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For mitochondria-targeted nano-drug delivery systems against cancer, effectively targeting and releasing
the drug into mitochondria are the keys to improve the therapeutic effect. In this study, mitochondria-
targeted and reduction-sensitive micelles were developed to co-deliver doxorubicin (DOX) and
evodiamine (EVO) for the treatment of metastatic breast cancer. After entering cancer cells, the micelles
first targeted mitochondria through triphenylphosphonium cations. Then, the disulfide bonds of the
micelles were cleaved by GSH, and both DOX and EVO were released near the mitochondria. The
released EVO subsequently destroyed the mitochondrial membrane, resulting in a large amount of DOX
entering the mitochondria and improving the anti-tumor effect of DOX. These mitochondria-targeted
and reduction-sensitive micelles loaded with doxorubicin and evodiamine showed significant inhibition
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1. Introduction

According to the American Cancer Society's estimate of the
numbers of new cancer cases and deaths that will occur in the
United States in 2019, breast cancer still ranks first among
women in the United States and alone accounts for 30% of all
new cancer diagnoses in women." At present, chemotherapy is
still the main treatment for metastatic breast cancer.>* Small
molecule chemotherapeutic drugs do not have tumor targeting
function, leading to serious toxicity and side effects on normal
tissues, and their effect on tumor treatment is not ideal.*® The
accurate delivery of drugs to the targeted tumor site is key to
improving traditional chemotherapy, which can be achieved by
nanocarrier-based drug delivery systems. The nanocarrier-
based drug delivery system has unique advantages, including
improving the solubility of hydrophobic drugs,”® prolonging
blood circulation of drugs, and increasing drug accumulation
in the tumor tissue in solid tumors through the enhanced
permeation and retention (EPR) effect, which can greatly help to
reduce the side effects of chemotherapeutic drugs and enhance
their pharmacological effects.'***

However, the current nanocarrier-based drug delivery
systems still face great challenges in the treatment of meta-
static breast cancer. On the one hand, increasing drug
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of the tumor cell growth both in vitro and in vivo.

accumulation in tumor tissues through EPR is limited.***¢
Since the final target site of chemotherapy drugs is the
organelles in the tumor cells, if the final accumulation of
drugs in the organelles is insufficient, the killing effect of
drugs on the tumor cells may be very weak.”””*® On the other
hand, long-term chemotherapy stimulation can increase the
metastasis and invasion of cancer cells.?® For these reasons,
drug delivery systems targeting cell organs are promoted.
They can effectively increase the pharmacological effect of
drugs while reducing the drug resistance and metastasis of
cancer cells.”»? Since most chemotherapeutic drugs are
generally DNA-toxic reagents, the strategy of targeting cell
organelles mainly focuses on organelles containing DNA,
including nuclei*»** and mitochondria.>**®* Drug delivery
systems targeting the nuclei have been intensively studied. By
grafting nuclear-targeted peptides on the surface of nano-
carriers or controlling the size of nanocarriers in the nuclear
pore size range, they can target the nucleus well. Nuclear DNA
can self-repair, which is not good for cancer therapy.
However, mitochondrial DNA lacks repair pathways.>* More-
over, mitochondria are the “energy factories” of cells and can
directly affect the survival of cancer cells.**** Mitochondrial
DNA also lacks introns and contains only the necessary genes
for the expression of mitochondrial proteins, tRNA and rRNA.
Thus, the mitochondrial DNA-targeted therapy may have
better therapeutic effects than the nuclear DNA-targeted
therapy.**

Although the mitochondrial DNA-targeted therapy has
many advantages, it is not easy for drugs to enter the mito-
chondria smoothly, because the mitochondrial membrane is
a dense double layer as a biological protection to prevent
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harmful substances from entering mitochondria.*® For this
reason, it is difficult for common drugs to enter the mito-
chondrion. Therefore, after entering the cancer cells, targeting
the mitochondria and overcoming mitochondrial membrane
barriers need to be considered. Evodiamine (EVO), a plant
alkaloid,*** is reported to increase mitochondrial membrane
depolarization and disrupt mitochondrial structure,?® result-
ing in increased cytochrome-c release from mitochondria into
the cytosol as well as nucleus.?” For this reason, EVO can be
used as a reagent to destroy the mitochondrial membrane and
further increase the amount of chemotherapeutic drugs
entering the mitochondria, improving the anti-tumor effect of
chemotherapeutic drugs. Simultaneously, EVO is also able to
inhibit the migration of cancer cells, thereby reducing the
metastasis of tumors.*®

Herein, we developed a mitochondria-targeted stimulus-
responsive micelle co-encapsulating DOX and EVO. This
micelle was formed by the polymer (TPP-Dex-ss-SPCL),
composed of dextran (Dex) as the hydrophilic segment, (4-
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ethoxy-4-oxobutyl)triphenylphosphonium bromide (TPP) as the
targeting group grafted on Dex, and the star-shaped poly-
caprolactone conjugated with Dex through disulfide bonds as
the hydrophobic segments. When the mitochondria-targeted
stimulus-responsive micelle entered blood circulation, the
Dex, as the hydrophilic end of the micelles, endowed the
micelles with long blood circulation. As shown in Scheme 1,
after the TPP-Dex-ss-SPCL@DOX/EVO micelles accumulate in
the tumor tissues through EPR effect, they would be internal-
ized by the tumor cells. Then, TPP on the micelles help them
target the mitochondria. Moreover, under the stimulation of
GSH in the tumor cells, the micelles gradually disintegrate and
release the chemotherapeutic drugs DOX and EVO around the
mitochondria. EVO would destroy the mitochondrial

membrane potential, increase the permeability of mitochon-
drial membrane, and further reduce the metastasis and inva-
siveness of tumors. When permeability of the mitochondrial
membrane increases, more DOX could enter the mitochondria
and effectively kill cancer cells.
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Scheme 1l Schematic of the fabrication of mitochondria-targeted stimulus-responsive micelle co-encapsulating DOX and EVO and the process

of drugs-loaded micelles entering and acting on tumor cells.
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2. Experimental section
2.1 Materials

Triphenylphosphine, 4-dimethylaminopyridine (DMAP), 3,3-
dithiodipropionic acid, ethylenediamine, 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC), pentaerythrotol,
ethyl 4-bromobutyrate and glutathione (GSH) were purchased
from Adamas-beta Reagent, Ltd. (Shanghai, China). Dextran (Dex,
M, = 3000 Da) was purchased from Yuanye Bio-Technology Co.,
Ltd. (Shanghai, China). MitoTracker-Green, 5,5',6,6"-tetrachloro-
1,1',3,3'-tetraethyl-imidacarbocyanine iodide (JC-1) and LysoTrack
er-Green were purchased from Beyotime Biotechnology (Shanghai,
China). All other reagents were obtained from Sinopharm Chem-
ical Reagent Co., Ltd. (Shanghai, China) and used without further
processing.

2.2 Cells and animals

Mouse breast cancer cell lines (4T1) and endothelial cells (EC)
were obtained from Cell Bank of Chinese Academy of Sciences.
Cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) with 10% fetal bovine serum (FBS) at 37 °C in a 5% CO,
atmosphere and 100% humidity. Specified-pathogen-free (SPF)
female mice, Balb/c (20 + 2 g) at 5-6 weeks of age, were
purchased from the Experimental Animal Center of Sichuan
University and fed under conditions of 25 °C and 55% humidity.
Animal experiments were approved by the Institutional Animal
Care and Use Committee of Sichuan Academy of Medical
Sciences and all protocols for this animal study conformed to
the Guide for the Care and Use of Laboratory Animals.

2.3 Synthesis and characterization of copolymers

2.3.1 Synthesis of SPCL. SPCL was synthesized according to
a previous report with some changes.*® First, pentaerythrotol
(0.227 g, 1.7 mmol), e-CL (10 g, 87 mmol), and SnCl, (0.10 g)
were added to a 50 mL round-bottom flask equipped with
a stopcock. After holding in vacuum for 5 h at room temperature
(RM), the flask was placed at 140 °C for 6 h. After the reaction
flask cooled, 5 mL dichloromethane was added to dissolve the
polymer. Then, excess ethanol was added to precipitate the
polymer, followed by drying in vacuum for 24 h. At last, the
SPCL was collected as white powder (yield: 82%).

2.3.2 Synthesis of disulfide bond-modified star-shaped
polycaprolactone (SPCL-ss-COOH). First, SPCL (5.00 g), DMAP
(0.18 g, 1.5 mmol) and 3,3'-dithiodipropionic acid (0.32 g, 1.5
mmol) were added to 25 mL dichloromethane, then the reaction
was stirred in an ice bath. After that, DCC (0.41 g, 2 mmol) in
20 mL of dichloromethane was added dropwise. When DCC was
added, the reaction naturally returned to RM and was stirred
until the 3,3'-dithiodipropionic acid completely reacted under
monitoring with TLC. Subsequently, 20 mL ethyl acetate was
resolved, the filtrate was concentrated under vacuum, and the
residue was dissolved with a small amount of dichloromethane
and precipitated with ice ethanol to obtain SPCL-ss-COOH
(3.95 g, 74.2% yield).

2.3.3 Synthesis of (4-ethoxy-4-oxobutyl)triphenylphospho-
nium bromide (TPP-COOH). TPP-COOH was synthesized

This journal is © The Royal Society of Chemistry 2019
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according to a previous report with some changes.*® Triphe-
nylphosphine (2.62 g, 10 mmol) and ethyl-4-bromobutanoate
(2.34 g, 12 mmol) were dissolved in CH3CN (20 mL). The reac-
tion mixture was heated to reflux for 8 h under a nitrogen
atmosphere. After that, it was cooled to RM and filtered, then
100 mL ethyl acetate was added to the reaction to give the cor-
responding phosphonium bromide salt. The product was
directly used for the next reaction without further purification.

2.3.4 Synthesis of TPP-Grafted Dex (TPP-Dex). Dex (3.00 g,
MW 3000), TPP-COOH (0.86 g, 2 mmol) and NHS (0.29 g, 2.5
mmol) were dissolved in 10 mL DMSO and stirred at room
temperature. Then, 0.77 g EDC-HCl (4 mmol) was added
gradually and the mixture was reacted for another 48 h. Next,
5 mL deionized water was added to quench the reaction and the
solid impurities were filtered out. After that, 50 mL deionized
water was added to the filtrate to precipitate the product.
Finally, the product was filtered out and vacuum dried to obtain
TPP-Dex (2.25 g, 68.4% yield).

2.3.5 Synthesis of TPP-Dex-ss-SPCL. TPP-Dex (3.30 g),
SPCL-ss-COOH (6.36 g) and NHS (0.14 g, 1.2 mmol) were dis-
solved in 25 mL DMSO and stirred at room temperature. Then,
0.46 g EDC-HCI (2.4 mmol) was added gradually and the reac-
tion was reacted for another 72 h. Then, 5 mL deionized water
was added to quench the reaction and the solid impurities were
filtered out. After that, 50 mL deionized water was added to the
filtrate to precipitate the product. Finally, the product was
filtered out and vacuum dried to obtain TPP-Dex-ss-SPCL
(7.85 g, 81.8% yield).

2.4 Characterization of the polymers

'H nuclear magnetic resonance (1HNMR) spectra were
measured using a Bruker AM 300 apparatus. (CD3),SO was used
as the solvent and tetramethylsilane (TMS) was used as the
internal reference. The molecular weight of each polymer was
analysed by gel permeation chromatography (GPC) system
(Water 2695 pump and Styragel HTADMF column).

2.5 Fabrication and characterization of micelles

2.5.1 Fabrication of micelles. The blank and drug-loaded
micelles were fabricated by the dialysis method. Briefly, the
blank micelles were fabricated as follows: first, 10 mg TPP-Dex-
ss-SPCL was added into 10 mL DMSO to get TPP-Dex-ss-SPCL
solution (1 mg mL™"). Then, the TPP-Dex-ss-SPCL solution
was added into a dialysis bag (MWCO 1000) and the DMSO was
further removed by dialysis in water. At the same time, the black
micelles were formed by the self-assembly of copolymers. The
preparation process of drug-loaded micelles is slightly different
from that of blank micelles. When fabricating the drug-loaded
micelles, drug and TPP-Dex-ss-SPCL were all added into
DMSO to create the solution. The final drug-loaded micelles
were lyophilized and stored at —20 °C.

2.5.2 Characterization of micelles. The micelles were
prepared to a concentration of 1 mg mL™". The freeze-dried
samples (10 mg each) were re-suspended in 10 mL (0.1 M, pH
7.4) phosphate buffered solution (PBS). Then, the sizes of
micelles were measured by dynamic light scattering (DLS)
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(ZetaSizer, Malvern Nano-ZS90, Malvern, UK) at 25 °C. The
morphologies of micelles were observed by transmission electron
microscopy (JEOL 2010F instrument, JEOL Ltd, Japan). All TEM
samples were prepared by adding a drop of the micellar solution
(1 mg mL™") on a copper grid coated with amorphous carbon and
staining with a drop of phosphotungstic acid solution (2 wt%).
Before TEM observation, the copper grid was dried in vacuum.
Drug loading content (LC) and encapsulation efficiency (EE) were
measured with a HPLC (1260 Infinity IT LC System, Agilent, USA).
The critical micelle concentration (CMC) was measured by fluo-
rescence spectrophotometer (F-7000, Hitachi, Japan) at 25 °C
with pyrene as a fluorescent probe. The stability of micelles was
investigated both in PBS and cell culture medium (containing
10% FBS, v/v) by measuring the size change of micelles with DLS.
Briefly, the dry micelle powders (3 mg) were dispersed in 3 mL of
PBS or cell culture medium at 37 °C. Then, the changes in average
sizes of the micelles were monitored as a function of time by DLS
measurement.

2.6 GSH-triggered disassembly behaviors of the micelles

The change of micellar size distribution in response to PBS (pH
7.4) containing GSH (10 mM) was measured by DLS. As
comparison, the changes of micellar size distribution in
response to acetate buffered solution (ABS) (pH 5) containing
GSH (10 mM), PBS (pH 7.4) containing GSH (10 pM), and PBS
(pH 5.0) containing GSH (10 uM) were all detected.

2.7 Invitro drug release

Invitro DOX and EVO release from TPP-Dex-ss-SPCL@DOX/EVO
micelles were investigated. The freeze-dried drug-loaded
micelles were dissolved in water (1 mg mL™") and 1.0 mL of
micellar solution was transferred into a dialysis bag (MWCO
2000). Then, the dialysis bag was immersed into a tube con-
taining 30 mL of different incubation media, including PBS (pH
7.4) with 10 uM or 10 mM GSH and ABS (pH 5.0) with 10 uM or
10 mM GSH. All samples were kept in a shaking bed (100 rpm
and 37 °C). The amounts of released DOX and EVO in the
incubation medium were quantified by HPLC (1260 Infinity II
LC System, Agilent, USA).

2.8 Cytocompatibility evaluation

Alamar blue assay was used to evaluate the cytocompatibility of the
blank micelles (TPP-Dex-ss-SPCL and Dex-ss-SPCL) by co-culture of
blank materials and 4T1 cells or EC cells. Cells were seeded in a 48-
well plate (1 x 10" cells per well) and cultured for 24 h. Then, the
blank micelle solutions (ranging from 20 mg mL ' to 100 mg
mL ") were added and co-cultured with cells for another 48 h. After
that, the medium was removed and the cells were washed three
times with PBS. Then, 300 mL Alamar blue solution (10% Alamar
blue, 80% DMEM and 10% FBS, v/v) was added and incubated for
another 3 h. Finally, the Alamar blue solution was transferred to
a 96-well plate and read by a microplate spectrophotometer
(ELX800 Biotek, USA). For live/dead staining, 4T1 and EC cells (1 x
10" cells per well) were seeded in 24-well plates. Different concen-
trations of TPP-Dex-ss-SPCL and Dex-ss-SPCL (ranging from 20 mg
mL~" to 100 mg mL™") were added to co-culture with cells for
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another 48 h. Then, the cells were stained by 2 mM calcein ace-
toxymethylester (Calcein-AM) for 10 min and propidium iodide (PI)
for 5 min. All the cells were visualized by fluorescence microscopy.

2.9 Cellular uptake, intracellular distribution and co-
location analysis

To evaluate whether the TPP could promote micelles targeting
mitochondria, 4T1 cells (10 x 10* cells per well) were seeded in
6-well plates and treated with free DOX, Dex-ss-SPCL@DOX/
EVO, TPP-Dex-SPCL@DOX/EVO and TPP-Dex-ss-SPCL@DOX/
EVO for 6 h (DOX-equivalent dose: 1 pg mL ). Then, cells
were rinsed with PBS three times and Mito-Tracker Green
(Beyotime Biotech, China) was added to the plates and incu-
bated with cells for 0.25 h. All the cells were visualized by
fluorescence microscopy (CKX41, Olympus, Japan) and the co-
localization analyses were completed with Image-Pro Plus 6.0.

2.10 In vitro cytotoxicity assay

To evaluate the in vitro anticancer effect of different agents,
including Dex-SPCL@DOX/EVO, Dex-ss-SPCL@DOX/EVO, TPP-
Dex-SPCL@DOX/EVO, TPP-Dex-ss-SPCL@DOX/EVO and free
DOX/EVO (DOX dosages varied from 0.01 to 5 ug mL ™" and EVO
dosages were calculated according to the ratio of the two drugs
in micelles), we performed a tumor cell inhibition test with 4T1
cells using the Alamar blue assay. In brief, 4T1 cells were seeded
in a 48-well plate (1 x 10* cells per well) and incubated for 24 h
with 5% CO, at 37 °C. After incubation with the respective
agents for another 24 h, the cell viabilities were evaluated by
Alamar blue assay.

2.11 Detection of increased permeability of mitochondrial
membrane

Fluorescent probe JC-1 was employed to detect mitochondrial
membrane potential changes. 4T1 cells were seeded at 1 x 10°
cells per well in a 6-well plate. After culturing for 24 h, control
solution (PBS), TPP-Dex-ss-SPCL@EVO, Dex-SPCL@EVO, Dex-
ss-SPCL@EVO, TPP-Dex-SPCL@EVO and free EVO were added
to co-culture with cells for another 12 h, then all the plates were
washed three times with PBS. After that, fluorescence micros-
copy was used to detect the fluorescence of JC-1 in cells.

2.12 Wound scratch assay

The effect of material on 4T1 cells was studied by scratch test.
The cells (6 x 10> cells per well) were seeded in a 6-well plate and
cultured at 37 °C in humidified atmosphere equipped with 5%
CO, for 24 h. Then the medium was removed, and a scratch in
each well was scored by the same pipette tip against a steel ruler.
Each well was washed with PBS three times. PBS was replaced
with a fresh medium of free EVO, Dex-SPCL@EVO, Dex-ss-
SPCL@EVO or TPP-Dex-ss-SPCL@EVO (EVO-equivalent dose:
0.5 ug mL ") and incubated with cells for another 24 h. After-
ward, the medium was removed and washed with PBS three
times. Then calcein-AM was used for 10 min to stain the live cells.
After that, cells were observed with a fluorescence microscope.

This journal is © The Royal Society of Chemistry 2019
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2.13 In vivo antitumor activity

4T1 tumor bearing Balb/c mice were treated with saline, TPP-
Dex-ss-SPCL blank micelles, free DOX/EVO or drug-loaded
micelles (TPP-Dex-ss-SPCL@DOX/EVO and Dex-ss-
SPCL@DOX/EVO) at a dosage of 5 mg DOX equiv. kg '. The
formulations were intravenously injected on days 0, 3, 6 and 9.
The tumor sizes were measured every three days and the volume
was calculated according to the formula: V= 0.5 x a x b*, where
a is the length of the tumor and b is the width of the tumor. The
mice were weighed every 3 days and survival was recorded.

2.14 Histological assessment

Hematoxylin and eosin (H&E) and terminal deoxynucleotidyl-
transferase mediated UTP end labeling (TUNEL) staining were
used to examine histological changes and apoptosis. Balb/c
mice were sacrificed at day 21. The tumors were removed,
fixed in 10% formalin, then embedded in paraffin blocks to
prepare tumor sections at a thickness of 5 pm. After deparaffi-
nization, the tumor sections were stained with H&E and TUNEL.
The tumor sections were visualized by an optical microscope
(Olympus, Japan).

View Article Online
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2.15 Statistical analysis

SPSS software 18.0 was used for the statistical data analysis.
Data were expressed as means + SD. One-way ANOVA was per-
formed to test for statistical significance of the data. The
statistical significances were considered significant for p values
** <0.01, ¥*¥* < 0.001.

3. Results and discussion
3.1 Preparation and characterization of copolymer

The process for the preparation of mitochondria-targeted
stimulus-responsive micelles is shown in Fig. 1. First, triphenyl-
phosphine (TPP) was reacted with ethyl-4-bromobutanoate to
obtain (4-ethoxy-4-oxobutyl) triphenylphosphonium bromide
(TPP-COOH). After that, TPP-COOH was grafted onto Dex to
prepare TPP-Dex. Then, we obtained SPCL through the ring-
opening polymerization (ROP) of e-caprolactone that is initiated
by pentaerythrotol. Further, the disulphide-bond-modified PCL
(SPCL-ss-COOH) was prepared by reaction of SPCL and 3,3-
dithiodipropionic acid. Finally, the mitochondria-targeted
stimulus-responsive amphiphilic copolymer (TPP-Dex-ss-SPCL)
was synthesized by reacting SPCL-ss-COOH with TPP-Dex. The
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Fig. 1 Synthesis route of the mitochondria-targeted stimulus-responsive copolymer TPP-Dex-ss-SPCL.
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structures of the resulting compounds, including TPP-COOH,
SPCL, TPP-Dex and TPP-Dex-ss-SPCL, were ascertained by 'H
nuclear magnetic resonance (‘H NMR) (Fig. S1-S4). From
Fig. S4,t with the molecular weight of Dex (M,, = 3 kDa) used as the
standard, the "H NMR analysis showed that the graft ratio of TPP
on Dex was 13%. At the same time, the molecular weight of TPP-
Dex-ss-SPCL was 4.2 kDa by 'H NMR, which was less than the
GPC result of 6.8 kDa. From GPC analysis, the M,, of the SPCL-ss-
COOH was 5.8 kDa.
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3.2 Characterization of blank micelles

The blank micelles were formed from the mitochondria-
targeted stimulus-responsive copolymers (TPP-Dex-ss-SPCL) by
the dialysis method. Transmission electron microscopy (TEM)
measurements indicated that the TPP-Dex-ss-SPCL micelles had
a uniform spherical shape (Fig. 2A). The size distribution of the
TPP-Dex-ss-SPCL micelles is displayed in Fig. 2B, which indi-
cates the hydrodynamic diameter is approximately 85.7 nm with
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(A) Transmission electron microscope image of TPP-Dex-ss-SPCL. (B) Size distribution of TPP-Dex-ss-SPCL determined by dynamic light

scattering. (C) Change in size distribution profiles of the micelles in the presence of 10 uM GSH in PBS at pH 7.4. (D) Change in size distribution
profiles of TPP-Dex-ss-SPCL triggered by 10 mM GSH at pH 5.0. (E) In vitro DOX release from the TPP-Dex-ss-SPCL@DOX/EVO micelles
triggered with GSH (10 uM or 10 mM) in PBS (pH 7.4) or ABS (pH 5.0 and 6.5) at 37 °C. (F) In vitro EVO release from the TPP-Dex-ss-SPCL@DOX/
EVO micelles triggered with GSH (10 uM or 10 mM) in PBS (pH 7.4) or ABS (pH 5.0 and 6.5) at 37 °C.
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PDI of 0.176. The zeta potential of TPP-Dex-ss-SPCL micelles is
+22.7 mV (Fig. S57). The size changes of the blank micelles in
different microenvironments were also detected by DLS. When
the blank micelles were in the condition of pH 7.4 and 10 pM
GSH (mimicking blood circulation environment), the size of
micelles remained almost the same, indicating that the struc-
tures of micelles would be stable in blood circulation (Fig. 2C).
However, when the concentration of GSH was adjusted to
10 mM and the pH was changed to 5.0, the size distribution of
the micelles increased significantly over the incubation time
(Fig. 2D), which may be due to the rapid cleavage of disulfide
bonds in the micelles. In order to more realistically mimic the
tumoral microenvironment, the size changes of blank micelles
in a simulated late lysosome environment (pH 5.0 and 10 pM
GSH) and simulated cytoplasmic environment (pH 7.4 and
10 mM GSH) were also detected (Fig. S6T). When micelles were
exposed to the late lysosome environment, the size of the blank
micelles increased slightly, which may be due to the slow
breakage of ester bonds in an acidic environment. However, in
the cytoplasmic environment, the micelle size varied greatly due
to the role of GSH. The CMC values of blank micelles at natural
condition (0.74 mg L") and acidic condition (0.98 mg L)
indicated that they would possess a stable structure in the blood
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circulation and in late lysosomes (Fig. S71). At the same time,
there was almost no size change in micelles after incubation in
PBS or in cell culture medium (containing 10% FBS, v/v) at 37 °C
for 5 days (Fig. S81). This result showed that the micelles have
good stability.

3.3 Characterization of drug-loading micelles

After DOX and EVO were encapsulated in these micelles, the
size and potential of the micelles changed slightly compared
with blank micelles. The DOX-loading content (LC) and
encapsulation efficiency (EE) of TPP-Dex-ss-SPCL@DOX/EVO
micelles were 6.8 & 0.2% and 76 + 3%, respectively, while the
EVO-loading content (LC) and encapsulation efficiency (EE) of
TPP-Dex-ss-SPCL@DOX/EVO micelles are 5.6 + 0.1% and 62 +
2%, respectively (Table S1t). For comparison, micelles, Dex-
SPCL@DOX/EVO, Dex-ss-SPCL@DOX/EVO and TPP-Dex-
SPCL@DOX/EVO were also prepared and their properties are
also summarized in Table S1.t

3.4 Invitro GSH-triggered drug release

In order to determine whether drug-loaded micelles can be
effectively released under the stimulation of simulated tumor
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Fig. 3 Cell viabilities of (A) EC cells and (B) 4T1 cells after incubation with blank micelles (TPP-Dex-ss-SPCL and Dex-ss-SPCL) at different
concentrations over 48 h. (C) Fluorescence images of EC cells and 4T1 cells after treatments with blank micelles at different concentrations for

48 h. The live cells were stained green and red indicates dead cells.
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cell microenvironment, in vitro pH- and GSH-triggered drug
release from the TPP-Dex-ss-SPCL@DOX/EVO micelles were
investigated. From Fig. 2E and F, we can see that the cumulative
releases of DOX and EVO in a simulated blood circulation
environment (pH 7.4, 10 mM GSH) were 18% and 6% in 36 h,
respectively. The results showed that the drugs-loaded micelles
would be stable in blood circulation. In contrast, the cumulative
releases of DOX and EVO were all over 40% when triggered with
10 mM of GSH at pH 7.4. Moreover, when the TPP-Dex-ss-
SPCL@DOX/EVO micelles were placed in the condition of pH
5.0 and 10 mM GSH, the cumulative releases of DOX and EVO
were the highest. These results were obtained mainly due to the
disulfide bond breakage induced by GSH stimulation. In addi-
tion, an acidic environment may help to increase DOX
solubility.

3.5 The cytotoxicity of these blank micelles

First, the cytotoxicities of the blank micelles (TPP-Dex-ss-SPCL
and Dex-ss-SPCL) were evaluated. Different concentrations of
blank micelles were incubated with 4T1 and EC cells. After that,
the viability of cells was investigated by Alamar blue (AB) assay
and live/dead staining. The AB results in Fig. 3A and B show that
when the concentration of blank material reached up to 100 mg
mL !, the survival rates of both normal and cancer cells were
still above 85%. Those results proved that the blank material
had low toxicity and good biocompatibility. The live/dead
staining also agreed with the AB assay results: when the
concentration of the micelles increased to 100 pug mL ™', the
cells grew healthily and few dead cells could be seen (Fig. 3C).
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3.6 Mitochondrial targeting and damage analysis

To investigate the targeting efficiency of the drug-loaded micelles
to mitochondria, co-localization analysis was used to compare
free DOX and the corresponding DOX-loaded micelles. DOX
showed red fluorescence and the mitochondria of 4T1 cells were
stained in green by Mito-Tracker Green (MTG). When yellow
fluorescence appears through merging green and red fluores-
cence, it implies DOX and mitochondria overlap (Fig. 4A).
Further, linear regions of interest intensity profiles were used
to evaluate the co-localization of the selected linear region
(Fig. 4B). In the free DOX group, the DOX and MTG were barely
overlapped. At the same time, the DOX was distributed all over
the cells. For the Dex-ss-SPCL@DOX micelles group, the red
fluorescence was aggregated, but red fluorescence and green
fluorescence overlapped very little, which proved that the co-
localization of DOX and mitochondria is very weak. In contrast,
the DOX and MTG of the TPP-Dex-SPCL@DOX micelles group
overlapped very well: DOX was not distributed in cells except in
mitochondria. It was noteworthy that the DOX and MTG in TPP-
Dex-ss-SPCL@DOX group also overlapped well. However, unlike
TPP-Dex-SPCL@DOX micelles group, here DOX was also
distributed in a small amount in sites other than mitochondria,
which may be due to the DOX released from the disulfide bond
breakage. All these results suggested that after modifying
micelles with TPP, the micelles specifically accumulated in the
mitochondrial region in live cells and the introduction of disul-
fide bonds could promote drug release. After the micelles tar-
geted mitochondria, the loaded DOX and EVO should be
released. The disulfide bonds of the TPP-Dex-ss-SPCL@DOX
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Fig.4 Mitochondrial targeting analysis. (A) Mitochondrial targeting of TPP-Dex-ss-SPCL@DOX, Dex-ss-SPCL@DOX and free DOX (scale bar: 20

pum, red fluorescence represents DOX, green fluorescence represents

MitoTracker Green (MTG), white arrows in the merge are the co-locali-

zation of the selected linear region); (B) co-localization analysis of DOX and MTG in 4T1 cells.
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micelles were cleaved due to the high concentration GSH in
cytoplasm and the micelles were disassembled quickly, resulting
in the DOX being released rapidly; this is consistent with the in
vitro release result in Fig. 2E. In order to evaluate the DOX
distribution in organelles, Pearson's correlation coefficient (R;)
was utilized to quantitatively evaluate the correlation between red
and green fluorescence and was also used for the fluorescence co-
localization analysis. The values for R, range from 1 to —1. A value
of “1” represents perfect correlation, while “—1” represents
perfect exclusion and “zero” represents random localization.
When the value of R, is close to 1, it means that the co-location of
two types of fluorescence is better. Compared to the free DOX
group (R, = 0.67), the TPP-Dex-SPCL@DOX group possessed the
higher R, (0.97), which means the TPP-Dex-SPCL@DOX group

J-aggregate J-monomer
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could target the mitochondria well. Additionally, the Rr of TPP-
Dex-ss-SPCL@DOX was 0.89, which indicated the DOX was
partially released. Further, after releasing around mitochondria,
DOX needed to enter the mitochondria and act on mitochondrial
DNA to induce cell apoptosis. The large amount of DOX entering
mitochondria required increased permeability of mitochondrial
membrane. To verify whether the EVO can increase the mito-
chondrial membrane depolarization and disrupt mitochondrial
structure, mitochondrial membrane potential dye JC-1 was
employed to stain the mitochondrial membrane. When the
mitochondrial membrane was intact, the JC-1 was aggregated
into red fluorescence, while in depolarized mitochondria, JC-1
forms green fluorescence. From Fig. 5, both free EVO and TPP-
Dex-ss-SPCL@DOX/EVO showed weaker JC-1 red fluorescence

J-merge

20 pm

Fig. 5 Mitochondrial membrane potentials (Ay,,) measured by JC-1 staining of 4T1 cells after incubation with control solution (PBS), TPP-Dex-
ss-SPCL@EVO, Dex-SPCL@EVO, Dex-ss-SPCL@EVO, TPP-Dex-SPCL@EVO and free EVO (scale bar = 20 um).
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than other groups. Compared with the TPP-Dex-ss-SPCL@DOX/
EVO micelles group, although TPP-Dex-SPCL@DOX/EVO can
target mitochondria, they could not release EVO quickly; hence,
TPP-Dex-SPCL@DOX/EVO group had stronger red fluorescence.
These results demonstrated that after modifying micelles with
TPP, the micelles could target mitochondria well. Then, micelles
containing disulfide bonds could further achieve the effective
release of drugs after targeting mitochondria. EVO released
around mitochondria could quickly destroy the function of
mitochondrial membrane and increase its permeability,
contributing to the entry of DOX into mitochondria and helping
exert a stronger anti-tumor effect for DOX.

3.7 Invitro cytotoxicity analysis and anticancer effect

In order to verify the anti-tumor effect of DOX after the targeted
destruction of the mitochondrial membrane, the cytotoxicity of
free DOX/EVO, Dex-SPCL@DOX/EVO, Dex-ss-SPCL@DOX/EVO,
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TPP-Dex-ss-SPCL@DOX/EVO and TPP-Dex-SPCL@DOX/EVO
were further investigated. As shown in Fig. S9,f the cytotox-
icity of the TPP-Dex-ss-SPCL@DOX/EVO group was the highest
among all the groups, with a half maximal inhibitory concen-
tration (IC50) of 1.45 ug mL ™", which was 1.14-fold more potent
than the free drug group (DOX/EVO) (1.66 pg mL ™). At the same
time, the IC50 of TPP-Dex-ss-SPCL@DOX/EVO group was 1.52-
fold more potent than the Dex-ss-SPCL@DOX/EVO group,
which indicated that the micelles targeting mitochondria can
effectively kill tumor cells. The Dex-SPCL@DOX/EVO group
possessed the lowest cytotoxicity with an IC50 of 4.77 pug mL ™,
which means that if micelles cannot target mitochondria and
release drugs effectively in cancer cells, they will not kill tumors
well. In addition, the wound-healing assay result showed that,
compared to the control, free EVO has weak ability to inhibit
tumor migration. The TPP-Dex-ss-SPCL@EVO treatment
significantly delayed the wound closure, as wounds retained
their width for 24 h after the scratch (Fig. S107).
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Fig. 6 Invivo antitumor efficacy towards 4T1 tumor-bearing Balb/c mice. (A) Relative tumor volume (n = 5), (B) body weight changes (n = 5), and

(C) survival curves of tumor-bearing mice after treatment with different formulations. (D) H&E, TUNEL and Ki67 staining of tumor sections after
different treatments (scale bar: 100 um) (#) p > 0.05, (*) p < 0.05, (**) p < 0.01.
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3.8 In vivo antitumor effect

To establish whether mitochondrial targeted dual-drug-loaded
responsive micelles can also have good anti-tumor effect in
vivo, we performed therapeutic studies using a 4T1 tumor model
on Balb/c mice by tail-vein injection of the drug-loaded micelles.
The antitumor efficacies of various micelles and free drug are
illustrated in Fig. 6. As shown in Fig. 6A, after 21 days treatment,
the final tumor volumes were ~513 mm?® (saline group), 545 mm®
(blank TPP-Dex-ss-SPCL group), 246 mm?® (free DOX/EVO group),
143 mm” (Dex-ss-SPCL@DOX/EVO group) and 48 mm® (TPP-Dex-
$s-SPCL@DOX/EVO group). The mean tumor volume of the TPP-
Dex-ss-SPCL@DOX/EVO group was the smallest, suggesting that
this group possessed the best therapeutic effect. This result may
be because the material TPP-Dex-ss-SPCL possessed the ability to
target mitochondria and, after the co-delivery of DOX and EVO
into tumor cells and targeting to mitochondria, the released EVO
would destroy mitochondrial membrane, leading to more
released chemotherapeutic DOX entering into mitochondria,
destroying mitochondrial DNA, and finally effectively killing
cancer cells. Moreover, the survival rate of mice treated with the
TPP-Dex-ss-SPCL@DOX/EVO group was the highest among all
groups (Fig. 5C).

3.9 Histological analysis

The antitumor efficacy was further confirmed by histological
evaluation of tumor tissues stained with hematoxylin and
eosin (H&E) and terminal deoxynucleotidyltransferase-
mediated UTP end labeling (TUNEL) and immunostained
with a rabbit polyclonal antibody for Ki-67. Fig. 6D shows
extensive nuclear shrinkage and fragmentation and massive
tumor necrosis in TPP-Dex-ss-SPCL@DOX/EVO group,
further indicating its best antitumor efficacy. Additionally,
except for the free DOX group, no significant weight loss was
observed in the other groups (Fig. 6B), suggesting that these
drug-loaded micelles have almost no systemic toxicity and the
side effects of free DOX can be overcome through the
encapsulation of the micelles.

4. Conclusions

In summary, we presented dual drug-loaded mitochondria-
targeted and reduction-sensitive micelles. These drugs-
loaded micelles had good stability during blood circula-
tion. After being internalized by the tumor cells, the micelle
could target mitochondria through its TPP groups. Then, the
high content of intracellular GSH would break the disulfide
bonds in the micelles, leading to rapid release of EVO and
DOX. The released EVO further induced the depolarization of
mitochondrial membrane with decrease of the A¥ and
increase of the mitochondrial membrane permeability.
Consequently, more released DOX would directly diffuse into
mitochondria, resulting in mitochondrial DNA damage. This
work provides a novel strategy for the design and engineering
of smart micelles for highly effective and accurate cancer
therapy.

This journal is © The Royal Society of Chemistry 2019
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