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Abstract: Mitoxantrone (MIT) is an anticancer agent with photosensitive properties that is
commonly used in various cancers. Multidrug resistance (MDR) effect has been an obstacle
to using MIT for cancer therapy. Photochemical internalization, on account of photodynamic
therapy, has been applied to improve the therapeutic effect of cancers with MDR effect. In
this study, an MIT-poly(e-caprolactone)-pluronic F68-poly(e-caprolactone)/poly(D,L-lactide-
co-glycolide)—poly(ethylene glycol)—poly(D,L-lactide-co-glycolide) (MIT-PFP/PPP) mixed
micelles system was applied to reverse the effect of MDR in MCF-7/ADR cells via photo-
chemical reaction when exposed to near-infrared light. MIT-PFP/PPP mixed micelles showed
effective interaction with near-infrared light at the wavelength of 660 nm and exerted great
cytotoxicity in MCF-7/ADR cells with irradiation. Furthermore, MIT-PFP/PPP mixed micelles
could improve reactive oxygen species (ROS) levels, decrease P-glycoprotein activity, and
increase the cellular uptake of drugs with improved intracellular drug concentrations, which
induced cell apoptosis in MCF-7/ADR cells under irradiation, despite MDR effect, as indicated
by the increased level of cleaved poly ADP-ribose polymerase. These findings suggested that
MIT-PFP/PPP mixed micelles may become a promising strategy to effectively reverse the MDR
effect via photodynamic therapy in breast cancer.

Keywords: mitoxantrone, polymeric mixed micelles, multidrug resistance, photodynamic
therapy, breast cancer

Introduction

Mitoxantrone (MIT, Figure 1A), a synthetic derivative of anthracenedione, is a
topoisomerase II targeting drug with high efficacy in the treatment of various malig-
nancies such as breast cancer and acute leukemia.'?> Overexpression of adenosine
triphosphate-binding cassette (ABC) transporters is associated with resistance to
different anticancer agents, including MIT, which hinders the clinical application of
MIT for cancer treatment.? P-glycoprotein (P-gp) is one of the ABC transporters and
is overexpressed in >40% of breast cancer cases. It participates in the active transport
of anticancer drugs out of cancer cells, leading to decreased intracellular concentration
of drugs and resulting in multidrug resistance (MDR) in clinical cases.® Therefore,
reversing the MDR effect on MIT in breast cancer has been a primary strategy to
improve cancer therapy. Various methods have been applied to inhibit ABC transporters
with the aim to improve the retention of anticancer drugs in cancer cells, including
low-molecular weight P-gp inhibitors, polymer—drug conjugates, high-molecular
weight polymer carriers, photodynamic therapy (PDT), and so on.**
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Figure | Chemical structure of MIT and photo absorption properties of MIT and MIT-PFP/PPP mixed micelles.

Notes: (A) The chemical structure of MIT; (B) photo absorption properties of MIT, MIT-PFP/PPP mixed micelles and blank PFP/PPP mixed micelles, measured by DR6000
UV-visible spectrophotometer at the wavelength range of 400—1,000 nm; (C) photo absorption properties of MIT-PFP/PPP mixed micelles with different concentrations
measured by DR6000 UV-visible spectrophotometer at the wavelength range of 400—1,000 nm. These experiments were carried out in triplicate.

Abbreviations: MIT, mitoxantrone; PFP, poly(e-caprolactone)-pluronic F68-poly(e-caprolactone); PPP, poly(D,L-lactide-co-glycolide)—poly(ethylene glycol)—poly(D,L-lactide-

co-glycolide).

PDT is a minimally invasive and clinically approved
therapeutic modality with selective cytotoxicity against
cancer. PDT requires three major components: photosen-
sitizing agents, tissue oxygen, and laser irradiation at the
wavelength of the photosensitizer.” Photosensitizers kill
cancer cells by generating reactive oxygen species (ROS)
via transferring absorbed photon energy to oxygen molecules
when the cells are exposed to irradiation with an appropriate
wavelength. Photosensitizers are not toxic to cells without
laser irradiation.® PDT improves selectivity of anticancer
agents and also decreases their side effects, compared to
conventional radiotherapies and chemotherapies.’ Recently,
photochemical internalization, an application of PDT, has
been employed to improve the chemotherapeutic effect in
cancers with MDR. Photochemical internalization destroys
the cellular membrane with laser exposure by reactive
oxygen-induced lipid perioxidation.® MIT has two major
absorption peaks at the wavelengths of 610 and 660 nm, and
it is an efficient photosensitizer to mediate cell death with
exposure to light at the wavelength of 660 nm."° Studies of

PDT using MIT to treat breast cancer and melanoma cancer
have been reported.''? To conquer the MDR effect of MIT
in breast cancer cells, using the photosensitizing property
of MIT may exert unexpected anticancer effect due to the
generation of ROS in cancer cells.

Polymeric micelles formed by high-molecular weight
polymers are capable of encapsulating hydrophobic drugs
through their core—shell structure with favorable size and
enhanced permeability and retention effect, of which some
function as a biologic modifier against MDR."*!* In our
previous study, a mixed micelle system, formed by poly(e-
caprolactone)-pluronic F68-poly(e-caprolactone) (PFP) and
poly(D,L-lactide-co-glycolide)—poly(ethylene glycol)—poly
(D,L-lactide-co-glycolide) (PPP), has been designed to effi-
ciently deliver the anticancer agent MIT, while reversing
MDR in breast cancer.'* As mentioned above, the application
of PDT could reverse the MDR effect in cancer cells.® It is
meaningful to investigate the photosensitizing property of
a clinically used anticancer agent (MIT) as PDT against the
cancer cells with MDR. In this study, the previously designed
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PFP/PPP mixed micelles were applied to deliver MIT
(MIT-PFP/PPP mixed micelles) to evaluate the anticancer
effect of MIT with exposure to near-infrared light on the
MDR breast cancer cells, the MCF-7/ADR cells.

Materials and methods

Materials

MIT (98% purity) was obtained from Meilun Biology Tech-
nology Company (Dalian, China). Phosphate buffer saline
(PBS), penicillin—streptomycin, fetal bovine serum (FBS),
0.25% trypsin/l1 mM ethylenediaminetetraacetic acid (w/v)
and propidium iodide (PT) were obtained from Thermo Fisher
Scientific (Waltham, MA, USA). Hoechst 33342, wortmannin,
genistein, methyl-B-cyclodextrin, 2-deoxyglucose and 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide
(MTT) were obtained from Sigma Aldrich (St Louis,
MO, USA). ROS Assay Kit was obtained from Beyotime
(Shanghai, China). The primary antibodies against GAPDH
and poly ADP-ribose polymerase (PARP) were obtained
from Cell Signaling Technology (Boston, MA, USA). Multi-
Drug Resistance Assay Kit was purchased from Cayman
Chemical (Ann Arbor, MI, USA). The chemicals were all of
analytical grade, and ultra-filtered water was obtained with a
Milli-Q apparatus (EMD Millipore, Billerica, MA, USA).

Cell lines and cell culture

Doxorubicin-resistant MCF-7 cells, named MCF-7/ADR,
were obtained by stepwise exposure of MCF-7 cells to
doxorubicin with increasing concentrations as previously
reported.' MCF-7 cells were obtained from American Tissue
Culture Collection. MCF-7/ADR cells were incubated in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 10%
FBS (v/v), 100 U/mL streptomycin and 100 pg/mL penicillin
with 5% CO, at 37°C.

Absorption properties of MIT

To obtain the light absorbance band of MIT, the absorption
spectra of blank PFP/PPP mixed micelles, MIT and MIT-
PFP/PPP mixed micelles were measured by DR6000 UV-
Visible Spectrophotometer (HACH, Loveland, CO, USA).
Various concentrations of MIT-PFP/PPP mixed micelles
(12.5, 25, 50, 100, 200 uM) were detected by UV—Visible
Spectrophotometer to obtain the MIT light absorption spec-
tra.'? The experiments were carried out in triplicate.

Preparation and characterization of
MIT-PFP/PPP mixed micelles

MIT-PFP/PPP mixed micelles were prepared by solvent
evaporation as reported previously."”” Fourteen milligrams

copolymers of PFP and PPP with the ratio of 1:2 were
mixed with 1 mg MIT. The mixtures were then dissolved
in water miscible organic solvent (800 uL) of methanol and
acetonitrile (1:1, v/v) under ultrasonication. When the copo-
lymers were completely dissolved, the mixed solution was
added drop-wise into pure water and stirred for 5 h until the
methanol and acetonitrile were evaporated. The final solution
was filtered using a 0.45 uM Millipore filter to remove any
large aggregate. Filtration isolated MIT-PFP/PPP micelles
with particle size <450 nm. The whole procedure was per-
formed in a dark room. The experiments were carried out in
triplicate. The particle size of MIT-PFP/PPP mixed micelles
was detected by dynamic light scattering with a Zetasizer
Nano ZSP system. The drug concentration of MIT-PFP/
PPP mixed micelles was detected by Waters ¢2695 HPLC
with a C18 reverse-phase liquid chromatography column
(250x4.6 mm) at a flow rate of 1 mL/min and maximum
absorption wavelength of 609 nm. The mobile phase was
methanol/0.25% acetic acid (50/50, v/v).

In vitro cytotoxicity by photodynamic

treatment

MTT assay was used to determine the cytotoxicity of MIT-
PFP/PPP mixed micelles with or without irradiation at
660 nm in MCF-7/ADR cells.'” MCF-7/ADR cells were
seeded in 96-well plates with 100 L medium at a density
of 5x10° cells/well and then incubated for 24 h. Cells were
treated with MIT and MIT-PFP/PPP mixed micelles at
various concentrations ranging from 2.5 to 20 uM. After
incubation for 4 h, the original medium was discarded and
fresh medium containing 0.5% FBS was added with laser
irradiation at the power of 6, 12 and 24 mW for 0.5 h with
a 660 nm fiber-coupled laser system (LOSBLD-0660-2W;
Hi-Tech Optoelectronics Co., Ltd., Beijing, China). After
incubation for 24 h at 37°C, 20 uL. MTT dye at a concentra-
tion of 5 mg/mL was used to replace the medium and cells
were incubated for another 4 h to form formazan crystals
via mitochondrial dehydrogenases. Formazan crystals were
dissolved with dimethyl sulfoxide. A microplate reader
(SpectraMax M5; Molecular Devices, LLC, Sunnyvale, CA,
USA) was used to record the spectrophotometric absorbance
at 570 nm, which was analyzed to demonstrate relative cell
viability. The experiments were carried out in triplicate.

Measurement of ROS

An ROS assay kit was used to determine the intracellular
ROS levels of cells treated with MIT or MIT-PFP/PPP mixed
micelles.'® Briefly, MCF-7/ADR cells were seeded in 12-well
plates at a density of 8x10* cells/well and incubated for 24 h.
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MIT and MIT-PFP/PPP mixed micelles at a concentration of
20 uM were added to MCF-7/ADR cells. After incubation
for 4 h, fresh medium with 0.5% FBS was used to replace the
medium and cells were irradiated with 660 nm fiber-coupled
laser at a power of 24 mW for 0.5 h. The cells were then
stained with 10 uM 2,7-dichlorodi-hydrofluorescein diacetate
and incubated at 37°C for 30 min. Cells were washed with
PBS three times and collected. Stained cells were analyzed
by flow cytometry (BD FACS Canto™). The experiments
were carried out in triplicate.

P-gp activity assay

A multidrug resistance assay kit (Cayman Chemical) was
utilized to determine the activity of P-gp.! MCF-7/ADR cells
at a density of 5x10° cells/well were seeded in 96-well flat
clear-bottom black-wall microplates and then incubated for
24 h. Then, the cells were treated with MIT and MIT-PFP/
PPP mixed micelles and irradiated with laser mentioned
above. One hundred microliters MDR dye-loading solution
was added to each well followed by incubation at 37°C for
another 1 h in the dark. Intracellular fluorescence was mea-
sured by a microplate reader with excitation wavelength of
490 nm and emission wavelength of 525 nm. The experiments
were carried out in triplicate.

Cellular uptake of MIT and MIT-PFP/PPP

and its mechanisms

The cellular uptake of MIT and MIT-PFP/PPP mixed
micelles was determined by flow cytometry (BD Accuri),
which could measure the fluorescence of MIT associated
with the cells using FL4 channel.'”** MCF-7/ADR cells at
a density of 1x10° cells/wells were seeded in 12-well plates
and cultured for 24 h. Cells were treated with MIT and
MIT-PFP/PPP mixed micelles for 2 h, followed by laser
irradiation as mentioned above. After incubation for another
1.5 h, the cells were collected by trypsinization and washed
twice with PBS. Cells were suspended with 0.5 mL PBS
and measured with flow cytometry. The experiments were
carried out in triplicate.

The mechanisms of cellular uptake were determined using
various endocytic inhibitors.?! Briefly, MCF-7/ADR cells
were seeded at a density of 1x10° cells/well in 12-well plates
and cultured for 24 h. Then, the cells were preincubated in the
presence of different endocytic inhibitors for 1 h, followed
by treatment with MIT and MIT-PFP/PPP mixed micelles at
a concentration of 20 uM for 2 h. The endocytic inhibitors
were added at the following concentrations: 10 UM of wort-
mannin, 50 UM of genistein, 5 mM of methyl-B-cyclodextrin
and 20 mM of 2-deoxyglucose. The cells were irradiated as

mentioned above. After incubation for another 1.5 h, the cells
were trypsinized and washed twice with PBS. The cells were
suspended in 0.5 mL PBS and analyzed by flow cytometry.
The experiments were carried out in triplicate.

Assessment of cell apoptosis

Hoechst 33342 staining assay was used to observe nuclear
morphologic changes and chromosome condensation in
MCF-7/ADR cells.> MCF-7/ADR cells were cultured in
96-well plates at a density of 5x10° cells/well for 24 h.
MIT and MIT-PFP/PPP mixed micelles were added to the
cells and irradiated with laser as mentioned above. After
incubation for 24 h at 37°C, 4% paraformaldehyde was uti-
lized to fix the cells for 15 min and they were washed with
PBS. The cells were then stained with 1 pg/mL of Hoechst
33342 at 25°C for 20 min in darkness. Lastly, the cells were
observed and imaged by Incell Analyzer 2000 (GE Health-
care Bio-Sciences Corp., Piscataway, NJ, USA), which was
equipped with a 4’,6-diamidino-2-phenylindole filter (excita-
tion of 350 nm and emission of 455 nm). The experiments
were carried out in triplicate.

Apoptosis was evaluated using the Annexin V-fluorescein
isothiocyanate/PI detection kit (BD Pharmingen).?> MCF-7/
ADR cells were cultured at a density of 5x10° cells/well in
six-well plates for 24 h. The cells were treated with MIT and
MIT-PFP/PPP mixed micelles and irradiated with a laser as
mentioned above. After incubation for 24 h at 37°C, the cells
were collected by trypsinization, washed twice with ice-cold
PBS and gently suspended in 100 pL binding buffer contain-
ing 20 pg/mL Annexin V-fluorescein isothiocyanate stain for
30 min, followed by staining with PI (10 uL) for 5 min. Cell
apoptosis was measured by flow cytometry. The experiments
were carried out in triplicate.

Western blot analysis

Western blot analysis was used to measure apoptosis of
cells treated with MIT and MIT-PFP/PPP mixed micelles.**
Briefly, MIT and MIT-PFP/PPP mixed micelles were added
to MCF-7/ADR cells and irradiated with laser as mentioned
above. After the cells were incubated for 24 h, total cellular
proteins were obtained using radioimmunoprecipitation
assay lysis buffer with 1% phenylmethanesulfonylfluo-
ride and 1% protease inhibitor cocktail (Thermo Fischer
Scientific). The concentrations of total protein were deter-
mined by a bicinchoninic acid protein assay kit (Thermo
Fischer Scientific). Then, 15% sodium dodecylsulfate
polyacrylamide gel electrophoresis was used to separate
proteins and the corresponding proteins were transferred to
polyvinylidene fluoride membranes (0.22 um). After being
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blocked for 1 h by 5% non-fat dried milk, the membranes
were incubated with specific primary antibodies (1:1,000;
Cell Signaling Technology) against PARP and GAPDH,
followed by incubation with secondary rabbit antibodies
(1:1,000; Cell Signaling Technology). An electrochemilumi-
nescence Advanced Western Blotting Detection Kit from GE
Healthcare Bio-Sciences Corp. was used to visualize the pro-
tein bands. The experiments were carried out in triplicate.

Statistical analysis

The data were analyzed by one-way analysis of variance fol-
lowed by Tukey’s Multiple Comparison Test using GraphPad
Prism 5 software (GraphPad Software, Inc., San Diego, CA,
USA). The results were expressed as mean = SD. P-value
lower than 0.05 was considered statistically significant.

Results and discussion
Absorption properties of MIT

It was reported that MIT has two photo absorption peaks,
one at 600 nm and the other at 660 nm. MIT acts as a

MCF-7/ADR (6 mW)
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o
L

Cell viability (%)
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photosensitizer with laser irradiation at the wavelength of
660 nm to induce cell death.'? As shown in Figure 1B, both
MIT and MIT-PFP/PPP mixed micelles have two major
absorption peaks at 600 and 660 nm, while PFP/PPP micelles
have no specific absorption peak at the wavelength range of
400-1,000 nm. This result indicated that the encapsulation
of MIT by PFP/PPP mixed micelles had no influence in the
absorption properties of MIT, enabling its effective interac-
tion with near-infrared light at the wavelength of 660 nm.
Additionally, the photo absorption of MIT-PFP/PPP mixed
micelles increases in a dose-dependent manner (Figure 1C).

In vitro cytotoxicity by photodynamic
treatment

MTT assay was used to determine the cytotoxicity of MIT-
PFP/PPP mixed micelles via PDT in MCF-7/ADR cells. As
shown in Figure 2, cells treated with or without free MIT
showed negligible cytotoxicity in MCF-7/ADR cells with or
without irradiation (6 and 12 mW) for 24 h, indicating that
free MIT has no obvious anticancer effect in MCF-7/ADR
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Figure 2 Cell viability of free MIT and MIT-PFP/PPP mixed micelles in MCF-7/ADR cells with or without laser irradiation at the power of 6, 12 and 24 mW for 0.5 h with a

660 nm fiber-coupled laser system (mean * SD, n=3).

Abbreviations: MIT, mitoxantrone; PFP, poly(e-caprolactone)-pluronic F68-poly(e-caprolactone); PPP, poly(D,L-lactide-co-glycolide)—poly(ethylene glycol)—poly(D,L-lactide-

co-glycolide).

International Journal of Nanomedicine 2017:12

submit your manuscript

6599

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Li et al

Dove

cells. Meanwhile, MCF-7/ADR cells irradiated with different
laser intensities (6, 12 and 24 mW) had no cytotoxicity.
Cell viability reduced to around 60% in the cells treated
with MIT-PFP/PPP mixed micelles (20 uM) and irradiation
at 24 mW, while the reduction rates of cell viability at 6 and
12 mW were about 46% and 28.61%, respectively. With irra-
diation, MCF-7/ADR cells treated with MIT (20 uM) exhib-
ited 11% cytotoxicity in MCF-7/ADR cells, which was much
lower than that of MIT-PFP/PPP mixed micelles (20 uM) with
irradiation (60%). Without irradiation, MCF-7/ADR cells
treated with MIT-PFP/PPP mixed micelles (20 uM) exerted
43% cytotoxicity, which was also lower than that of MIT-PFP/
PPP mixed micelles (20 uM) with irradiation (60%). These
results indicate that PDT using MIT as a photosensitizer

>

ROS level

w
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N
L

Fluorescence normalized
to media control

(@)

Fluorescence intensity

exerted strong anticancer effects under irradiation and MIT-
PFP/PPP mixed micelles showed the highest cytotoxicity in
MCF-7/ADR cells with irradiation among these treatments.

Measurement of ROS

PDT inhibited cell growth in cancer cells upon exposure to
near-infrared irradiation through the generation of ROS.%
Whether the MIT-PFP/PPP mixed micelles generated ROS
was measured in MCF-7/ADR cells under irradiation (24 mW).
As shown in Figure 3A, MCF-7/ADR cells treated with MIT
and MIT-PFP/PPP mixed micelles without irradiation exhib-
ited negligible changes in ROS levels, while increased ROS
levels were observed in the cells treated with both MIT and
MIT-PFP/PPP mixed micelles after irradiation. These results
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Figure 3 ROS levels, P-gp activity, cellular uptake mechanisms and cellular uptake of free MIT and MIT-PFP/PPP mixed micelles with or without irradiation at the power of
24 mW for 0.5 h with a 660 nm fiber-coupled laser system in MCF-7/ADR cells (mean + SD, n=3).

Notes: (A) ROS levels were determined by a ROS assay kit with fluorescent analysis by flow cytometry. (B) P-gp activity was detected by a multidrug resistance assay kit.
(C) Cellular uptake mechanisms were determined by preincubation with different endocytic inhibitors and (D) intracellular uptake was detected by measuring the fluorescence

of mitoxantrone associated with the cells by flow cytometry. *P<<0.05 and **P<<0.01.

Abbreviations: MIT, mitoxantrone; PFP, poly(e-caprolactone)-pluronic F68-poly(e-caprolactone); PPP, poly(D,L-lactide-co-glycolide)—poly(ethylene glycol)—poly(D,L-lactide-

co-glycolide); P-gp, P-glycoprotein; ROS, reactive oxygen species.
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suggest that both free MIT and MIT-PFP/PPP mixed micelles
may induce cytotoxicity in MCF-7/ADR cells via the produc-
tion of ROS by photochemical reaction under irradiation.

P-gp activity

Cayman’s MDR assay kit was used to determine P-gp
activity." The kit used a cell-permeable nonfluorescent dye
(calcein AM), which is cleaved intracellularly into a fluo-
rescent molecule (calcein) for the detection of anticancer
agents inhibiting MDR proteins. As shown in Figure 3B,
P-gp activity was suppressed in MCF-7/ADR cells treated
with MIT-PFP/PPP mixed micelles with irradiation, while
there were no obvious changes on treating with MIT and
MIT-PFP/PPP mixed micelles without irradiation. Mean-
while, there was also no obvious change in the P-gp activity
of cells treated with MIT and irradiation, compared to that
of cells treated with MIT and MIT-PFP/PPP mixed micelles
without irradiation. This result demonstrated that MIT-PFP/
PPP mixed micelles with irradiation were able to suppress
P-gp activity in MCF-7/ADR cells.

Cellular uptake of MIT-PFP/PPP mixed

micelles and its mechanisms
There might be different ways that cells can uptake MIT-
PFP/PPP mixed micelles. We analyzed the internalization of

Control

Control+660 nm

50 uym

MIT

MIT+660 nm

MIT-PFP/PPP mixed micelles by using different endocytic
inhibitors.?! As shown in Figure 3C, there was a significantly
lower cellular uptake with 2-deoxyglucose exposure, indicating
that cellular uptake with MIT-PFP/PPP mixed micelles may
be associated with an energy-dependent endocytosis. Methyl-
B-cyclodextrin and wortmannin exhibited a significant inhibi-
tory effect, indicating that the internalization pathways were
caveolae- and macropinocytosis-mediated pathways. There-
fore, MIT-PFP/PPP mixed micelles could enter and stay in
cancer cells while maintaining favorable drug concentration.

To investigate the ability of MIT-PFP/PPP mixed micelles
to efficiently deliver anticancer drug to the cytosol in MCF-7/
ADR cells under laser irradiation, the cellular internalization
of MIT-PFP/PPP mixed micelles was examined by flow
cytometry. Figure 3D shows an increasing trend in the cel-
lular uptake of MIT from groups (MIT, MIT+660 nm, MIT-
PFP/PPP and MIT-PFP/PPP+660 nm) after incubation for
2 h. This result suggested that MIT-PFP/PPP mixed micelles
may improve intracellular concentration of anticancer drug
under irradiation by photochemical reaction.

Assessment of cell apoptosis

Nuclear staining and Annexin V/PI staining were used to
measure the apoptosis of MCF-7/ADR cells treated with
MIT-PFP/PPP mixed micelles. As shown in Figure 4,

MIT-PFP/PPP

50 uym 50 ym

MIT-PFP/PPP+660 nm

50 uym

50 uym

Figure 4 Nuclear staining by Hoechst 33342 in MCF-7/ADR cells treated with MIT and MIT-PFP/PPP mixed micelles with or without laser irradiation at the power of 24 mW

for 0.5 h with a 660 nm fiber-coupled laser system.

Notes: The experiments were carried out in triplicate. The arrows indicate nuclear morphologic changes and chromosome condensation.
Abbreviations: MIT, mitoxantrone; PFP, poly(e-caprolactone)-pluronic F68-poly(e-caprolactone); PPP, poly(D,L-lactide-co-glycolide)—poly(ethylene glycol)—poly(D,L-lactide-

co-glycolide).
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MCEF-7/ADR cells treated with MIT and MIT-PFP/PPP
mixed micelles without irradiation were rounded and showed
no nuclear condensation, indicating that there were no
apoptotic cells. Interestingly, the number of MIT-PFP/PPP
mixed micelles-treated MCF-7/ADR cells was less than the
cells treated with free MIT, indicating the antiproliferative
ability of MIT-PFP/PPP mixed micelles. After irradiation
with laser, MCF-7/ADR cells treated with free MIT showed
less cell apoptosis than the cells treated with MIT-PFP/PPP
mixed micelles. In addition, MCF-7/ADR cells treated with

40 1

Apoptosis rate (%)

MIT-PFP/PPP mixed micelles had less proliferating cells.
These results indicated that MIT-PFP/PPP mixed micelles
exerted antiproliferative effect and induced cell apoptosis in
MCF-7/ADR cells under irradiation.

To confirm the cell apoptosis of MIT-PFP/PPP mixed
micelles under irradiation, Annexin V/PI staining was used
to analyze apoptotic cells. As shown in Figure 5, about 7%
and 9% apoptotic cells were observed in the cells treated
with MIT and MIT-PFP/PPP mixed micelles, respectively,
while the cells treated with MIT and MIT-PFP/PPP mixed
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Figure 5 Apoptotic analysis by Annexin V-FITC/PI detection kit in MCF-7/ADR cells treated with MIT-PFP/PPP mixed micelles with or without laser irradiation at the power

of 24 mW for 0.5 h with a 660 nm fiber-coupled laser system (mean * SD, n=3).
Note: *P<<0.05 and **P<0.01.

Abbreviations: FITC, fluorescein isothiocyanate; MIT, mitoxantrone; PE, phycoerythrin; PFP, poly(e-caprolactone)-pluronic F68-poly(e-caprolactone); PPP, poly(D,L-lactide-

co-glycolide)—poly(ethylene glycol)—poly(D,L-lactide-co-glycolide).
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Figure 6 Western blot analysis of PARP expression in MCF-7/ADR cells treated
with MIT and MIT-PFP/PPP mixed micelles with or without laser irradiation at the
power of 24 mW for 0.5 h with a 660 nm fiber-coupled laser system.

Note: The experiments were carried out in triplicate.

Abbreviations: MIT, mitoxantrone; PARP, poly ADP-ribose polymerase; PFP,
poly(e-caprolactone)-pluronic Fé8-poly(e-caprolactone); PPP, poly(D,L-lactide-co-
glycolide)—poly(ethylene glycol)—poly(D,L-lactide-co-glycolide).

micelles with irradiation showed 16% and 29% apoptosis,
respectively. MIT-PFP/PPP mixed micelles with irradiation
exhibited the highest cell apoptotic rate (29%). These results
demonstrated that MIT-PFP/PPP mixed micelles could
induce cell apoptosis in MCF-7/ADR cells upon irradiation.

Analysis of apoptosis-related biomarker
by Western blot

Western blot analysis was used to examine the expression of
biomarker related to cell apoptosis in MIT-PFP/PPP mixed
micelles-treated MCF-7/ADR cells. PARP was chosen
because it is related to cell death and is specifically cleaved
in apoptotic cells. As shown in Figure 6, the level of cleaved
PARP in cells treated with MIT-PFP/PPP mixed micelles
was increased under irradiation, indicating that MIT-PFP/
PPP mixed micelles with irradiation induced apoptosis in
MCF-7/ADR cells by increasing cleaved PARP.

Conclusion

In this study, MIT-PFP/PPP mixed micelles system was
used to reverse MDR in MCF-7/ADR breast cancer cells by
PDT. After irradiation, MIT-PFP/PPP micelles were able
to increase ROS levels, decrease P-gp activity and increase
cellular uptake of MIT-PFP/PPP mixed micelles, which
induced cell apoptosis and reversed the effect of MDR.
Meanwhile, the level of cleaved PARP was increased by
treatment with MIT-PFP/PPP mixed micelles, indicating
cell apoptosis under irradiation by PDT in MCF-7/ADR
cells. Furthermore, it is necessary to perform further study
in vivo. Collectively, MIT-PFP/PPP mixed micelles may
provide a promising strategy to efficiently reverse MDR by
PDT in breast cancer.
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