5x10” cell/well and cultured overnight. Free PTX, a physical
mixture of free PTX and blank micelles (PTX+PSST-M), and
PTX/PSST-M at a series of PTX concentrations were added
to the cells. Untreated cells were used as control. After treat-
ment for 48 h and 72 h, cell viability was determined based
on an MTT assay, as previously described®. All treatment
groups had four replicates, and each replicate was measured
three times.

Measurement of mitochondrial transmembrane potential
A2780/PTX cells were seeded on 12-well plates at a density of
1.0x10° cells per well. After 24 h of cell attachment, the cells
were incubated with free PTX, PTX+PSST-M, or PTX/PSST-M
at an equivalent PTX concentration of 1 pmol/L or at a poly-
mer concentration of 100 pg/mL for 48 h. Untreated cells acted
as controls. Cells were examined with a JC-1 Mitochondrial
Transmembrane Potential Assay kit (Beyotime Institute of Bio-
technology, Haimen, China) according to the manufacturer’s
protocol. The mitochondrial transmembrane potential (Ay,,)
was observed with a fluorescence microscope and quantita-
tively measured by FCM.

Quantification of intracellular ATP activity and reactive oxygen
species (ROS)

A luciferin/luciferase assay was used to determine the intra-
cellular ATP level® *!l. Briefly, A2780/PTX cells were seeded
on 12-well plates and treated with free PTX, PTX+PSST-M, or
PTX/PSST-M at an equivalent PTX concentration of 1 pmol/L
for 48 h. Untreated cells acted as controls. Cells were lysed
with 1% Triton X-100, and ATP levels in the cell lysates were
measured using an ATP Luminescence Assay kit (Beyotime,
Haimen, China). The ATP levels were normalized to the pro-
tein content in the cell lysates, as determined by using a BCA
Protein Assay kit.

Intracellular ROS was measured based on the oxidative con-
version of DCFH-DA to a fluorescent compound, dichlorofluo-
rescein (DCF)"*2. A2780/PTX cells were treated with free PTX,
PTX+PSST-M, or PTX/PSST-M at an equivalent PTX concen-
tration of 1 umol/L for 48 h. Untreated cells acted as controls.
The cells were washed and incubated with fresh medium con-
taining 5 pmol/L DCHF-DA for 30 min in the dark. Intracel-
lular ROS levels were measured with a FCM by detecting the
green fluorescence of DCF.

Quantification of cell cycle arrest, apoptosis, and caspase 3/7
activity

Cell cycle arrest in A2780/PTX cells treated by various PTX
formulations was analyzed by measuring the DNA content via
the propidium iodide (PI) staining method. A2780/PTX cells
were harvested after treatment with free PTX, PTX+PSST-M, or
PTX/PSST-M at an equivalent PTX concentration of 1 pmol/L

for 48 h. Untreated cells acted as controls. The cells were
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fixed with 70% ethanol at -20°C overnight and stained with 20
mg/mL PI, which was dissolved in PBS containing 5 mg/mL
RNase, for 30 min. Samples were analyzed by FCM. The per-
centage of cells at each cell cycle phase was analyzed using
ModFit software (Verity Software House, Topsham, ME, USA).

In addition, an Annexin V-FITC/PI double staining assay
was used to detect apoptosis and necrosis of A2780/PTX cells
after treatment with free PTX, PTX+PSST-M, or PTX/PSST-M
at an equivalent PTX concentration of 1 pmol/L for 48 h. Cells
were harvested, suspended in 500 pL binding buffer, and
stained with 5 pL. Annexin-FITC and 5 pL PI solution for 20
min in the dark. Untreated cells acted as controls. Cell sam-
ples were analyzed immediately by FCM, and 10000 events
were counted for each sample.

Caspase 3/7 activity was measured using a Caspase-glo 3/7
Assay kit (Promega, Madison, WI, USA). After treatment with
various PTX formulations at an equivalent PTX concentration
of 1 pmol/L for 48 h, A2780/PTX cells were incubated with
Caspase-glo reagent for 1 h in the dark, and luminescence
was measured using a microplate reader (Molecular Devices,
USA). The luminescence signals were normalized to the num-
ber of cells determined from a parallel set of cells for each
treatment.

Statistical analysis

The data were analyzed by one-way ANOVA followed by
Tukey’s Multiple Comparison Test using GraphPad Prism
5.0 software (La Jolla, CA, USA). P<0.05 was considered
as statistically significant. The data were presented as the
meanztstandard deviation (SD).

Results

Synthesis and characterization of PSST polymer

The amphiphilic PSST polymer with a pendant VES moiety
in the polyphosphoester block via disulfide linkages was syn-
thesized by ring-opening polymerization (ROP), as shown in
Scheme 1. The chemical structure of PSST was validated by
"H NMR (Figure 1A). Notably, all the typical proton signals
on the polymer were identified. The peaks within & 0.8-1.8
ppm were derived from the methyl and methylene groups
in the tailed carbon chain of VES. The peak at 8 2.62 ppm

43]

(a) represented the succinyl methylene in VES™*. The cys-

tamine linkage was confirmed by peaks b, ¢, and d at & 2.92,
3.65, and 4.76 ppm, respectively*!
poly(phosphoester) chain appeared as peak e at & 4.31 ppm.

Additionally, peaks g and f were generated from the acryloyl

. The methylene in the

group in the poly(phosphoester). The typical GPC overlay of
the PSST polymer treated with or without 10 mmol/L DTT for
6 h is shown in Figure 1B. The PSST polymer was degraded
into polymers with lower molecular weights ranging from
approximately 5100 to 9800, contributing to the redox-
responsive separation of VES from the poly(phosphoester)
chain. Due to the amphiphilic structure, the newly synthe-
sized PSST copolymer can easily form micelles in an aqueous
solution by self-assembly. To determine the CMC value of
the PSST polymer, the fluorescence intensity (I37s/Isss) ratio of
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Scheme 1. Scheme of PSST copolymer synthesis.

pyrene verses the logarithm of the PSST copolymer concen-
tration was plotted. The fluorescent ratio was small at low
polymer concentrations but markedly increased at higher
polymer concentrations (Figure 1C). Thus, the graph had two
linear segments with different slopes, and the CMC value of
the PSST copolymer was determined by the intersection point,
which was at 0.0501 mg/mL. This indicates that the micelles
consisting of PSST copolymer possess an outstanding ability
to resist dilution.

Biocompatibility is one of the most important properties of
polymers used for cancer therapy. The in vitro cytotoxicity of
the PSST copolymer against A2780 and A2780/PTX cells was
evaluated using an MTT assay. After treatment for 48 h, the
cell viabilities for A2780 and A2780/PTX cells treated with
PSST polymers at final concentrations ranging from 12.5 to 200
pg/mL were all above 85% (Figure 1D). This result demon-
strates that the PSST polymer is optimally biocompatible with
A2780 and A2780/PTX cells. The low cytotoxicity of the PSST
polymer is important for its safe use as a drug delivery vector.

Multidrug resistance against PSST polymer

It has been reported that the TOS moiety inhibits P-gp!.
Herein, we tested whether the PSST polymer still induced an
inhibitory effect on P-gp. The calcein-AM fluorescent assay
was used to evaluate the inhibition of P-gp by PSST polymer.
When calcein-AM passes through the cell membrane, the
chemical is converted to fluorescent products by the esterase
in the cells. However, P-gp can efflux calcein-AM out of cells,

o (
o7 \O/\/O\"/\
J THE
OPEA

4

o
/\n/°\/\o_(_,','\_o/v°)n\"
]

POPEA-SS-TOS

resulting in decreased production of fluorescence products in
the cells. This process can be suppressed by the administra-
tion of P-gp inhibitors.

As shown in Figure 2A and 2B, weak fluorescence was
detected in untreated A2780/PTX cells because of their strong
efflux of calcein-AM. However, PSST polymer caused a higher
retention of calcein-AM in A2780/PTX cells, indicating that
it inhibits the efflux mediated by P-gp, similar to the positive
control verapamil. In contrast, due to the low expression of
P-gp in A2780 cells, both the untreated and treated A2780 cells
showed strong green fluorescence (Figure 2C). Thus, A2780
cells served as a negative control for A2780/PTX cells in this
experiment.

Furthermore, the inhibition of P-gp activity by PSST poly-
mer in A2780/PTX cells was evaluated by Western blotting
and FCM analyses. As shown in Figure 2D, the overexpres-
sion of P-gp in A2780/PTX cells was confirmed by comparing
to A2780 cells. The P-gp expression in the A2780/PTX cells
was significantly reduced by PSST polymer treatment. In
addition, the inhibition of P-gp by PSST polymer was verified
by FCM analysis (Figure 2E). As demonstrated in previous
studies, TOS materials inhibited P-gp expression by reducing
the ATPase activity of P-gp. However, this P-gp inhibition
effect greatly depends on the amount of TOS moiety. Herein,
these polymerized TOS moieties in PSST polymers could
be released rapidly in response to the high concentration of
GSH in cancer cells, following the fracture of disulfide bonds.
Therefore, P-gp function could be significantly inhibited by

Acta Pharmacologica Sinica
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Figure 1. The chemical structure and *H NMR spectrum of PSST polymer are shown in (A). The gel permeation chromatography (GPC) curves of PSST

polymer treated with or without 10 mmol/L DTT for 6 h were determined (B).

The critical micellar concentration (CMC) value of PSST polymer was

determined by the change of pyrene fluorescence (C). The MTT assay was used to examine viability of A2780 and A2780/PTX cells treated with PSST

polymer for 48 h (D).

PSST polymer. In summary, these results indicate that the
PSST polymer possesses a strong inhibitory effect against P-gp
activity in A2780/PTX cells.

Characterization of PTX/PSST-M

With our encapsulation procedure, PTX was loaded into PSST
micelles, with a LE and EE of 6.6%+1.3% and 71.9%+4.5%,
respectively. The particle size distribution and zeta potential

Table 1. Characterization of PSST micelles.

of polymeric micelles are important parameters for applica-
tions in drug delivery. These parameters of our micelles are
listed in Table 1. There was no significant difference in parti-
cle size distribution and zeta potential between empty PSST-M
and PTX/PSST-M. The average size of the PTX/PSST-M was
68.1+4.9 nm, which is within the optimal range to maintain
a low level of reticuloendothelial system endocytosis, mini-
mal renal excretion, and a strong enhanced permeability and

Samples Particle size (nm) PDI Zeta potential (mV) LE (%) EE (%)
Blank PSST-M 60.715.8 0.12+0.03 -21.7+4.2 - -
PTX/PSST-M 68.1+4.9 0.104£0.04 -28.613.7 6.6%+1.3% 71.9%+4.5%

Note: PDI, polydispersity index; LE, loading efficiency; EE, encapsulation efficiency; PSST-M, poly(phosphate ester)-SS-D-a-tocopherol succinate micelles;

PTX/PSST-M, paclitaxel-loaded PSST micelles.
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Figure 2. Images of cellular accumulation of calcein-AM in A2780/PTX and A2780 were taken after treated with vehicle (control), 0.1 pg/mL of
verapamil (positive control), or 0.1 mg/mL of PSST polymer (A). The cellular accumulation of calcein-AM in A2780/PTX (B) and A2780 cells (C) was
measured by FCM. The expression of P-gp in A2780/PTX cells treated with 0.1 mg/mL of PSST polymer was examined by Western blotting (D) and FCM
analysis (E). "P<0.05 vs untreated A2780/PTX cells.
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[46, 47]

. The
representative size distribution and a TEM image of the PTX/
PSST-M are shown in Figure 3A and 3B, respectively. The
TEM image in Figure 3B shows the homogeneous spherical
structures of the PTX/PSST-M. The zeta potential is an impor-
tant indicator for characterizing the state of the NP surface and

retention (EPR) effect for passive tumor targeting

predicting the long-term stability of NPs. The absolute value
of zeta potential over 20 mV for the PTX/PSST-M suggested
that they remain stable for a long time (Figure 3C).

Redox-sensitive property of the PSST micelles

We observed a redox-responsive decrease in the molecular
weight of the PSST polymer by GPC in the presence of 10
mmol/L DTT. We next examined the redox-sensitive disas-
sembly of the PSST micelles. Nile red (NR), a sensitive twisted
intramolecular charge transfer probe, has been reported to
exhibit strong fluorescence in a hydrophobic environment and
weak fluorescence in aqueous medium!®!, NR was loaded into
the PSST micelles via the same procedure used to make the
PTX/PSST-M, and the changes in their fluorescence signals
after exposure to 10 mmol/L DTT were recorded. Without
DTT, the NR/PSST-M exhibited strong fluorescence due to the
encapsulation of NR in the hydrophobic domain of the micel-
lar core (Figure 3D). However, dramatic quenching of the
fluorescence signal was observed in the NR/PSST-M exposed
to 10 mmol/L DTT, which mimics the redox environment
in cancer cells. This is due to increased dissociation of PSST
micelles and the release of NR dye into the aqueous phase in
response to DTT. This result suggests that the disassembly of
PSST micelles is redox-responsive.

In addition, the changes in the size distribution of the PTX/
PSST-M in the presence of various concentrations of DTT for
24 h were monitored by DLS to detect reduced triggered dis-
assembly™. As shown in Figure 3E, after 24 h of exposure
to 10 pmol/L DTT, which is equivalent to the typical GSH
concentration in normal tissues, no marked change in size
was detected over time. However, at 10 mmol/L DTT, which
is equivalent to the GSH concentration found in tumor tis-
sues, the mean particle size of the PTX/PSST-M significantly
increased over time. This was due to the cleavage of the
disulfide linkages in the micellar core. The particle size of the
PTX/PSST-M exceeded 280 nm at 6 h and markedly increased
to over 560 nm at 12 h. This result indicates that the PTX/
PSST-M quickly disassembled in a high-redox environment,
which is common in tumor cells, and maintained stable under
normal conditions.

To further investigate the redox-sensitive destabilization of
the hydrophobic micellar core, we evaluated PTX release from
the PSST micelles at different concentrations of DTT. The
release of PTX from the PTX/PSST-M was inefficient and slow
in the presence of 10 pmol/L DTT, with less than 30% of total
PTX released at 48 h (Figure 3F). The slow release behavior
would lead to low intracellular PTX concentrations and low
cytotoxicity to normal cells. In the medium with 10 mmol/L
DTT, a markedly accelerated release of PTX from the PTX/
PSST-M was observed, which was similar to the release pro-
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file of free PTX. For instance, at 24 h, compared to only 26.4%
of PTX released from the PSST micelles in 10 pmol/L DTT,
approximately 65.7% and 82.1% of PTX was released from the
PSST micelles in 10 mmol/L DTT and from free PTX, respec-
tively. Thus, the PTX/PSST-M achieve fast intracellular PTX
release in high-redox environments and facilitate the ability of
the loaded drug to overcome resistance.

Intracellular accumulation of PTX/PSST-M

The cellular uptake of free PTX and PTX/PSST-M contain-
ing 5 pmol/L PTX was quantitatively analyzed in A2780 and
A2780/PTX cells. As shown in Figure 4A, increasing concen-
trations of free PTX were accumulated in A2780 cells in a time-
dependent manner, but much lower concentrations of PTX
were accumulated in A2780/PTX cells after treatment for 4 h,
indicating strong drug efflux from A2780/PTX cells. How-
ever, the efflux of PTX/PSST-M was not apparent in A2780/
PTX cells with the over-expressed P-gp, as the uptake profile
of PTX/PSST-M in A2780/PTX cells was similar to that of
free PTX in A2780 cells (Figure 4B). After loaded in PSST-M,
significantly enhanced rates and amounts of PTX uptake were
observed in both A2780 and A2780/PTX cells. Compared to
the cells exposed to free PTX, more than 6- and 28-fold PTX
was accumulated in the A2780 and A2780/PTX cells, respec-
tively, that were treated with PTX/PSST-M for 4 h. In addi-
tion, during the 4 h treatment of the A2780/PTX cells, the
efflux rate of free PTX (0.65 [PTX](pg)/[protein](mg)/h) was
significantly higher than that of the PTX/PSST-M (0.015 [PTX]
(pg)/ [protein](mg)/h). These results demonstrate that encap-
sulation of PTX in PSST micelles facilitates the ability of PTX
to enter cells and to resist drug efflux.

As a substrate for the P-gp efflux pump, Rho-123 is often
used as a fluorescent probe to visualize the accumulation
behavior in resistant cancer cells. In the present study, Rho-
123 was loaded into PSST micelles and incubated with A2780/
PTX cells to investigate the effects of encapsulation in PSST
micelles on the intracellular uptake efficiency and the P-gp-
mediated efflux of internalized drugs. By detecting the auto-
fluorescence of Rho-123, FCM analysis revealed increased
accumulation of Rho-123/PSST-M in the A2780/PTX cells in a
time-dependent manner (Figure 4C). It was noted that expo-
sure of the A2780/PTX cells to free Rho-123 did not lead to
increased intracellular Rho-123 accumulation compared with
untreated A2780/PTX cells. However, a significant retention
of Rho-123 was observed in cells exposed to either the mixture
of Rho-123 and PSST-M or the Rho-123/PSST-M. The 2.6-fold
increase in intracellular Rho-123 accumulation in the A2780/
PTX cells exposed to the mixture of Rho-123 and PSST-M for
4 h may be due to the inhibition of P-gp-mediated drug efflux
by the PSST polymer. However, the Rho-123 in the mixture
may still be pumped out of the cells by the remaining P-gp
activity. Rho-123/PSST-M treatment of the A2780/PTX cells
resulted in 11.8- and 5.2-fold increases in intracellular Rho-
123 accumulation compared to treatment with free Rho-123
and the Rho-123+PSST-M mixture, respectively, due to the
synergistic effects of the nano-scale carrier and P-gp inhibition
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Figure 3. Characterization of PTX-loaded PSST micelles (PTX/PSST-M). The particle size distribution of PTX/PSST-M was measured by dynamic light
scattering (DLS; A). A representative image of PTX/PSST-M was taken by a transmission electron microscopy (B). The scale bar represents 100 nm.
The zeta potential of PTX/PSST-M was measured by DLS (C). The fluorescence spectrum of Nile red-loaded PSST micelles in presence of 10 mmol/L
DTT is shown in (D). The changes in size distribution of PTX/PSST-M in presence of 10 mmol/L DTT were examined by DLS (E). The in vitro release
profiles of PTX from free PTX or PTX/PSST-M to the release medium with or without 10 mmol/L DTT were measured by dialysis (F).

properties of the PSST polymer. Therefore, stronger green with free PTX or the Rho-123+PSST-M (Figure 4D).
Rho-123 fluorescence was observed in the A2780/PTX cells Next, the uptake pathways of PSST-M were investigated
treated with Rho-123/PSST-M compared to the cells treated by using various endocytotic inhibitors. As shown in Figure

Acta Pharmacologica Sinica



www.nature.com/aps

868 Chen FQ et al
A B
7 41 100007 3 Control

1071 o A27s0 2z
= A2780/PTX - AZ780 @ 80004 B8 Free Rho-123
g 081 = T O AT £ @ Rho-123+PSST-M
° = =
o 061 & 5 6000{ EE Rho-123/PSST-M
g g) - %
2 04 E} 5 4000
x < 2
o 2 e S 20004 * X

* = % * - * )
0.0 T T T T 0 T T T T
0.5 1 2 4 0.5 1 2 4 0.5 1 2 4

Incubation time (h)

Free Rho-123

Rho-123+PSST-M Rho-123/PSST-M

Hoechst 33342

Rho-123

Incubation time (h)

Incubation time (h)

E B 1: Hexamethylene amiloride
@ 2: Methyl-p-cyclodextrin
@ 3: Chlorpromazine

E 4:Genistein
@ 5: 2-Deoxyglucose
3 6: Wortmannin

40000+

=

Mean fluorescent intensity

6  Control
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cells were investigated by pretreatment with various inhibitors against endocytosis (E); "P<0.05 vs control A2780/PTX cells without pretreatment of

inhibitors.

4E, the cellular uptake of Rho-123/PSST-M in the A2780/
PTX cells was significantly reduced by pretreatment with
wortmannin and methyl-B-cyclodextrin. Wortmannin has
been demonstrated to be an inhibitor of micropinocytosis,
which blocks phosphoinositide 3-kinase-related spontaneous
surface ruffling®). Thus, the micropinocytosis pathway may
be involved in the cellular internalization of PSST micelles.
In addition, the 55% reduction in the cellular uptake of PSST
micelles by methyl-B-cyclodextrin indicated the involvement
of caveolin-dependent endocytosis. In summary, the PTX/
PSST-M enhance the intracellular uptake and accumulation of
PTX via the synergistic effects of the nanocarrier and the P-gp
inhibition properties of the PSST polymer, and the micropino-
cytosis and caveolin-dependent endocytosis pathways may be
involved in this process.

In vitro cytotoxicity measured by the MTT assay

In light of P-gp inhibition and the higher cellular uptake of
PSST micelles, the ability of PTX/PSST-M to induce cytotoxic-
ity in A2780 and A2780/PTX cells was examined. No signifi-
cant cytotoxicity was detected in cells treated with blank PSST
micelles containing 12.5-200 pg/mL PSST polymer (Supple-
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mentary Figure S1), indicating their high biocompatibility.
Free PTX and the PTX+PSST-M displayed similar cytotoxicity
against A2780 cells at 48 h and 72 h post-drug administration,
which was dependent on concentration and time (Figure 5A
and 5C). Compared to free PTX, the PTX/PSST-M exhibited
higher cytotoxicity against A2780 cells due to its higher cel-
lular accumulation. In A2780/PTX cells, the PTX+PSST-M
exhibited much higher cytotoxicity than free PTX (Figure 5B
and 5D). This may be due to inhibition of P-gp by PSST poly-
mer and less PTX being pumped out of the cells. Notably, the
PTX/PSST-M caused more cytotoxicity against A2780/PTX
cells than either free PTX or PTX+PSST-M treatment at the
equivalent PTX concentrations. To quantitatively compare the
cytotoxicity among free PTX, PTX+PSST-M, and PTX/PSST-M,
their 1Cs, values were calculated based on the cytotoxicity
curves. When A2780/PTX cells were treated with free PTX,
PTX+PSST-M, or PTX/PSST-M for 48 h, the ICs, values of PTX
were 61.51, 29.99 and 0.49 pmol/L, respectively. After treat-
ment for 72 h, the IC5, values of PTX in free PTX, PTX+PSST-M
or PTX/PSST-M were 43.27, 19.97, and 0.19 pmol/L, respec-
tively. Compared to free PTX, the ICs, values of PTX in the
PTX/PSST-M were 125.5- and 227.7-fold lower after treatment
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Figure 5. The MTT assay was used to evaluate cytotoxicity of free PTX, PTX+PSST-M, and PTX/PSST-M in A2780 and A2780/PTX cells after treatment

for 48 h (A, B) and 72 h (C, D).

for 48 h and 72 h, respectively. Therefore, the encapsulation of
PTX in PSST micelles effectively sensitizes A2780/PTX cells to
PTX treatment.

Effects of PTX formulations on mitochondrial transmembrane
potential, ATP levels, and ROS production

The mitochondria transmembrane potential (Ay,,) is believed
to be closely associated with the activity of mitochondria,
and a decreased Ay, is generally accepted as a hallmark
of apoptosis®™. Mitochondrial depolarization changes the
fluorescence of JC-1 probes from red to green. Free PTX at 1
pmol/L did not cause a significant change in red fluorescence
in comparison to the untreated control (Figure 6A). However,
at an equivalent PTX concentration of 1 pmol/L, PTX/PSST-M
induced a significant change in fluorescence in A2780/PTX
cells, transforming red fluorescence to green fluorescence.
The ratio of JC-1 red/green fluorescence was significantly
decreased to 41.3%=%17.5% of the control ratio after treatment
with the PTX/PSST-M (Figure 6B). However, after incubation
with free PTX or the PTX+PSST-M, the JC-1 red/green values
only decreased to 92.6%+4.8% and 75.8%+12.0% of the con-
trol ratio, respectively. These results indicate that the PTX/
PSST-M suppressed the mitochondrial transmembrane poten-

tial and disrupt mitochondrial function.

Because mitochondrial activity is closely related to cellular
energy metabolism, we investigated whether the PTX/PSST-M
cause ATP depletion. Compared to untreated controls, we
found that free PTX, PTX+PSST-M, and PTX/PSST-M induced
significant decreases in intracellular ATP levels in A2780/PTX
cells by 82.1%+4.8%, 75.2%+6.8%, and 38.7%+2.1%, respec-
tively (Figure 6C). P-gp exerts ATPase activity to hydrolyze
ATP and provide energy for substrate efflux, and thus, ATP is
essential for the efflux function of P-gp"®". The PTX/PSST-M
markedly decreased intracellular ATP levels, which may
inhibit P-gp-mediated drug resistance and prolong drug reten-
tion.

ROS promotes apoptosis in cancer cells, and thus, increasing
ROS production may be an effective anticancer strategy. In
this study, intracellular ROS production was examined by the
DCFH-DA method. The data showed that neither free PTX
nor the PTX+PSST-M resulted in significant increases in ROS
levels in A2780/PTX cells compared to the untreated control
(Figure 6D). However, the intracellular ROS level was signifi-
cantly increased to 386.4%+7.9% of control upon PTX/PSST-M
treatment for 48 h.

Acta Pharmacologica Sinica
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Figure 6. Mitochondrial transmembrane potential was measured in A2780/PTX cells treated with free PTX, PTX+PSST-M, or PTX/PSST-M at an
equivalent PTX concentration of 1 umol/L for 48 h (A, B). Untreated cells acted as control. Following the same treatments, intracellular ATP levels (C)
and production of reactive oxygen species (D) were measured. “P<0.05 vs the PTX+PSST-M group.

Effects of PTX formulations on cell cycle arrest, apoptosis, and
caspase-3/7 activity

The cell cycle distribution was analyzed in A2780/PTX cells
by FCM after treatment with various PTX formulations at
an equivalent PTX concentration of 1 pmol/L for 48 h (Fig-
ure 7A). Compared to 9.34%+0.74% of the untreated cells in
the G,/M phase, free PTX, PTX+PSST-M, and PTX/PSST-M
treatments resulted in 15.52%+2.35%, 21.37%+4.95%, and
82.45%%8.62% of cells in the G,/M phase, respectively (Figure
7C). Therefore, PTX/PSST-M induced the strongest effect on
cell cycle arrest in A2780/PTX cells among all of the PTX for-
mulations.

To explore whether the anticancer activity against A2780/
PTX cells induced by the various PTX formulations is due to
the induction of cell apoptosis, we detected the apoptotic rate
of A2780/PTX cells after treatment with various PTX formula-
tions at an equivalent PTX concentration of 1 pmol/L for 48 h.
FITC-Annexin V assays detect early apoptosis by incorporat-
ing phosphatidyl serine into the external cytomembrane of
apoptotic cells with a high affinity, and PI labels cell necrosis
by entering cells through the damaged membrane. After
treatment for 48 h, the cell apoptotic rates were 12.1%+2.8%,
22.69%%5.9%, and 68.1%%12.4% for the free PTX, PTX+PSST-M,
and PTX/PSST-M groups, respectively (Figure 7B and 7D).
These results demonstrate that PTX/PSST-M has a potent pro-
apoptotic effect on A2780/PTX cells.

The activity of caspase 3/7 is an important indicator of
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apoptosis and was determined in A2780/PTX cells treated
with various PTX formulations at an equivalent PTX concen-
tration of 1 pmol/L for 48 h. The caspase 3/7 activities in the
A2780/PTX cells treated with free PTX and PTX+PSST-M were
2.1£1.2- and 5.4+2.3-fold higher than that in the untreated
control (Figure 7E), which may be caused by PTX-induced
cell cycle arrest at the G,/M phase. PTX/PSST-M treatment
induced the strongest activation of caspase 3/7, which was
23.5- and 4.3-fold higher than the activation of caspase 3/7 in
the control and PTX+PSST-M groups, respectively. As activa-
tion of caspase 3/7 is considered as the ultimate effector of
apoptosis, these results indicate that the anti-cancer activity of
the PTX/PSST-M in A2780/PTX cells is related to the activa-
tion of apoptotic pathways.

Discussion

Due to the severe obstacle of MDR in anticancer chemother-
apy, various approaches have been implemented to surmount
the overexpression of MDR-related ATP-binding cassette
transporters, including P-gp, MRP1, and other resistance pro-
teins. The most routine method is to co-deliver small molecule
P-gp inhibitors such as verapamil with anticancer drugs®.
However, such methods have not yet yielded promising out-
comes because the high dosage of verapamil as a P-gp inhibi-
tor far exceeds that as an antihypertension drug, possibly
resulting in side-effects™. Additionally, the uniform phar-
macokinetic profiles of P-gp inhibitors and anticancer agents
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Figure 7. The cell cycle distribution (A) and apoptosis (B) in A2780/PTX cells were measured by a flow cytometer after treatment with various PTX
formulations an equivalent PTX concentration of 1 umol/L for 48 h. In panel B, the top left quadrant (Q1) shows necrotic cells (Annexin V-FITC™PI*),
the top right quadrant (Q2) shows late apoptotic cells (Annexin V-FITC*PI"), the bottom left quadrant (Q3) shows live cells (Annexin V-FITC'PI7), and the
bottom right quadrant (Q4) shows early apoptotic cells (Annexin V-FITC'PI"). The cell cycle distribution and arrest at G,/M phase were quantified (C).
The total apoptotic rate was calculated as the sum of early apoptotic rate and late apoptotic rate (D). The caspase 3/7 activity in A2780/PTX cells was
measured using the Caspase-glo 3/7 Assay kit (E). "P<0.05 vs the PTX+PSST-M group.

also lead to undesirable combination efficiency. Thus, herein
we focused on the development of biodegradable nanomateri-
als, ie, PSST polymer, to modulate P-gp and to deliver PTX via
shell-core nanostructured micelles. In addition to improving
the solubility of PTX, PSST polymers also increased the cel-
lular accumulation of PTX by nanoscale carriers in combina-
tion of the P-gp suppression. Moreover, stimuli-responsive
nano drug delivery systems have been designed to facilitate
the escape of endosome/lysosomes to rapidly and thoroughly
release cargo drugs into the cytoplasm after internalization™.
The existence of redox potential differences in cytosolic GSH
concentrations between tumor cells and normal cells provides
the capability of fast disassembly of micelles. Therefore, the
present study combined the advantages of micelles assembled
from PSST polymers on P-gp inhibition and redox-responsive
drug release.

In the present study, we compared the MDR reversal and

anticancer efficiency of free PTX, a physical mixture of PTX
and blank PSST micelles and PTX-loaded PSST micelles to
determine the synergistic effect of MDR suppression by
polymeric materials and nano-scaled vehicles with a shell-
core structure. In cellular uptake experiments (Figure 4), the
intracellular entry of the fluorescent P-gp substrate, Rho-123
into drug-resistance A2780 cells was significantly enhanced
by incorporating the PSST polymer because of its P-gp sup-
pression activity, as shown in Figure 2. However, because of
the internalization advantage of nano-vehicles, much higher
concentrations of Rho-123 loaded into the PSST micelles were
able to accumulate in A2780/PTX cells compared to treatment
with the physical mixture. The higher uptake process was
subsequently investigated in relation to micropinocytosis and
caveolin-dependent endocytosis pathways. As expected, the
mixture of the PSST polymer resulted in the higher cellular
uptake of PTX and followed the enhanced anti-proliferation
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and cell cycle arrest effect. Furthermore, based on the rapid
drug release profile of PSST micelles in response to high GSH
concentrations, the PTX loaded in the PSST micelles induced
improved cytotoxicity effects and related mechanisms (Figure
5-7). Thus, these results demonstrated the value of the encap-
sulation of PTX in PSST micelles for overcoming MDR.

In summary, PSST polymers, ie, the amphiphilic a-tocopheryl
succinate-based polyphosphoester conjugates containing disul-
fide linkages, were herein successfully synthesized to overcome
MDR in drug-resistant human ovarian carcinoma. PTX was
encapsulated into PSST micelles, which possessed remarkable
redox-responsive drug release properties. Due to their advan-
tages of nano-scale size and inhibitory effects on P-gp efflux
by the a-TOS moiety, the PTX/PSST-M induced enhanced
intracellular drug accumulation possibly via the micropino-
cytosis and caveolin-dependent endocytosis pathway. The
PTX/PSST-M also reduced MDR in the PTX-resistant human
ovarian cancer A2780/PTX cell line. Moreover, the PTX/
PSST micelles exhibited synergistic therapeutic mechanisms
by increasing the mitochondria transmembrane potential and
intracellular ROS levels, leading to activation of intrinsic apop-
totic pathways and cell death. Collectively, the nano-sized
PSST micellar vehicles, characterized by P-gp inhibitory func-
tions and redox-responsive drug release, can be an effective
drug delivery vector to overcome MDR.
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