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Introduction: The development of nanodrug carriers utilizing tumor microenvironment has
become a hotspot in reversing multidrug resistance (MDR).

Materials and methods: This study synthesized a redox-sensitive copolymer, Pluronic
F127-disulfide bond-D-coi-tocopheryl polyethylene glycol 1000 succinate (FSST), through
the connection of the reduction-sensitive disulfide bond between F127 and D-o-tocopheryl
polyethylene glycol 1000 succinate. This polymer could induce the elevation of reactive oxy-
gen species (ROS) levels, ultimately resulting in cytotoxicity. Moreover, the redox-responsive
mixed micelles, F127-folate (FA)/FSST/P123 (FFSSTP), based on FSST, Pluronic F127-FA,
and Pluronic P123, were prepared to load paclitaxel (PTX).

Results: The in vitro release study demonstrated that FFSSTP/PTX accelerated the PTX
release through the breakage of disulfide bond in reductive environment. In cellular experi-
ment, FFSSTP/PTX induced significant apoptosis in PTX-resistant MCF-7/PTX cells through
inhibiting adenosine triphosphate (ATP)-binding cassette proteins from pumping out PTX by
interfering with the mitochondrial function and ATP synthesis. Furthermore, FFSSTP/PTX
induced apoptosis through elevating the intracellular levels of ROS.

Conclusion: FFSSTP could become a potential carrier for the treatment of MDR tumors.
Keywords: redox responsive, mixed micelles, multidrug resistance, paclitaxel, tumor
microenvironment

Introduction

Chemotherapy is one of the most primary and conventional methods to treat tumor,
which reduces the preoperative lesions, prevents recurrence after surgery, and
improves the survival rate and the quality of life among patients with advanced
metastatic cancer. However, chemotherapy usually leads to multidrug resistance
(MDR), which occurs after long-term application or increased use of chemo-
therapeutic drugs, ultimately leading to the treatment failure."* The study of MDR
mechanism has been lasted for decades. Current studies demonstrate that the cause
of MDR varies, such as membrane transporter-mediated MDR, enzyme-mediated
MDR, and apoptosis-related factor-mediated MDR.>'' Among them, the membrane
transporter-mediated MDR caused by adenosine triphosphate (ATP)-binding cassette
(ABC) proteins, including P-glycoprotein (P-gp), MDR proteins, and breast cancer

submit your manuscript

Dove n’ﬁu

http:

International Journal of Nanomedicine 2018:13 805-830 805
© 2018 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S152395
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:jmsyangchunrong@163.com

Lin et al

Dove

resistance proteins, is the main cause for the generation
of MDR.!? These proteins usually overexpress in drug-
resistant tumors and excrete drugs out of the cell membrane
through hydrolyzing ATP to provide energy, thus making
the intracellular drug concentration lower than their lethal
threshold, reducing the cytotoxicity of chemotherapeutics
and ultimately developing MDR.

With the development of nanotechnology, the nanopar-
ticle drug delivery system (NDDS) provides new ideas to
treat drug-resistant tumors."*'* The metabolism and prolifera-
tion of tumor cells differ from those of normal cells. Specific
NDDS could be designed and given more functions accord-
ing to the unique microenvironment of tumor cells, thereby
achieving rapid intracellular drug release and preventing drug
efflux.!*?* The redox environment in tumor cells is a typi-
cal example. The intracellular reductive environment is the
important feature of tumor cells due to the excessive expres-
sion of glutathione (GSH) in the cytoplasm. However, the
intracellular mitochondria also produce oxidative substances
through the mitochondrial respiratory chain, namely reactive
oxygen species (ROS), including hydrogen peroxide (H,0,),
oxygen radicals (-O,"), and hydroxyl radicals (-OH).>** The
ROS levels are relatively low and can be promptly cleared
by numerous antioxidant enzymes in normal cells. How-
ever, they are significantly higher in tumor cells and induce
cytotoxicity after exceeding a certain threshold, followed
by inhibiting extracellular excretion of drugs through the
inhibition of cell mitochondrial function and ATP synthesis,
ultimately inducing apoptosis.?’3°

Therefore, specific exogenous ROS inducers can be
used to increase the ROS levels of tumor cells, which play
arole in disrupting mitochondrial function, inhibiting drug
efflux, and inducing apoptosis. Therefore, we managed
to synthesize a redox-sensitive polymer, F127-disulfide
bond-D-a-tocopheryl polyethylene glycol 1000 succinate
(FSST), which was composed of Pluronic F127, and the
ROS inducer, D-o-tocopheryl polyethylene glycol 1000
succinate (TPGS), through the connection with a disulfide
bond, which was a reduction-sensitive chemical bond.’!
Furthermore, the redox-responsive NDDS, F127-folate
(FA)/FSST/P123 (FFSSTP) micelles, composed of FSST,
Pluronic F127-FA (active-targeting chain), and Pluronic
P123 (efflux inhibitor), were prepared to load paclitaxel
(PTX). The micelles were capable of accelerating the
disaggregation and PTX release through the breakage of
disulfide bond in the strong reducing environment of tumor
cells. TPGS and P123 acted on the mitochondria, which

could inhibit the efflux of PTX through interfering with the
mitochondrial function and ATP synthesis caused by the
elevation of ROS level. Meanwhile, the significant increase
in ROS level would generate cytotoxicity, thereby inducing
apoptosis (Scheme 1).

Materials and methods

Materials

Pluronic F127 and P123 were purchased from BASF Ltd.
(Shanghai, China). PTX was supplied by Xi’an Sanjiang
Bio-Engineering Co., Ltd. (Xi’an, China). TPGS was
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
p-Nitrophenyl chloroformate (p-NPC, 97%), triethylamine,
3-amino-1,2-propanediol (APD), N,N’-carbonyldiimidazole,
4-dimethylaminopyridine, and cystamine dihydrochloride
(Cystamine-2HCI or Cys) were obtained from Shanghai
Aladdin Chemistry Co., Ltd. (Shanghai, China). FA,
N-hydroxysuccinimide, and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride were obtained from Tianjin
Heowns Co., Ltd. (Tianjin, China).

Dithiothreitol (DTT, 99%) and 3-(4,5-dimethyl-thiazol-
2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were supplied
by Sigma-Aldrich Co. Roswell Park Memorial Institute (RPMI)
1640, penicillin—streptomycin, fetal bovine serum (FBS), and
0.25% (w/v) trypsin—0.03% (w/v) ethylenediaminetetraacetic
acid solution were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). MitoTox™ Complex II OXPHOS
Activity Assay Kit was obtained from Novagen (Darmstadt,
Germany). ROS assay kit, 2’,7—dichlorofluorescin diacetate
(DCFH-DA), mitochondrial membrane potential (MP) assay
kit (JC-1), thodamine 123 (R123), Hoechst 33342, ATP assay
kit, RNase A, propidium iodide (PI), and Annexin V-FITC
apoptosis detection kit were purchased from Beyotime Bio-
technology Co., Ltd. (Nantong, China).

The MCF-7 human breast cancer cell line and the
BEAS-2B human normal bronchial epithelial cell line were
purchased from the Cell Bank of Shanghai, Institute of Bio-
chemistry and Cell Biology, Chinese Academy of Sciences
(Shanghai, China). The PTX-resistant MCF-7 (MCF-7/PTX)
cell line was established as previously described.** Culture
plates and dishes were obtained from Corning Incorporated
(Corning, NY, USA). The culture medium was RPMI 1640,
supplemented with 10% FBS, 100 mg/mL streptomycin
sulfate, and penicillin 100 IU/mL. The incubators maintained
at37°C with 5% CO, under fully humidified conditions. Cells
in the logarithmic phase of growth were used to perform all
experiments.
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Synthesis and characterization of FSST

and FT

The synthesis of FSST is provided in the Supplementary
materials. Meanwhile, the nonreductive sensitive polymer,
FT, was synthesized through the direct connection between
F127 and TPGS. The structures of obtained polymers were
characterized by 'H nuclear magnetic resonance (NMR)
spectra (600 MHz; Bruker, Karlsruhe, Germany). The
solvent was deuterated chloroform (CDCI,), and chemical
shifts (8) were measured in parts per million downfield from
tetramethylsilane (internal standard). The critical micelle
concentration (CMC) was detected by pyrene, and the
measurement method was provided in the Supplementary
materials. The reductive sensitivities of synthesized polymers
were detected by dynamic light scattering (DLS). Briefly,
TPGS, FSST, and FT (5 mg/mL) solutions were added to
DTT solutions with different concentrations (0, 0.1, 1, 5,
and 10 mM) and incubated for 0.25, 0.5, 1,2, 4, 8, and 12 h.
At predetermined time intervals, the solution (1 mL) was
withdrawn and the particle sizes of micelles formed by these
polymers were monitored with DLS (Malvern Instruments,
Malvern, UK).

Effects of FSST and FT on intracellular
ROS levels

ROS are the major intracellular oxidative substance. In this
work, they were determined by an ROS assay kit, DCFH-
DA% Specifically, MCF-7 and MCF-7/PTX cells were
seeded in 24-well plates at a density of 1x10° cells/well
and incubated for 24 h. Then, the supernatant was removed,
and the composition of the fresh incubation solution varied
according to the tests. In the time-dependent ROS generation
investigation, the solution was TPGS, FSST, FT, F127, or
P123 growth medium (1 mL) at designated concentrations
(TPGS, FSST, and FT were diluted and fixed at 250 pg/mL
according to the concentration of TPGS, and F127 and
P123 were also diluted to the same degree) for 0.5, 1, 2,
3, 4, and 8 h at 37°C after the old growth medium was
removed. In the concentration-dependent ROS generation
investigation, the solution was TPGS, FSST, FT, F127, or
P123 growth medium (1 mL) in which the concentrations of
TPGS were 10, 50, 100, 150, and 250 pg/mL, respectively,
and incubated for 4 h at 37°C (F127 and P123 were diluted
to the same degree as TPGS, FSST, and FT). Cells were
washed three times with ice-cold phosphate buffered solu-
tion (PBS) after the supernatant was removed at the end of
incubation. Cells were treated with DCFH-DA for 30 min,
washed three times with ice-cold PBS, and then harvested

and resuspended in PBS.%* The flow cytometry was used to
measure the fluorescence of each sample (FACSCalibur;
BD Biosciences, San Jose, CA, USA).

Effects of FSST and FT on mitochondrial

function

The activity of mitochondrial respiratory complex II was
measured by a MitoTox™ Complex OXPHOS Activity
Assay Kit. MCF-7 and MCF-7/PTX cells were seeded in
24-well plates (5x10* cells/well). After overnight incuba-
tion, medium was removed and cells were incubated with
TPGS, FSST, FT, F127, or P123 growth medium solution
at designated concentrations (TPGS, FSST, and FT were
diluted and fixed at 250 pg/mL according to the concentra-
tion of TPGS and F127 and P123 were diluted to the same
degree) for 0.5, 1, 2, 4, 8, and 12 h at 37°C. Tested media
were withdrawn within the predetermined time interval.
Cells were washed three times with ice-cold PBS. Then,
RIPA lysis buffer (150 uL) was added and cells were
incubated for 10 min at 37°C. An enzyme-linked immu-
nosorbent assay microplate reader (Bio-Rad Laboratories
Inc., Hercules, CA, USA) was used to measure samples at
the absorbance of 600 nm. The activity of mitochondrial
respiratory complex II was normalized by the protein content
in each sample, using a bicinchoninic acid (BCA) kit (the
blank medium was set as control). The following equation
was used to calculate the relative activity of mitochondrial
respiratory complex II:

A
Relative activity (%) = A—‘ x100% (1)

0

where A and A were the activities of mitochondrial respira-
tory complex II at 0 and t h, respectively.

The change of mitochondrial MP was assessed by
the lipophilic cationic MP-sensitive dye JC-1 (5,5",6,6"-
tetrachloro-1,1”,3,3’-tetracthyllenzimidazolycarbocyanine
iodide). Briefly, MCF-7 and MCF-7/PTX cells were treated
with TPGS, FSST, FT, F127, or P123 growth medium solu-
tion at designated concentrations for 12 h (TPGS, FSST,
and FT were diluted and fixed at 250 pg/mL according to
the concentration of TPGS and F127 and P123 were diluted
to the same degree) and washed three times by ice-cold
PBS. Cells were trypsinized and suspended in JC-1 staining
solution (500 pL) for 20 min. Cells were rinsed with physi-
ological saline, followed by suspended in JC-1 staining buffer
(500 puL). The fluorescence intensity of green (FL1 channel)
and red (FL2 channel) was measured by a flow cytometry
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(FACSCalibur). The average JC-1 FL1/FL2 (red/green) sig-
nal intensity ratio was used to express the obtained values.

Cytotoxicity study

The cytotoxicity of TPGS, FSST, FT, F127, and P123 was
assessed by MTT assay, and the human normal bronchial
epithelial cell line (BEAS-2B) was set as the normal control.
Specifically, BEAS-2B, MCF-7, and MCF-7/PTX cells were
seeded in 96-well plates (5x103 cells/well) and incubated for
24 h. Then, medium was removed and cells were incubated
with TPGS, FSST, FT, F127, or P123 growth medium solu-
tion at designated concentrations (TPGS, FSST, and FT were
diluted according to the concentration of TPGS and F127
and P123 were diluted to the same degree) for 24 and 48 h.
At a predetermined time, wells were replaced with MTT
solution after rinsing with ice-cold PBS. Plates were further
incubated for 4 h at 37°C to allow viable cells to reduce the
MTT (yellow) into formazan crystals (purple). Then, the
supernatant was removed and dimethyl sulfoxide (DMSO,
150 mL) was added to dissolve the crystals. The absorbance
was recorded by an enzyme-linked immunosorbent assay
microplate reader (Bio-Rad Laboratories Inc., Hercules,
CA, USA) at 570 nm. Cell viability was used to quantify
the cytotoxicity of these polymers, which was calculated
according to the following equation:

Cell viability (%) = Test absorption value

- x100% (2)
Control absorption value

Preparation, characterization, and in vitro

release of PTX-loaded mixed micelles

The synthesis of F127-FA was provided in the Supplementary
materials (Figures S1 and S2). The FFSSTP/PTX micelles
composed of FSST, F127-FA, and P123 were prepared via
the thin-film hydration method. PTX (4 mg) and Pluronic
mixture (300 mg, composed of P123 and F127 deriva-
tives, 2:1, w/w; F127 derivatives were composed of 10%
F127-FA and 90% FSST, w/w) were dissolved in acetonitrile
(10 mL) and sonicated for 10 min. Then, a PTX/copolymer
thin film was obtained through rotary evaporation at 50°C
for 30 min. The residual acetonitrile was removed under
vacuum overnight at room temperature (RT). The film was
hydrated with water (5 mL, 60°C) for 30 min to obtain the
micellar solution. The unencapsulated PTX in micellar solu-
tion was removed through a 0.22 um membrane filter. The
F127-FA/FT/P123 (FFTP)/PTX (composed of FT, F127-FA,
and P123) and F127-FA/FT/P123 (FFP)/PTX (composed of
F127-FA and P123) micelles were also prepared as described
earlier. Micelles were characterized by transmission electron

microscopy (TEM; Hitachi Ltd., Tokyo, Japan) and Malvern
Zetasizer Naso ZS (Malvern Instruments). The following
equations were used to calculate drug-loading (DL%) coef-
ficient and entrapment efficiency (EE%):

Weight of the drug in micelles

DL% = —— . x100%
Weight of the feeding polymers and drug
3)
EE% = Weight of the drug in micelles «100%  (4)

Weight of the feeding drug

The release behaviors of different PTX formulations
were investigated by dialysis tubes (molecular weight cut-
off [MWCO] 1000) at 37°C in two different media, ie, PBS
(50 mM, pH 7.4) with or without 10 mM DTT, which con-
tained sodium salicylate (1 mol/L) to acquire sink conditions.
PTX or micelle solution (5 mL) was dialyzed against the
same medium (50 mL). Release medium (1 mL) was taken
out and replenished with the equal volume of fresh medium
at predetermined time intervals. Samples were determined
by a reverse-phase high-performance liquid chromatogra-
phy. The chromatographic column was a C,, BDS Hypersil,
and the mobile phase was acetonitrile/water (55:45, v/v) at
1.0 mL/min. The detection wavelength was 227 nm using an
ultraviolet detector. Samples were quantified by comparing
the peak areas with the standard curve, which was assessed
by a calibration, which was obtained by plotting the peak
area of each analyte versus PTX concentrations (0.1-100 pg/
mL). The in vitro release tests were conducted in triplicate,
and results were divided by the initial value to obtain relative
values at each time point.

Cytotoxicity of PTX-loaded micelles

in MCF-7 and MCF-7/PTX cells

MCF-7 and MCF-7/PTX cells were seeded in 96-well plates
(5%10° cells/well). After 24 h incubation, the original medium
was replaced with FFSSTP/PTX, FFTP/PTX, FFP/PTX, or
PTX growth medium solution, which contained the same
concentration of PTX (0.001-10 pg/mL) for 48 h. The MTT
assay was used to measure the cytotoxicity of different PTX
formulations, and the experimental operations were the same
as the “Cytotoxicity study” section.

Cellular uptake assay

The cellular qualitative uptake assay was performed by a P-gp
substrate with fluorescence, R123.33¢ Specifically, MCF-7
and MCF-7/PTX cells were seeded into a 12-well plate
(1x10° cells/well) in growth medium solution with a glass
coverslip/well. After 24 h of incubation, the original medium
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was replaced with free R123, FFSSTP/R123, FFTP/R123,
or FFP/R123 growth medium solution (R123 concentration
was 100 pg/mL in each preparation) and incubated at 37°C
for 4 h. Then, coverslips with cells were taken off, washed
with ice-cold PBS, placed in empty wells, and treated with
4% paraformaldehyde (1 mL) for 15 min. Cell nucleus was
counterstained with Hoechst 33342 for 5 min after washing
with ice-cold PBS. The final samples (washed with ice-cold
PBS to remove the residual Hoechst 33342) were analyzed
under a confocal laser scanning microscope (Nikon Al;
Nikon Corporation, Tokyo, Japan).

A liquid chromatography—tandem mass spectrometry
(LC-MS/MS) method was used to determine the cellular
quantitative accumulation and retention. MCF-7 and MCF-7/
PTX cells were seeded in 12-well plates at a density of
1x10° cells/well. In time-dependent uptake investigation,
cells were incubated by FFSSTP/PTX, FFTP/PTX, FFP/
PTX, or PTX growth medium solution at a PTX concentra-
tion of 5 pg/mL for 1, 2, 3, and 4 h at 37°C after removing
the old medium. Cell uptake was terminated through repeated
washing with ice-cold PBS, and the residual PTX was also
removed from the cell surface. Then, the cells were lysed
with RIPA lysis buffer (100 uL), and PTX was extracted
with acetonitrile (200 wL/sample), sonicated in ice bath, and
centrifuged (12,000x g, 5 min). The supernatant of extracts
was collected and analyzed by LC—MS/MS. Moreover, the
protein content in each sample was determined by a BCA
protein assay kit. The chromatographic column was a Hyper-
sil GOLD C , column, and the mobile phase was consisted of
0.1% formic acid (A) and acetonitrile containing 0.1% formic
acid (B). The column temperature was 20°C, the flow rate was
0.4 mL/min, and the run time was 5.5 min. The sample injec-
tion volume was 10 UL. The gradient elution was delivered
at the start of run 80/20% of A/B; from 1.5 to 5.5 min, the
gradient starts at 20% A and ramps to 80% A. An electronic
spray ion-positive mode was selected to operate the mass
spectrometer. The selected reaction monitoring transitions
used for quantification were performed at m/z 854.25/509.12
(collision energy: 15 eV) for PTX and m/z 830/527.14 (colli-
sion energy: 25 eV) for the internal standard, docetaxel. The
weighted (1/X?) least-squares linear regression of calibration
curves based on peak area ratios of PTX to docetaxel versus
actual concentrations was used to determine the linearity
(55,000 ng/mL). The cellular accumulation of PTX was
normalized with total protein content. The following equation
was used to calculate the uptake index (UI):

Ul =

C
T Q)

where C and P were the PTX and protein concentration in
the cell lysis solution, respectively.

In intracellular retention study, MCF-7 and MCF-7/
PTX cells were cultured with FFSSTP/PTX, FFTP/PTX,
FFP/PTX, or PTX growth medium solution for 4 h and
washed with ice-cold PBS, followed by incubation with
culture medium at 37°C for additional 1, 2, 3, and 4 h. Cells
were lysed, the concentrations of PTX in cell lysate were
measured, and the intracellular retention ratio was calculated
by the following equation:

Ul
Relative residual amounts (%) = U_(t) x100%  (6)
©

where UIm and UI(O) were the values of UI at different addi-
tional incubation times or the values of UI before additional
incubation, respectively.

Effect of blank mixed micelles on
mitochondrial function of MCF-7/PTX

cells

To investigate the effect of blank micelles on the mitochon-
drial MP of drug-resistant cells, the confluent MCF-7/PTX
cells were treated with FFSSTP, FFTP, or FFP for 12 h, and
the following experiments were the same as the “Effects of
FSST and FT on mitochondrial function” section. In the inves-
tigation of blank micelles on the ATP content of MCF-7/PTX
cells, the confluent cells were incubated with FFSSTP, FFTP,
or FFP for 2 h. Then, cells were washed with ice-cold PBS,
solubilized in cell lysates, and centrifuged (12,000x g, 4°C)
for 10 min. The luciferin/luciferase assay was used to deter-
mine the ATP content in the collected supernatant, which was
performed by an ultra-weak luminescence analyzer (model
BPCL,; Biological & Physical Chemiluminescence, Guang-
zhou, China) to detect the light emission of each sample. Raw
data were converted to ATP concentration, and ATP contents
were normalized by protein content in each sample (detected
by BCA kits) according to the standard calibration curve. The
blank medium was used as the control.

Cell cycle and apoptosis assay

In cell cycle assay, MCF-7/PTX cells seeded in the six-well
plates (5x10° cells/well) were treated with FFSSTP/PTX,
FFTP/PTX, FFP/PTX, or PTX growth medium solution
(5 ug/mL of PTX) and FBS-free culture medium at 37°C for
24 h. Adherent and nonadherent cells were recovered at the end
of incubation, centrifuged, washed with ice-cold PBS, fixed
with 70% cold ethanol, and stored at 4°C for 24 h. Then, cells
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were centrifuged and washed again, incubated with RNase A
(1 mg/mL) for 10 min at 37°C, and stained with PI (1 mg/mL)
in the dark. Flow cytometry (FACSCalibur) was used to deter-
mine the DNA content. The percentage of cells in each phase
of the cell cycle was calculated by the ModFit software.

The Annexin V-FITC/PI apoptosis detection kit was
used to detect the apoptosis of MCF-7/PTX cells. Cells
seeded in the six-well plates (5x10° cells/well) were treated
with FFSSTP/PTX, FFTP/PTX, FFP/PTX, or PTX growth
medium solution at 37°C for 24 h. PTX concentration in
each preparation was 5 pg/mL. The following procedures
were performed according to the manufacturers’ protocols.
A flow cytometer (FACSCalibur) was used to analyze the
stained cells, and the CellQuest software (BD Biosciences)
was used to perform data analysis.

Statistical analysis

Results were given as mean = SD. All data were statistically
analyzed by the Statistical Product and Service Solutions
(SPSS) Statistical Software (v.22; IBM Corporation, Armonk,
NY, USA). One-way analysis of variance and least-significant
difference test were used to compare among groups. The
threshold for statistical significance was set at P<<0.05.

Results and discussion

Synthesis and characterization of

FSST and FT

The synthesis of FSST and FT is shown in Figures S3—S6
and confirmed by "H NMR (Figures S7-S13). Pluronic F127
is a triblock copolymer, which is composed of hydrophilic
polyoxyethylene (70%) and hydrophobic polyoxypropylene
(30%). The molecular weight and segment length of TPGS
are obviously smaller than F127. Therefore, it is suitable
that TPGS is used as the functional group to link with
F127, thus avoiding the formation of oversized mixed
micelles. In this study, F127 was used as the skeleton to
synthesize FSST and FT due to its high reactive terminal
hydroxyl groups. The introduction of APD would increase
the number of terminal hydroxyl groups of F127, which
could improve the success rate of the connection between
F127 and TPGS. The CMC values of FSST and FT were
0.061 and 0.076 mg/mL, respectively, which were much
lower than that of F127 (0.24 mg/mL) (Figure S14).
This may be due to the introduction of TPGS, which was
mainly composed of hydrophilic polyethylene glycol and
hydrophobic D-o-tocopherol succinate. The results of the
reductive sensitivity investigation of FSST and FT are
depicted in Figure 1. FSST and FT would form micelles by
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Figure | The particle size changes of (A) TPGS, (B) FSST, and (C) FT in different
incubation times with different DTT concentrations (mean * SD, n=3).
Abbreviations: DTT, dithiothreitol; FSST, FI27-disulfide bond-TPGS; FT, FI27-
TPGS; TPGS, D-a-tocopheryl polyethylene glycol 1000 succinate.

self-assembly when their concentrations exceeded CMC.
Moreover, the disulfide bonds in FSST would be degraded
into thiol groups due to the reductive agent, DTT, and lead
to the degradation of FSST micelles. The particle size of
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FSST decreased ~10 nm after incubation with 0.1 mM
of DTT for 1 h. When the DTT concentration exceeded
1 mM, the particle size decreased >20 nm. Besides, with
the increase in incubation time, the DTT concentration-
dependent decline of the FSST particle size was slowed
down and reached an equilibrium stage. Little decline in
particle size was found in TPGS and FT solution with the
increase in DTT concentration. Moreover, the particle size
of the three micelles increased slowly with the incubation
time may be due to the agglomeration among amphiphilic
polymers caused by intermolecular forces.

Effects of polymers on intracellular
ROS level

Studies have shown that many tumor cells exhibited higher
ROS level and were more sensitive to ROS inducers or

A 200 -

MCF-7

MEI of DCF

Time (h)

antioxidant system antagonists when compared to normal
cells. These cells produced cytotoxicity by increasing ROS
levels, eventually inducing apoptosis. The time-dependent
ROS generation study revealed that TPGS, FSST, and FT
rapidly increased the ROS level in MCF-7 and MCF-7/PTX
cells (Figure 2A). They also significantly increased the ROS
level at each concentration (Figure 2B) in the concentration-
dependent ROS generation study. Moreover, the ROS level of
MCF-7/PTX cells was higher than MCF-7 cells at each time
point or incubation concentration. This might be related to
the difference of the intracellular ROS basal values between
two cells, which was affected by the generation and consump-
tion of ROS.** The ROS basal value of MCF-7/PTX cells
was higher than that of MCF-7 cells (Figure 2A), which
meant that the consumption of ROS caused by reducing
agent showed little effects on MCF-7/PTX cells. FSST and
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Figure 2 Changes of ROS level in MCF-7 and MCF-7/PTX cells after incubating with FI127, P23, TPGS, FSST, or FT for different periods of time (A) or with different

concentrations (B) (mean + SD, n=3).

Notes: *P<0.05, **P<<0.01: significantly different from F127 group. TPGS, FSST, and FT were diluted and fixed at 250 pg/mL according to the concentration of TPGS, and

F127 and P123 were diluted to the same degree.

Abbreviations: FSST, F127-disulfide bond-TPGS; FT, FI127-TPGS; PTX, paclitaxel; ROS, reactive oxygen species; TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.
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FT could quickly increase the ROS level, and the generated
ROS would continue to increase intracellular ROS levels in
cytoplasm. However, the situation was just the opposite in
MCEF-7 cells, thus leading to a slow increase in intracellular
ROS level. However, F127 and P123 do not affect intracel-
lular ROS levels in these two experiments.

Effects of polymers on mitochondrial
function

Mitochondrial respiratory complex II is the link between
the tricarboxylic acid cycle and mitochondrial electron
transport chain, which plays a key role in mitochondrial
respiratory chain.** Studies have revealed that TPGS could
inhibit and destruct the mitochondrial respiratory complex
II to induce cell apoptosis, which caused the leakage of
electrons from the respiratory chain and the recombination of
electrons with molecular oxygen could yield ROS.** From
Figure 3A, the activity of mitochondrial respiratory complex
I in MCF-7 and MCF-7/PTX cells was significantly inhibited

>

MCF-7

120

100

80

60 -

40 -
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by TPGS, FSST, and FT, and the inhibitory effect increased
significantly over time. Furthermore, the inhibition of FSST
and FT on MCF-7/PTX cells (the relative activities of com-
plex II were 27.71% and 33.14% after 12 h of incubation)
was stronger than that of MCF-7 cells (37.26% and 43.73%),
indicating that more electrons were leaked from the mito-
chondrial respiratory chain under the incubation with these
polymers and recombined with molecular oxygen to yield
ROS in MCF-7/PTX cells with higher ROS basal value.
The direct result of the disruption of mitochondrial
function is the change in mitochondrial membrane perme-
ability, which is manifested as changes in mitochondrial
MP, whose decrease is a landmark event in the early stage of
apoptosis.**" The effects of these polymers on mitochondrial
MP of MCF-7 and MCF-7/PTX cells were determined by
JC-1. Once bounded with high MP, JC-1 could be able to
reversibly transform from a monomer form (green flores-
cence) to an aggregate form (red florescence).*® Therefore,
the increase in the ratio of green/red fluorescence intensity
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Figure 3 Investigation of mitochondrial function.

P123 TPGS FSST FT

Notes: (A) Inhibition of F127, P123, TPGS, FSST, or FT on the activity of mitochondrial respiratory complex Il (mean £ SD, n=3). **P<<0.01: significantly different from blank
group. (B) Effects of F127, P123, TPGS, FSST, or FT on mitochondrial membrane potential (mean + SD, n=3). *P<<0.05, **P<<0.01: significantly different from FI27 group.
TPGS, FSST, and FT were diluted and fixed at 250 pg/mL according to the concentration of TPGS, and F127 and P123 were diluted to the same degree.

Abbreviations: FSST, F127-disulfide bond-TPGS; FT, FI127-TPGS; PTX, paclitaxel; TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.
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Figure 4 In vitro cytotoxicity of F127, P123, TPGS, FSST, or FT on BEAS-2B, MCF-7, and MCF-7/PTX cells in 24 or 48 h (mean + SD, n=3).
Abbreviations: FSST, F127-disulfide bond-TPGS; FT, FI27-TPGS; PTX, paclitaxel; TPGS, D-0-tocopheryl polyethylene glycol 1000 succinate.

indicates the mitochondrial depolarization (nonfunctional
mitochondria). From Figure 3B, TPGS, FSST, and FT sig-
nificantly increased the green/red fluorescence intensity in
both cells. The subtle difference between FSST and FT was
the breakage of disulfide bonds, which caused faster release
of TPGS form FSST, thereby significantly reducing MP.
Moreover, the inhibition of the mitochondria function and
the increase of ROS level made FSST and FT reduce the MP
and destroy the permeability of the mitochondrial membrane,
ultimately inducing cell apoptosis.

Cytotoxicity study
As shown in Figure 4 and Table 1, polymers exhibited
little cytotoxicity on BEAS-2B cells. The cell viabilities of

BEAS-2B cells were >60 and 47% in 24 and 48 h when the
concentration of each polymer was 1,000 pwg/mL. The half
maximal inhibitory concentration (IC, ) values of BEAS-2B
cells were >1,000 pg/mL in 24 and 48 h. However, TPGS,
FSST, and FT exhibited significant cytotoxicity on MCF-7
and MCF-7/PTX cells in addition to F127. P123 also exhib-
ited certain toxicity, but its cytotoxicity was inferior to those
polymers containing TPGS. Furthermore, the IC,; values
of MCF-7/PTX cells in 24 and 48 h were less than those
of MCF-7 cells after incubating with polymers containing
TPGS (Table 1). These results confirmed that the threshold
of ROS levels, which generated cytotoxicity in tumor cells,
was lower than that of normal cells due to the stronger sen-
sitivities of tumor cells to ROS inducers. Moreover, TPGS

Table | IC50 values of BEAS-2B, MCF-7, and MCF-7/PTX cells after 24 and 48 h incubation with FI127, P123, TPGS, FSST, and FT

(mean £ SD, n=3)

Incubation time (h) Excipients IC,, (ug/mL)
BEAS-2B MCF-7 MCF-7/PTX
24 FI27 >10,000 >10,000 >10,000
P123 >10,000 2,232.63+143.16 1,715.80+98.20
TPGS 2,606.24%1,666.61 155.87+20.11 123.2148.39*
FSST 4,433.70+2,558.40 192.56+23.34 124.21£16.76*
FT 6,771.01£3,071.61 205.11£31.27 121.95+22.54*
48 F127 >10,000 >10,000 >10,000
P123 >10,000 374.22+41.72 119.53£9.05*
TPGS 1,574.51£726.84 21.10+5.33 17.97+7.29
FSST 1,530.66£513.76 35.69+9.02 24.67+10.83*
FT 2,841.41+1,154.97 37.55+11.47 24.27+8.58*

Note: *P<<0.01: the IC,  values of MCF-7/PTX cells were significantly different from that of MCF-7 cells.

Abbreviations: FA, folate; FSST, F127-disulfide bond-TPGS; FT, FI127-TPGS; IC,, half maximal inhibitory concentration; PTX, paclitaxel; TPGS, D-oi-tocopheryl polyethylene

glycol 1000 succinate.
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Table 2 Physical characteristics of PTX-loaded mixed micelles (mean % SD, n=3)

Preparation Particle PDI Zeta potential EE (%) DL (%)
size (nm) (mV)

FFSSTP-PTX 156.1+£9.7 0.244+0.015 —5.29+1.2 62.93+2.43 0.832+0.007

FFTP-PTX 133.547.2 0.147+0.011 —5.98+0.7 60.73+1.56 0.803+0.012

FFP—PTX 114.5£5.4 0.099+0.006 —7.86+0.8 59.30+2.85 0.785+0.010

Abbreviations: DL, drug loading; EE, entrapment efficiency; FFSSTP, F127-folate/F127-disulfide bond-D-o.-tocopheryl polyethylene glycol 1000 succinate/P123; FFTP, F127-FA/
FT/P123; FT, FI27-TPGS; PDI, polymer dispersity index; PTX, paclitaxel; TPGS, D-0-tocopheryl polyethylene glycol 1000 succinate.

quickly increased the ROS level in tumor cells with higher
ROS basal value, thus resulting in significant cytotoxicity.
Furthermore, MCF-7/PTX cells generated more ROS at the
same incubation time or concentration when compared with
MCEF-7 cells, thus exhibiting significant cytotoxicity, which
was consistent with the results of ROS level detection.

Preparation, characterization, and in vitro

release of PTX-loaded mixed micelles

The physical characterization and parameters of these
mixed micelles are shown in Table 2. The size of FFP/PTX
micelles was ~110 nm, with relatively low polydispersity
indexes. However, particle sizes and polydispersity indexes
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of FFTP/PTX and FFSSTP/PTX increased significantly with
the introduction of disulfide bonds and TPGS. Meanwhile,
the introduction of disulfide bonds also resulted in differ-
ences in the particle size of FFSSTP/PTX and FFTP/PTX.
The zeta potential for all micelles was negatively charged
on the surface, which could keep the micellar system stable
in the blood circulation and facilitates cellular uptake via
endocytosis.*-! The results of TEM observation are shown
in Figure 5A. Micelles were spherical and homogeneous
in shape and were consistent well with the laser diffraction
particle sizes. These features of micelles protect PTX from
the renal clearance by increasing the circulatory half-life
of PTX after intravenous injection, thus facilitating PTX
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Figure 5 Characterization and reduction-triggered release of PTX-loaded mixed micelles.

Notes: (A) TEM micrograph of PTX-loaded mixed micelles: (a) FFSSTP-PTX, (b) FFTP-PTX, and (c) FFP-PTX. (B) In vitro release behavior of PTX from FFSSTP/PTX, FFTP/
PTX, and FFP/PTX micelles in PBS solution with (a) or without (b) 10 mm DTT (mean + SD, n=3). **P<0.01: significantly different from FFP/PTX micelles.
Abbreviations: DTT, dithiothreitol; FA, folate; FFP, F127-FA/FT/P123; FFSSTP, F127-folate/F|27-disulfide bond-D-0.-tocopheryl polyethylene glycol 1000 succinate/P123;
FFTP, F127-FA/FT/P123; FT, FI127-TPGS; PBS, phosphate buffered solution; PTX, paclitaxel; TEM, transmission electron microscopy; TPGS, D-o-tocopheryl polyethylene

glycol 1000 succinate.
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delivery through the leaky vasculature in solid tumors by
enhanced permeability and retention effect.>

The results of PTX released from mixed micelles are
shown in Figure 5B. Since PTX is preferably dissolved in
the solution of sodium salicylate solution (28.1 pg/mL), both
media contained 1 mol/L of sodium salicylate to acquire sink
conditions and the micellar solution (5 mL) was dialyzed
against the same medium (50 mL).>* The PTX solution had
been released completely in both media within 12 h. In DTT
media, FFSSTP/PTX micelles showed the fastest release of
PTX (75.60%, 48 h), followed by FFP/PTX and FFTP/PTX
micelles (57.74% and 55.30%, respectively). However, in the
media without DTT, the cumulative release rate of FFSSTP/
PTX decreased significantly (56.46%, 48 h), but the cumu-
lative release rate of FFP/PTX and FFTP/PTX micelles did
not change obviously (61.64% and 59.71%, respectively).
The reductive intracellular environment of tumor cells with

Hoechst 33342 R123 Merge

FFSSTP-R123 R123 Blank control

FFTP-R123

FFP-R123

overexpressed GSH promotes the breakage of the disulfide
bonds. Therefore, the in vitro release experiment imitates the
cytoplasmic environment of tumor cells by using the media
with 10 mM of DTT. FFSSTP/PTX rapidly released PTX
depending on the accelerated disaggregation induced by the
breakage of disulfide bonds. However, they exhibited a certain
sustained release effect in nonreducing environment, which
allowed FFSSTP/PTX micelles to remain stable in the blood
circulation. Micelles could be rapidly depolymerized once
they entered tumor cells, thereby reducing the toxicity of PTX
caused by its premature entry into the blood circulation.

Cellular uptake assay

The results of cellular qualitative uptake assay are shown
in Figure 6. After incubating with different R123 prepara-
tions, the fluorescence intensity of each group in MCF-7
cells showed little differences. However, MCF-7/PTX cells

Hoechst 33342 R123 Merge

MCF-7/PTX

Figure 6 CLSM study of MCF-7 and MCF-7/PTX cells incubated with free R123, FFSSTP/R123, FFTP/R123, or FFP/R123 micelles for 4 h, respectively.

Notes: Green: R123; blue: cell nucleus stained by Hoechst 33342; scale bars =50 pm.

Abbreviations: CLSM, confocal laser scanning microscope; FA, folate; FFP, F127-FA/FT/P123; FFSSTP, F127-folate/F127-disulfide bond-D-o-tocopheryl polyethylene glycol
1000 succinate/P123; FFTP, F127-FA/FT/P123; FT, FI127-TPGS; PTX, paclitaxel; R123, rhodamine 123; TPGS, D-ai-tocopheryl polyethylene glycol 1000 succinate.
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incubated with FFSSTP/R123 showed strong fluorescence,
followed by FFTP/R123, and FFP/R123 only showed weak
fluorescence in MCF-7/PTX cells. The weakest fluorescence
was observed in MCF-7/PTX cells incubated with free
R123 solution. Figure 7A and B is the results of quantita-
tive uptake and intracellular retention assays. For MCF-7
cells, the Ul values of the four PTX preparations were
1,749.49+90.94 ng/mg (PTX solution), 2,653.94+66.95 ug/mg
(FFSSTP/PTX), 2,485.87£162.66 ug/mg (FFTP/PTX),
and 2,119.99+104.40 pug/mg (FFP/PTX), which were 1.52,
1.42,and 1.21 times of free PTX, respectively. However, for
MCF-7/PTX cells, the Ul values of four PTX preparations were
235.98+28.77 ug/mg (PTX solution), 1,410.12494 .48 nug/mg
(FFSSTP/PTX), 1,037.65+64.17 pug/mg (FFTP/PTX), and
733.26181.38 ng/mg (FFP/PTX), which were 5.98, 4.40, and
3.11 times of free PTX, respectively (Figure 7A). Moreover,
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the intracellular retentions of PTX in the two cells exhibited
different behaviors (Figure 7B). Only 25.75%%4.63% of
PTX was retained in cells after withdrawing the drug for 4 h.
After incubating with three micelles, the intracellular PTX
retention dose was 2.71 (FFSSTP/PTX), 2.21 (FFTP/PTX),
and 1.79 (FFP/PTX) times of the free PTX.

These results demonstrated that FFSSTP and FFTP
micelles remarkably enhanced the uptake and retention
of R123 and PTX in MCF-7/PTX cells, which could be
explained by the subsequent mitochondrial MP and ATP
content assays (Figure 8). After incubating the MCF-7/PTX
cells with blank micelles, the mitochondrial MP all increased,
along with the decrease in ATP content, indicating that the
inhibition of mitochondrial function by TPGS could interfere
with the synthesis of ATP. Therefore, functions of ABC pro-
teins were restricted due to the lack of energy supply, resulting
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Figure 7 (A) In vitro cellular uptake of MCF-7 and MCF-7/PTX cells after incubated with free PTX, FFSSTP/PTX, FFTP/PTX, and FFP/PTX micelles for different times
(mean * SD, n=3). (B) Intracellular relative residues (%) of PTX in cells for different times after different PTX preparations were withdrawn (mean * SD, n=3). *P<0.05,
**P<0.01: significantly different from free PTX; *P<<0.05, #P<<0.01: significantly different from FFP/PTX.

Abbreviations: FA, folate; FFP, F127-FA/FT/P123; FFSSTP, F127-folate/F|27-disulfide bond-D-ci-tocopheryl polyethylene glycol 1000 succinate/P123; FFTP, FI127-FA/FT/
P123; FT, FI27-TPGS; PTX, paclitaxel; TPGS, D-0-tocopheryl polyethylene glycol 1000 succinate.
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in the increase in intracellular PTX accumulation. Moreover,
the higher basal ROS values in MCF-7/PTX cells made mito-
chondria more susceptible to damage, thereby significantly
inhibiting their ability to discharge drugs. It was noteworthy
that P123 also inhibited ATP synthesis without interfering
mitochondrial MP. Many studies have shown that P123 inter-
fere with cell energy supply through reducing the intracellular
ATP content, whose mechanism is different from TPGS.>*%
The cytotoxicity of mixed micelles (Figure 9 and Table 3)
showed that the IC,, values of MCF-7/PTX cells decrease
greatly after incubating with FFSSTP/PTX and FFTP/PTX,
which was due to the increased intracellular PTX accumula-
tion, along with the increased intracellular ROS level. The
synergistic action of the two mechanisms caused significant
cytotoxicity on drug-resistant MCF-7/PTX cells.

Cell cycle and apoptosis assay

PTX exerts antitumor effect through inducing tubulin
polymerization and resulting in unstable microtubules, thus
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Figure 8 Effects of different PTX preparations on mitochondrial function.

Notes: (A) Effects of FFSSTP, FFTP, and FFP on mitochondrial membrane potential
after 12 h of incubation (mean + SD, n=3). (B) Effects of FFSSTP, FFTP, and FFP on
mitochondrial membrane potential on intracellular ATP level of MCF-7/PTX cells after
2 h of incubation (mean £ SD, n=3). *P<<0.01: significantly different from blank group.
Abbreviations: ATP, adenosine triphosphate; FA, folate; FFP, F127-FA/FT/P123;
FFSSTP, F127-folate/F127-disulfide bond-D-o-tocopheryl polyethylene glycol 1000
succinate/P123; FFTP, FI27-FA/FT/P123; FT, FI127-TPGS; PTX, paclitaxel; TPGS,
D-o-tocopheryl polyethylene glycol 1000 succinate.
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Figure 9 In vitro cytotoxicity of FFSSTP/PTX, FFTP/PTX, and FFP/PTX micelles on
MCF-7 and MCF-7/PTX cells in 48 h (mean + SD, n=3).

Abbreviations: FA, folate; FFP, FI127-FA/FT/P123; FFSSTP, Fl27-folate/FI27-
disulfide bond-D-0i-tocopheryl polyethylene glycol 1000 succinate/P123; FFTP, F127-
FA/FT/P123; FT, FI27-TPGS; PTX, paclitaxel; TPGS, D-o-tocopheryl polyethylene
glycol 1000 succinate.

interfering with mitotic spindle function and arresting cells
in the G2/M phase of mitosis, ultimately leading to the cell
division inhibition and growth restrain.**° In this study,
Figures 10 and 11 show the classification of the MCF-7/PTX

Table 3 IC, | values of MCF-7 and MCF-7/PTX cells after 48 h
incubation with PTX formulated in free PTX, FFSSTP-PTX,
FFTP-PTX, and FFP-PTX (mean + SD, n=3)

Formulations IC,, (ug/mL)

MCF-7 MCF-7/PTX
PTX 9.11£2.19 24.68+8.52*
FFSSTP-PTX 0.12+0.03 0.24+0.14*
FFTP-PTX 0.21+0.08 0.15+0.05
FFP—PTX 0.62+0.25 0.50£0.15

Note: *P<<0.05: the IC values of MCF-7/PTX cells were significantly different from
that of MCF-7 cells.

Abbreviations: FA, folate; FFP, FI27-FA/FT/P123; FFSSTP, Fl27-folate/F127-
disulfide bond-D-0i-tocopheryl polyethylene glycol 1000 succinate/P123; IC,, half
maximal inhibitory concentration; PTX, paclitaxel.
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Figure 10 Quantized column chart of cell cycle distribution (mean * SD, n=3).
Note: *P<0.01: significantly different from blank group.

Abbreviations: FA, folate; FFP, FI127-FA/FT/P123; FFSSTP, F127-folate/F127-
disulfide bond-D-0i-tocopheryl polyethylene glycol 1000 succinate/P123; FFTP, F127-
FA/FT/P123; FT, FI27-TPGS; PTX, paclitaxel; TPGS, D-o-tocopheryl polyethylene
glycol 1000 succinate.

cells by various phases of the cell cycle after incubating with
different PTX preparations. These results demonstrated that
after 24 h of incubation, all PTX-loaded micelles caused a
large accumulation of cells in the G2/M phase. The quantita-
tive analysis revealed that the G2/M population of MCF-7/
PTX cells increased to 61.38%, 50.67%, and 44.40% after

incubating with FFSSTP/PTX, FFTP/PTX, and FFP/PTX,
respectively. However, only 37.99% of the cells were in the
G2/M phase for free PTX. The FFSSTP/PTX micelles were
the most effective formulation to induce the arrest of cell
growth, and the boosted G2/M phase arrest caused by PTX-
loaded micelles was the results of enhanced intracellular PTX
concentration, which demonstrated that micelles containing
TPGS could inhibit the energy supply of ABC proteins,
thus playing crucial roles in PTX-induced apoptosis and cell
arrest. The apoptosis-inducing effect of different micelles
was detected by Annexin V-FITC/PI tests. From Figure 12,
FFSSTP/PTX and FFTP/PTX had similar total apoptotic ratio
(43.56% and 47.24%, respectively), while the total apoptotic
ratio of FFP/PTX (21.82%) was similar to that of free PTX
(19.41%). These results were similar to the results of cyto-
toxicity of PTX-loaded micelles. The synergistic effect of
the increased intracellular PTX accumulation and ROS level
significantly increased the proportion of apoptotic cells.

Conclusion

In this study, we synthesized a redox-sensitive polymer,
FSST, which was able to induce the elevation of ROS levels
in tumor cells, ultimately changing the intracellular balance
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Figure |1 Flow cytometric analysis of MCF-7/PTX cell cycle distribution induced by free PTX, FFSSTP/PTX, FFTP/PTX, or FFP/PTX for 24 h using the Pl staining.

Note: The concentration of PTX was 5 ug/mL.
Abbreviations: Dip, diploid; FA, folate; FFP, FI127-FA/FT/P123; FFSSTP, F127-fol

ate/F127-disulfide bond-D-o-tocopheryl polyethylene glycol 1000 succinate/P123; FFTP,

F127-FA/FT/P123; FT, FI127-TPGS; PI, propidium iodide; PTX, paclitaxel; TPGS, D-ci-tocopheryl polyethylene glycol 1000 succinate.
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Figure 12 Flow cytometric analysis of MCF-7/PTX cell cycle distribution induced by free PTX, FFSSTP/PTX, FFTP/PTX, or FFP/PTX for 24 h using the PI staining.

Note: The concentration of PTX was 5 pug/mL.

Abbreviations: FA, folate; FFP, F127-FA/FT/P123; FFSSTP, F127-folate/F|27-disulfide bond-D-ai-tocopheryl polyethylene glycol 1000 succinate/P123; FFTP, FI127-FA/FT/
P123; FT, FI127-TPGS; PI, propidium iodide; PTX, paclitaxel; TPGS, D-ci-tocopheryl polyethylene glycol 1000 succinate.

of redox environment and inducing cell apoptosis. The
mixed FFSSTP/PTX micelles, based on FSST, F127-FA,
and P123, could accelerate the disaggregation and release
of PTX through the breakage of disulfide bonds in the
intracellular reductive environment. These micelles could
inhibit energy-dependent proteins from discharging PTX
by inhibiting mitochondrial function and ATP synthesis,
thereby increasing the intracellular PTX accumulation. In
summary, this micellar system achieves the aim of reversing
MDR through changing the intracellular redox state, which
provides a new idea to enrich the treatment of drug-resistant
breast cancer.
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Supplementary materials

Experimental section

Synthesis and characterization of FI27-SS-D-ai-
tocopheryl polyethylene glycol 1000 succinate (FSST)
Synthesis of FI127-3-amino-1,2-propanediol (APD)

The synthesis process of F127-APD is shown in Figure S1.
First, the two terminal hydroxyl groups of Pluronic F127 were
activated by p-nitrophenyl chloroformate (p-NPC) to obtain
F127-p-NPC.! Briefly, F127 (3.45 g, 0.30 mmol) and p-NPC
(0.48 g, 2.40 mmol) were dissolved in dichloromethane
(DCM), respectively. Triethylamine (TEA) (0.33 mL,
2.40 mmol) was added in F127 solution under stirring, and
then, the mixed solution was added dropwise in p-NPC solu-
tion with continuously stirring for 12 h. The F127-p-NPC
was purified by precipitation in cold diethylether, filtration,
and drying in vacuum at 30°C (yield: 85.2%).

Second, the F127-p-NPC was reacted with APD to pre-
pare F127-APD. F127-p-NPC (3.60 g, 0.3 mmol) was dis-
solved in DCM and then formed a thin film after removing the
solvent under reduced pressure (vacuum degree: 0.09 MPa).
APD (0.16 g, 1.8 mmol) was dissolved in hydrochloric acid
(12 mL, 0.01 mol/L). Then, the solution was added to the
film, and the mixture was dispersed by ultrasound. Na,CO -
NaHCO, solution (50 mL, 0.2 mol/L, pH 9.0) was added in
the mixture, and the reaction was allowed to proceed under
stirring for 12 h. The F127-APD was purified by dialysis
(MWCO 3500) against deionized water and finally obtained
by lyophilization (yield: 47.7%).

|
N o)
k[ NH OH
o

NH

Figure S1 Synthesis of FI127-FA.
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Synthesis of F127-APD-cystamine dihydrochloride (Cys)
As shown in Figure S1, the synthesis of F127-APD-Cys
was divided into two steps. First, the terminal hydroxyl
groups of F127-APD were activated by p-NPC again to
obtain F127-APD-p-NPC. Briefly, F127-APD (0.60 g,
0.05 mmol) and p-NPC (0.12 g, 0.60 mmol) were dissolved
in DCM, respectively. The F127-APD solution followed by
adding TEA (0.085 mL, 0.60 mmol) was added dropwise
in p-NPC solution and stirred for 12 h. The F127-APD-p-
NPC was purified by precipitation, filtration, and drying in
vacuum (yield: 88.5%). Next, F127-APD-p-NPC (0.52 g,
0.042 mmol) and Cys (0.38 g, 1.68 mmol) were dissolved
in dimethyl sulfoxide (DMSO). Then, the F127-APD-p-
NPC solution was dropped in the Cys solution, followed
by adding pyridine (0.29 mL, 3.53 mmol). The reaction
was proceeded under N, atmosphere at RT for 24 h. The
F127-APD-Cys was purified by dialysis (MWCO 3500)
against deionized water and obtained by lyophilization
(yield: 42.4%).

Synthesis of FSST

As shown in Figures S2 and S3, the synthesis of FSST
was divided into two steps. D-0.-tocopheryl polyethylene
glycol 1000 succinate (TPGS) was first activated by
N,N’-carbonyldiimidazole (CDI) to form an imidazole
carbamate intermediate, TPGS—CDI. Briefly, weighed
amount of TPGS (0.71 g, 0.047 mmol) and CDI (0.12 g,
0.71 mmol) were dissolved in DMSO and under N,

EDC-HCI
N

2

N

"

NH,

Abbreviations: EDC-HCI, |-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; FA, folate.
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Figure S2 The 'H NMR image of FI27-FA.
Abbreviations: FA, folate; NMR, nuclear magnetic resonance.

atmosphere at RT for 24 h. The reaction mixture was
then taken out and used for the next step. F127-APD-Cys
(0.63 g, 0.05 mmol) was added to a dried three necked
flask and dissolved in DMSO. 4-Dimethylaminopyridine

(DMAP) (0.087 mg, 0.60 mmol) was added followed
by the TPGS—CDI solution, and the reaction proceeded
continuously under N, atmosphere at RT for 24 h. The
product of FSST was purified by dialysis (MWCO 3500)

J(O\/Ho)cil;[o\/&; oH

IES
@ﬁ%wwk@

Pluronic F127

F127-p-NPC
APD
Hydrochloric acid
Na,CO,-NaHCO, (pH 9.0)
OH CH, [¢]
H
! X y L F127-APD

p-NPC
TEA
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HCysZHCI
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Y

F127-APD-p-NPC
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Figure S3 Synthesis of F127-APD-Cys.
Abbreviations: APD, 3-amino-1,2-propanediol; Cys, cystamine dihydrochloride; DMSO, dimethyl sulfoxide; p-NPC, p-nitrophenyl chloroformate; TEA, triethylamine.
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Figure S4 Synthesis of TPGS-CDI.

TPGS

TPGS-CDI

Abbreviations: CDI, N,N’-carbonyldiimidazole; DMSO, dimethyl sulfoxide; TPGS, D-a-tocopheryl polyethylene glycol 1000 succinate.

against deionized water and obtained by lyophilization
(yield: 45.6%).

Synthesis of FT

The synthesis of the reduction insensitive control, FT, was
the same with FSST (Figure S4). Briefly, TPGS (0.61 g,
0.40 mmol) and CDI (0.10 g, 0.60 mmol) were dissolved in
DMSO and under N, atmosphere at RT for 24 h. F127-APD
(0.59 g, 0.05 mmol) was added to a dried three necked flask
and dissolved in DMSO. DMAP (0.073 mg, 0.60 mmol)
was added followed by the TPGS—CDI solution, and the
reaction proceeded continuously under N, atmosphere at
RT for 24 h. The product of FSST was purified by dialysis

(0]
AN /S\/\N)]\

(MWCO 3500) against deionized water and obtained by
lyophilization (yield: 47.5%).

Determination of the critical micelle concentration
(CMC) of FSST, FT, F127,and P123

The CMC values of FSST, FT, F127, and P123 were deter-
mined by pyrene fluorescence probe spectrum. The concen-
trations of these polymers varied from 5x10~ to 5 mg/mL,
and the concentration of pyrene was 0.6 uUM. An RF-5301PC
fluorescence spectrometer (Shimadzu, Kyoto, Japan) was
used to record the fluorescence spectra. Detection parameters
were set as follows: the excitation wavelength was 330 nm
and emission fluorescence was monitored at 372 and 383 nm.

/\/S\/\/NT\)\/\WP\/HJ\H\A\J\ /\/\J\N/\/\/\/NH

F127-APD-Cys

DMAP
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0]

PN
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o

O
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(
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Figure S5 Synthesis of FSST.
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Abbreviations: APD, 3-amino-1,2-propanediol; CDI, N,N’-carbonyldiimidazole; Cys, cystamine dihydrochloride; DMAP, dimethylaminopyridine; DMSO, dimethyl sulfoxide;
FSST, F127-disulfide bond-TPGS; TPGS, D-c.-tocopheryl polyethylene glycol 1000 succinate.
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tocopheryl polyethylene glycol 1000 succinate.

The CMC value was determined as the cross-point when

the intensity ratio I, /L.,

concentration regions.

was extrapolated at low and high

Synthesis of active targeting chain FI127-folate (F127-FA)

The weighed amount of FA (0.11 g, 0.25 mmol) was
dissolved in DMSO (10 mL) with stirring, followed by
adding N-hydroxysuccinimide (0.058 g, 0.5 mmol) and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (0.096 g, 0.5 mmol). The mixture was stirred
~30 min under N, atmosphere. Then, F127 (1.15 g,
0.1 mmol), which was dissolved in DMSO, was added
dropwise in the mixture, and the reaction proceeded con-
tinuously under N, atmosphere at RT for 48 h. The product

a
CH,
o o S
H o b OH
X Cly d X

of F127-FA was purified by dialysis (MWCO 3500) against
deionized water and obtained by lyophilization (yield:
54.3%).

Results
Characterization of FSST and FT

Figures S5-S11 show the 'H nuclear magnetic resonance
(NMR) spectrum of F127, the intermediates, and the final
products. All the chemical shifts were expressed in parts per
million (J) relative to the solvent signal.

"H NMR spectrum analysis of F127: '"H NMR (600 MHz,
CDCI,, 9): 3.42-3.51 (m, 4H x196, CH,CH,O of PEO),
3.32-3.33 (m, 3H x67, CH,CHO of PPO), 1.03-1.05
(t, 3H %67, CH,) (Figure S5).

b—e

12 1" 10 9 8 7

Figure S7 The 'H NMR image of F127.
Abbreviation: NMR, nuclear magnetic resonance.
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Figure S8 The 'H NMR image of F127-p-NPC.

Abbreviations: NMR, nuclear magnetic resonance; p-NPC, p-nitrophenyl chloroformate.

"H NMR spectrum analysis of F127-p-NPC: '"H NMR
(600 MHz, CDCI,, 6): 8.27-8.36 (d, 2H, Ar H), 7.39-7.51
(d, 2H, Ar H), 3.39-3.64 (m, 4H x196, 3H x67, CH,CH,O
of PEO and CH,CHO of PPO), 1.13-1.15 (t, 3H 67, —CH,).
The peaks appeared at 8.27-8.36 and 7.39—7.51 belonged to
the benzene ring of p-NPC (Figure S6).

'"H NMR spectrum analysis of F127-APD: 'H NMR
(600 MHz, CDCl,, 6): 4.24 (s, 1H, CH), 3.75-3.77 (t, 2H,
CH,), 3.71-3.73 (t, 2H, CH,), 3.39-3.66 (m, 4H X196,
3H x67, CH,CH,O of PEO and —CH,CHO of PPO), 1.13—
1.15 (t, 3H x67, CH,). New peaks appeared at 4.24 and
3.75-3.77, which were referred to the ortho-dihydroxy
groups of APD. These peaks which belonged to p-NPC
disappeared (Figure S7).

'"H NMR spectrum analysis of F127-APD-p-NPC: 'H
NMR (600 MHz, CDCl,, 8): 8.28-8.36 (d, 2H, Ar H),
7.39-7.51 (d, 2H, Ar H), 5.60 (s, 1H, CH), 4.31-4.44

a
OH CH, o
e
HO\)\/HN O\/‘H )\]/[0\4 J\
o gLy Ko7 o
o

h § 9
H/Y\OH a

(d,2H,CH,), 3.76-3.81 (d, 2H, CH,), 3.40-3.65 (m, 4H X196,
3Hx67, CH,CH,0 of PEO and CH,CHO of PPO), 1.13-1.15
(t, 3H x67, CH,). The characteristic peaks of benzene ring
appeared at 8.28-8.36 and 7.39—7.51 after being activated
by p-NPC (Figure S8).

'H NMR spectrum analysis of F127-Cys: 'H NMR
(600MHz,CDCl,,8):5.61 (s, 1H,CH,),4.24(s, 1H,CH,), 3.72—
3.76 (d, 2H, CH,), 3.39-3.64 (m, 4H x196, 3Hx67, CH,CH,O
of PEO and CH,CHO of PPO), 3.18-3.21 (d, 1H, CH,), 2.59
(s, 1H, CH,), 1.13-1.15 (t, 3H 67, CH,). After the reaction
with Cys, the amide bonds were formed. Thereby, the peaks
of benzene ring disappeared and new peaks appeared at
3.18-3.21 and 2.59, which were attributed to the methylene
protons near the disulfide bonds (Figure S9).

"H NMR spectrum analysis of FSST: "H NMR (600 MHz,
CDCl,, 8): 5.60 (s, 1H, CH,), 4.25-4.27 (t, 1H, CH,OH),
4.20 (s, 1H, CH,), 3.64-3.77 (m, 42H, CH,CH,0), 3.40-3.64

OH

13 12 1" 10 9 8 7

Figure S9 The 'H NMR image of F127-APD.
Abbreviations: APD, 3-amino-1,2-propanediol; NMR, nuclear magnetic resonance.
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Figure S10 The 'H NMR image of F127-APD-p-NPC.

Abbreviations: APD, 3-amino-1,2-propanediol; NMR, nuclear magnetic resonance; p-NPC, p-nitrophenyl chloroformate.

(m, 4H %196, 3H x67, CH,CH,O of PEO and CH,CHO
of PPO), 3.18-3.23 (d, 1H, CH,), 2.91-2.94 (t, 1H, CH,),
2.78-2.80 (t, 1H, CH,), 2.62-2.66 (t, 1H, CH,), 2.58 (s, 1H,
CH,), 1.96-2.08 (t, 3H, CH,), 1.75-1.81 (m, 1H, CH,), 1.22~
1.52 (m, 10H, CH,), 1.13-1.15 (t, 3H x67, CH,), 0.83-0.87
(m, 5H, CH,) (Figure S10).

"H NMR spectrum analysis of FT: 'TH NMR (600 MHz,
CDCl,, 6): 5.60 (s, 1H, CH,), 4.25-4.27 (t, 1H, CH,OH),
4.20 (s, 1H, CH,), 3.64-3.77 (m, 42H, CH,CH,0), 3.40-3.64
(m, 4H %196, 3H x67, CH,CH,O of PEO and CH,CHO

M N\/\S/S\/\ J\

of PPO), 2.91-2.94 (t, 1H, CH,), 2.78-2.80 (t, 1H, CH,),
2.83-2.71 (t, 1H, CH,), 1.96-2.08 (t, 3H, CH,), 1.75-1.81
(m, 1H, CH,), 1.22-1.52 (m, 10H, CH,), 1.13-1.15 (t, 3H x67,
CH,), 0.83-0.87 (m, 5H, CH,) (Figure S11).

The main difference between FSST and FT was the
disulfide bonds in the structure of FSST. Therefore, peaks,
which were attributed to the methylene protons near the
disulfide bonds, appeared at 3.18-3.23 and 2.58 in the 'H
NMR spectrum FSST. However, no such peaks appeared in
the "H NMR spectrum of FT.

/\/S\S/\/NT J\/ ﬁ \/H )\H vﬂ\ )L /\h )L /\/S\ S

TN\/\ /S\/\

o

13 12 1 10 9 8 7

Figure S11 The 'H NMR image of F127-APD-Cys.

Abbreviations: APD, 3-amino-1,2-propanediol; Cys, cystamine dihydrochloride; NMR, nuclear magnetic resonance.
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Figure S12 The 'H NMR image of FSST.
Abbreviations: FSST, FI27-disulfide bond-TPGS; NMR, nuclear magnetic resonance; TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.

CMC determination All the chemical shifts were expressed in parts per mil-

As shown in Figure S12, the CMC values of FSST, FT, lion (8) relative to the solvent signal. 'H NMR spectrum
F127, and P123 were 0.061, 0.076, 0.24, and 0.029 mg/mL, ~ analysis of F127-FA: '"H NMR (600 MHz, CDCl,, 3): 8.68

respectively. (s, C-H of pteridine), 7.61-7.70 (d, 2H, Ar H), 6.60-6.70
(d, 2H, Ar H), 4.55-4.58 (d, NCHCO of folic acid),
Characterization of FI127-FA 3.44-3.55 (m, 4H x196, CH,CH,O of PEO), 3.31-3.33

The synthesis process of F127-FA is shown in Figure S13,  (m, 3H x67, CH,CHO of PPO), 2.25-2.31 (d, —CH,),
and Figure S14 shows the 'H NMR spectrum of F127-FA.  1.03-1.04 (t, 3H x67, CH,).

TO\TPGS a
o
b—e
u-v
h
i-n
o—f ——
f-h
| st

13 12 1 10 9 8 7 6 5 4 3 2 1 0 ppm

Figure S13 The 'H NMR image of FT.
Abbreviations: FT, FI127-TPGS; NMR, nuclear magnetic resonance; TPGS, D-o-tocopheryl polyethylene glycol 1000 succinate.
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Figure S14 The change trend of I /I, (I

1.8 - 2.0 4
1.8 -
1.6
1.4 -
F127 P123 124
0.24 mg/mL 0.029 mg/mL T
I L ] L L) L) 1 1
-3 -2 —1 0 -3 -2 -1 0 1
Log C Log C
1.8 - 221
2.0 4
1.6 4
:m - 1.8 4
14 T 16-
I 1.4 4
FSST FT
0.061 mg/mL 0.076 mg/mL
I L ] I ) L ) 1
-3 -2 -1 0 1 -3 -2 -1 0 1

Log C

372

Log C

/1,5;) ratio with the variation of the concentration of FI127, P123, FSST, and FT, respectively.

Abbreviation: FSST, F127-SS-TPGS; FT, FI127-TPGS; TPGS, D-0-tocopheryl polyethylene glycol 1000 succinate.
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