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Mitoxantrone (MIT) is a promising candidate for cancer therapy, but the clinical
application of MIT against cancers was hindered by its multidrug resistance (MDR)
effect, which has drawn much attention. Herein, amphihilic poly(e—
caprolactone)-pluronic F68-poly(e—caprolactone) (PFP) and PLGA-PEG-PLGA(PPP)
polymers are designed to fabricate mixed micelles for the efficient delivery of MIT
with reversed effect of MDR. These mixed micelles (MIT-PFP/PPP micelles) exerted
favorable particle size of 144.70 + 10.52 nm and encapsulation efficiency of 56.69%
+ 4.67. Importantly, MIT-PFP/PPP micelles could strongly inhibit cell proliferation in
MCEF-7/ADR cells with the ICsy of 3.503+£0.163 uM for 24 h, which was about
7.7-fold lower than that of free MIT. The molecular mechanism of reversed MDR
effect in MCF-7/ADR cells is ascribed to the downregulation of P-glycoprotein (P-gp)
by MIT-PFP/PPP micelles resulting in enhanced anticancer efficacy. These findings
suggest that MIT-PFP/PPP micelles have great potential for the overcome of MDR

effect by inhibiting the protein expression of P-gp in cancer cells.
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1. Introduction

Mitoxantrone (MIT), an anthracenedione developed as a doxorubicin analogue, has
been recognized as an antineoplastic agent by U.S. Food and Drug Administration
(FDA)."? It is reported that MIT has antitumor activity in various cancers, including
breast cancer, prostate cancer, lymphomas and acute leukemia.”” However, the
application of MIT is restricted by the development of multidrug resistance (MDR)
during the treatment associated with the overexpress level of adenosine
triphosphate-binding cassette (ABC) transporters like P-glycoprotein (P-gp), resulting
in non-ideal anticancer efﬁcacy.6 Therefore, it still remains a primary challenge to
enhanced anticancer efficacy of MIT against cancers with MDR during chemotherapy.
To conquer MDR, diverse strategies are employed, such as analogs of
chemotherapeutic agents,” prodrugs,® P-gp specific antibodies ° and polymeric
micelles.'” Among these, polymeric micelles are able to encapsulate hydrophobic
drugs by core-shell structure, exhibit enhanced permeability and retention (EPR)
effect with suitable particle size ' and some of them function as biological response
modifiers against MDR, such as pluronic block copolymers.'?

Pluronic, also known as Poloxamers, are applied as a polymeric backbone to form
micelles ' and pluronic F68 (F68) has been approved for intravenous injection by US
Food and Drug Administration (FDA)." Poly(e—caprolactone) (PCL) is used as the
hydrophobic segment of amphiphilic copolymers with less degradation products and
high permeability to drugs,'” which may be suitable to decorated with F68 for better
efficiency of its drug delivery system. Moreover, the characteristics of polymeric
micelles, including particle size, encapsulation efficiency and drug loading, still need
to be improved by applying mixed micelle formulation.'® ' Thus,
poly(D,L-lactide-co-glycolide)-poly(ethylene glycol)-poly(D,L-lactide-co-glycolide)
(PLGA-PEG-PLGA), which has become a promising polymer in the application of
pharmaceutics due to its biodegradability, acceptable bioavailability and sustained
drug release profile, was applied in the formation of mixed micelles in this study.'®

Herein, PCL-F68-PCL (PFP)/PLGA-PEG-PLGA (PPP) mixed micelle system
(PFP/PPP micelles) has been shown to deliver MIT against MDR in human breast
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cancer cell line (MCF-7/ADR cells) in this study. Firstly, PFP was synthesized by
esterification between F68 and PCL to form an amphiphilic copolymer used in the
mixed micelle system and the structure of synthesized PFP was confirmed by nuclear
magnetic resonance spectroscopy (‘H NMR) and fourier transform infrared
spectroscopy (FTIR). Secondly, the mass ratio of PFP and PPP was investigated from
1:4 to 4:1 and then the optimized mass ratio (1: 2) was determined. The mixed micelle
system (MIT-PFP/PPP micelles) exerted favorable particle size of 144.70 = 10.52 nm
determined by dynamic light scattering (DLS) and encapsulation efficiency of 56.69%
+ 4.67. The critical micelle concentration (CMC), in vitro drug release profile and
stability were also measured. Thirdly, the mixed micelle system (MIT-PFP/PPP
micelles) showed suitable biocompatibility and enhanced cellular uptake as well as
cytotoxicity on MCF-7/ADR cells through anti-proliferation effect and inhibition of
P-glycoprotein instead of apoptotic effect confirmed by
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay, nuclear

staining, cell apoptosis and western blot analysis.

2. Materials and methods

2.1 Materials

Pluronic F68 (F68) was purchased form BASF SE (Ludwigshafen, German). Poly(e—
caprolactone) (PCL, MW 3500) and PLGAs600-PEG2000-PLGAs600 (PPP) were
purchased from Daigang Biomaterial (Jinan, China). 4-Dimethylaminopyridine
(DMAP) and dicyclohexylcarbodiimide (DCC) were obtained from GL Biochem
(Shanghai, China). Mitoxantrone (MIT) (98% purity) was purchase from Meilun
Biology Technology Company (Dalian, China). Fetal bovine serum (FBS),
Dulbecco’s Modified Eagle Medium (DMEM), phosphate-buffered saline (PBS),
penicillin-streptomycin (PS), propidium iodide (PI) and 0.25% trypsin/l1 mM ethylene
diamine tetraacetic acid (EDTA) (w/v) were purchased from Life Technologies
(Grand Island, USA). 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl tetrazolium bromide
(MTT) and Hoechst 33342 were purchased from Sigma Aldrich (St. Louis, MO,

USA). The primary antibodies against GADPH and P-gp were acquired from Cell
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Signaling Technology (Boston, USA). All chemicals were in analytical grade. Water
was ultrafiltered via a Milli-Q apparatus (Millipore, Billerica, MA, USA).

2.2 Cell lines and cell culture

Human breast carcinoma Michigan Cancer Foundation-7 cell (MCF-7) was acquired
from the American Type Culture Collection (ATCC). Doxorubicin-resistant MCF-7
cell (MCF-7/ADR) was selected by stepwise increasing the concentrations of
doxorubicin as described previously.'” Both MCF-7 and MCF-7/ADR cells were
cultured in DMEM medium with 100 U/ml penicillin, 100 ug/ml streptomycin and 10%
FBS (v/v) under 5% CO, at 37°C.

2.3 Synthesis and characterization of PCL-F68-PCL
PCL-F68-PCL (PFP) was synthesized by the esterification between the hydroxyl
group of F68 and the carboxyl group of PCL. Briefly, F68 (0.02 mM), PCL (0.06
mM), DMAP (0.02 mM), DCC (0.06 mM) were dissolved in dimethyl sulphoxide
(DMSO) (10 mL) and stirred for 36 h at 25°C. 500 mL DMSO was used to remove
the unreacted materials and byproducts via dialysis for 12 h. Then the dialysis bag
was transferred into pure water to remove the DMSO for 48 h. Lastly, the solution in
the dialysis bag was collected for 48 h by freeze-drying.

'H NMR and FTIR were used to confirm the structure of PEP after synthesis. The
'"H NMR spectroscopy (Bruker, Karlsruhe, Germany) analysis was done using
deuterated chloroform at 400 MHz. The F68 or PFP was mixed with KBr and scanned
by a NEXUS 670 FTIR spectrophotometer (Nicolet, Hudson, NH) at a spectrum
range of 400-4000 cm™.

2.4 Preparation and characterization of mixed micelles

2.4.1 Preparation of mixed micelles in different ratios

MIT loaded PFP/PPP mixed micelles (MIT-PFP/PPP micelles) were prepared by
solvent evaporation as reported previously.”’ Fourteen mg copolymers with different

mass ratios of PFP and PPP were mixed with 1 mg MIT. The mixtures were then
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dissolved in water miscible organic solvent (800 pl) of methanol and acetonitrile (1:1,
v/v) under ultrasonication. When the copolymers 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 pM Millipore filter to remove any large aggregate. Filtration isolated
MIT-PFP/PPP micelles with particle size less than 450 nm. The whole procedure was

performed in a dark room.

2.4.2 Characterization of mixed micelles

MIT encapsulated micelles with various mass ratios of PFP/PPP were analyzed based
on their particle size and morphology. The optimum ratio of MIT-PFP/PPP was
established from the cytotoxicity of blank materials. The particle size was detected by
dynamic light scattering (DLS) at 25°C with a ZetasizerNano ZSP system (Malvern
Instrument, Worecestershire, UK). Micelle morphology was determined by
transmission electron microscopy (TEM, Tecnai G20, FEI Company, Oregon, USA).
Micelle samples were deposited on a carbon-coated copper grid and stained with the
solution of phosphotungstic acid (2%, w/v) for 30 s. TEM images were examined at

200 kV.

2.4.3 Encapsulation efficiency and drug loading

The drug concentration of MIT-PPP micelles and MIT-PFP/PPP micelles was
measured by Waters €2695 HPLC with a C18 reverse-phase liquid chromatography
column (250 mm x 4.6 mm) at a flow rate of 1 mL/min and maximum absorption
wavelength of 609 nm. The mobile phase consisted of methanol/0.25% acetic acid
(50/50, v/v). Methanol was added to the MIT-PFP/PPP micelle solution to destroy the
core-shell structure, resulting in the release of MIT. The EE% and DL% were

obtained by the following equation:*'
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Weight of encapsulated drug
EE% = - - X 100% (1)
Weight of feeding drug

Weight of encapsulated drug
DL% = - . - X100% (2)
Weight of feeding drug + Weight of polymers

2.4.4 Critical micelle concentration and stability of mixed micelles

The critical micelle concentration (CMC) of blank PFP/PPP micelles was measured
by a Lumina Fluorescence spectrometer (Thermo Scientific) using pyrene as the
fluorescence probe.”** A series of blank PFP/PPP micelles with various
concentration ranging from 5x10” to 1.4 mg/mL were prepared in the presence of
pyrene (7x107 M). The spectra were recorded from 350 to 450 nm with an excitation
wavelength of 339 nm. The fluorescence intensity ratio of the first and the third
vibronic peaks (I373/I334) was determined by the polarity of the pyrene environment,
aggregation number, and core cavity. The ratio of I373/I334 decreased as the
environment of the pyrene was becoming more hydrophobic, indicating that micelles
are not capable of encapsulating pyrene. The CMC value was obtained from the
intersection of both horizontal and inflection point tangents. In addition, a study based
on a well-known phenomenon of Tyndall was used to evaluate the micellization
ability of blank PFP/PPP micelles. Briefly, various concentrations of blank PFP/PPP
micelles ranging from 1.4 to 1.4x10™* were prepared and then were irradiated by a red
laser pointer to observe the Tyndall phenomenon.

The stability of MIT-PFP/PPP micelles was investigated by examining changes of
the mean particle size when MIT-PFP/PPP micelles were mixed with different
concentrations of FBS solution.”® MIT-PFP/PPP micelles dispersed in water with 10%,
20%, 30% and 40% of FBS were incubated at 37°C for 24 h. At pre-determined time
points (0 h, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h), the average particle size of
MIT-PFP/PPP micelles was measured by DLS. The diameter ratio was the ratio
between the hydrodynamic diameter at different time points and its initial diameter in

water.
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2.5 In vitro release of MIT from mixed micelles

The in vitro release of MIT from MIT-PFP/PPP micelles was determined by utilizing
a dialysis bag (molecular weight cutoff of 10000 Da) under sink condition. Two mL
of MIT-PFP/PPP micelles was added into a dialysis bag immersed in 30 mL of fresh
PBS solution (pH 7.4, 0.1 M) containing 0.1% Tween 80 (v/v) and then the bag was
placed in a shaking incubator with stirring at the speed of 100 rpm at 37°C. The in
vitro drug release of MIT from MIT-PPP micelles was investigated using the same
method. Additionally, MIT was dissolved in methanol due to its poor water solubility
and used as a control for the in vitro drug release profile. The MIT control solution
was analyzed using the same method mentioned above. One mL fresh medium was
used to refill the dialysis bags after 1| mL medium was released in order to maintain
the initial volume. The concentration of MIT released from micelles was measured by
HPLC as mentioned above. The kinetic release profile of MIT was analyzed by the

following equation:*®

j=i-1
M,=C, x 30 mL + ZIC, x 1 mL,
=

Cumulative release (%) = ﬁi x 100%. 3)

A

Where Mi is the amount of the drug released at the time point, i. Ci represents the
concentration of MIT (mg/mL) from the collected release medium at the time point, i.
Cj represents the total amount of MIT in the collected release medium before the time

point, j. MA represents the initial amount of MIT in the dialysis bags.

2.6 In vitro cytotoxicity study

The cytotoxicity of blank materials and mixed-ratio micelles against MCF-7 and
MCF-7/ADR cells was determined using a MTT assay.”” The cells were seeded in
96-well plates in 100 pL medium at the density of 5.0x10° cells/well and then
incubated for 24 h. The cells were incubated with free MIT, MIT-PPP micelles and

MIT-PFP/PPP micelles at different concentrations ranging from 0.125 puM to 2 uM,
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while blank materials of PFP, PPP, PFP/PPP (1: 2) were added to the cells at various
concentrations ranging from 12.5 pg/mL to 400 pg/mL. After 24 h or 48 h incubation
at 37°C, 20 uL of MTT dye (5 mg/mL) was used to replace the medium for another 4
h of incubation to form formazan crystals by mitochondrial dehydrogenases, which
was followed by dissolving formazan crystals by DMSO. The spectrophotometric
absorbance at 570 nm was recorded by a microplate reader (SpectraMax MS5,
Molecular Devices, USA). The results were analyzed to demonstrate relative cell

viability.

2.7 Cellular uptake study

The cellular uptake of mixed micelles was determined by flow cytometry (BD FACS
Canto™, BD Biosciences, San Jose, CA, USA). MCF-7 and MCF-7/ADR cells were
seeded on 12-well culture plates at the density of 2x10° cells/well and cultured for 24
h. Then free MIT, MIT-PPP micelles and MIT-PFP/PPP micelles were added into the
cells with an equivalent concentration of 2 uM MIT followed by incubation for
another 3 h, 6 h, and 12 h respectively. Afterwards, the cells were collected and
washed twice with ice-cold PBS (pH 7.4). Lastly, the cells were resuspended with 0.5
mL PBS and analyzed with flow cytometry.

2.8 Nuclear morphology

Hoechst staining assay was used to examine chromosome condensation and nuclear
morphological changes of MCF-7/ADR cells seeded in 96-well plates at a density of
5x10° cells/well. Cells were treated with free MIT, MIT-PPP micelles and
MIT-PFP/PPP micelles at an equivalent concentration of 2 pM MIT. After incubation
for 48 h, 4% paraformaldehyde was used to fix the cells. The cells were then washed
with PBS and stained with Hoechst 33342 (1 pg/mL) at 25°C. The stained cells were
visualized and imaged by using Incell Analyzer 2000 (GE Healthcare Life Sciences,
USA) equipped with DAPI filter (excitation 350 nm and emission 455 nm).

2.9 Cell apoptosis analysis
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Apoptotic cells were measured by an Annexin V/PI apoptosis detection kit (BioVision)
following the manufacturer’s instruction. MCF-7/ADR cells were seeded in 6-well
plates and cultured for 24 h. Then, free MIT, MIT-PPP micelles and MIT-PFP/PPP
micelles were treated to the cells with an equivalent concentration of 2 pM MIT. After
incubation for 48 h, the cells were collected and washed twice with cold PBS. The
cells were then gently suspended in 100 pL of binding buffer and stained with 5 pL of
Annexin-FITC and 10 pL solution of PI followed by incubation in the dark for 15

mins at 25°C. Cell apoptosis was then analyzed by flow cytometry.

2.10 Western blot analysis

Western blotting was used to analyze specific proteins as previously reported.” Free
MIT, MIT-PPP micelles and MIT-PFP/PPP micelles were used to treat MCF-7 and
MCEF-7/ADR cells with an equal concentration of 2 pM MIT after 48 h. The total
cellular protein was collected using a RIPA lysis buffer containing a 1% protease
inhibitor cocktail and 1% phenylmethanesulfonylfluoride (PMSF). The concentrations
of protein were measured using a BCA protein assay kit (Thermo Scientific). 10%
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate proteins before the proteins were transferred to polyvinylidene fluoride
(PVDF) membranes. After being blocked with 5% non-fat dried milk for 1 h, the
membranes were incubated with specific primary antibodies against GADPH and
P-gp (1:1000) followed by incubation with the corresponding secondary rabbit
antibodies (1:1000). The specific protein bands were visualized by an ECL Advanced
Western Blotting Detection kit (GE Healthcare Life Sciences) and imaged by film

development.

2.11 Statistical analysis
Statistical analysis was done using GraphPad Prism 5 software (GraphPad Software,
San Diego, CA, USA). The results were represented as the mean of arbitrary values +

standard deviation. A p value less than 0.05 was considered as statistically significant.
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3. Results and discussion

3.1 Characterizations of PFP

The synthesis of the PFP copolymer is illustrated in Fig. 1A. The PFP copolymer was
used to fabricate MIT-PFP/PPP micelles. Briefly, the hydroxyl group of F68 reacted
with carboxyl group of PCL via esterification in order to enhance encapsulation of
hydrophobic drugs. The chemical structure of PCL-F68-PCL was confirmed by 'H
NMR spectroscopy (Fig. 1B). A strong signal was detected at 3.66 ppm and identified
as the -CH; group (a) of PEO, and the peaks shown at 1.17, 3.42 and 3.57 ppm were
identified as -CH3 (b), -CH (d) and -CH; groups (c) of PPO in F68 respectively.
Meanwhile, the typical signals of PCL were observed, including peak e (& = 2.394
ppm for -CH>), fand g (6 = 1.5-2.0 ppm for -CH,), h (6 =4.11 ppm for -CH;) and i (6
=1.279 ppm for -CH,). Additionally, FTIR spectroscopy was used to further validate
PCL-F68-PCL synthesis (Fig. 1C). The stretching vibration peaks at 3500 and 2896
cm” were attributed to the -OH and -CH; groups in F68, respectively. A wide
stretching peak at 3509 cm™ was attributed to be the -OH and -COOH groups from
PCL and the stretching peak of the -CH, group in PCL was present at 2940 cm’. The
peak at 1723 cm™ was attributed to be the C=O stretching mode of ester in PCL. Thus,
the stretching peaks at 3465 cm™, 2940 cm™, 2896 cm™, 1723 cm™ were recognized
as the -OH and -COOH, -CH3;, -CH,, C=0 groups from PCL-F68-PCL respectively.
Taken together, the '"H NMR and FTIR spectra demonstrated the successful synthesis

of the PFP copolymer.

3.2 Characterizations of mixed micelles

The location of drug accumulation in the human body is highly dependent on micelle
particle size. It was reported that nanoparticles larger than 200 nm and less than 1 pm
are easily filtered out in the spleen, while particle sizes ranging between 10 and 200
nm could facilitate drug accumulation in tumors via EPR effect.”*° In this study, the
average particle size and particle dispersion index (PDI) of MIT-PFP/PPP micelles
varied with different ratios of PFP and PPP from 1: 4 to 4: 1. As shown in Fig. 1D, the
sizes of MIT-PPP micelles (0: 1) and MIT PFP micelles (1: 0) were both above 150
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nm, while the sizes of mixed micelles were less than 150 nm with the exception of the

mixed micelles with the ratio of 1:4. Additionally, MIT-PFP/PPP micelles with the

ratio of 1: 2 demonstrated a lower PDI of 0.086 + 0.009 than other ratios and
presented an ideal average particle size of 144.70 + 10.52 nm (shown in Fig. 2A).

Furthermore, the cytotoxicity of blank materials including PFP, PPP and PFP/PPP (1:2)
in MCF-7 and MCF-7/ADR cells was measured and is shown in Fig. 2E. The results

suggested that PFP/PPP (1:2) had less cytotoxicity than pure PFP and PPP in both

MCF-7 and MCF-7/ADR cells, indicating the formulation contains a low ratio of PFP
and has a reasonable average particle size synomonous with its biocompatibility. Thus,
MIT-PFP/PPP micelles with the ratio of 1: 2 were shown to provide the optimal

particle size, PDI and biocompatibility. The average particle size of blank PFP/PPP
(1:2) micelles were 152.66 + 9.87 nm, shown in Fig. 2B.

In addition to the particle size, the shape of MIT-PFP/PPP micelles also plays an
important role in delivery. Morphology was observed using TEM and shown in Fig.
2C. The MIT-PFP/PPP micelles were slightly smaller than the average particle size

tested via DLS, likely due to dehydration caused during preparation.13 The average

EE% of MIT-PPP micelles and MIT-PFP/PPP micelles were 42.97% =+ 1.54 and 56.69%

+ 4.67, respectively. The average DL% of MIT-PFP/PPP micelles was 4.11% =+ 0.61,
which was slightly higher than that of MIT-PPP micelles (3.86% + 0.11).

CMC is a typical parameter used to reflect the self-assemble stability of
micelles.”’ The CMC of blank PFP/PPP micelles was 0.000158 mg/mL, as shown in
Fig. 3A, indicating that blank PFP/PPP micelles maintain strong thermodynamic
stability and capacity to maintain micellization at lower concentrations. Meanwhile,
the solutions of mixed micelles with various concentrations were irradiated by a red
laser point to observe Tyndall phenomenon. As shown in Fig. 3B, blank PFP/PPP
micelles demonstrated a light cross by irradiation and the light cross was fading with
the dilution of blank PFP/PPP micelles. Low CMC suggests MIT-PFP/PPP micelles
maintain self-assembly under diluted conditions which contributes to effective drug
delivery. Furthermore, the stability of MIT-PFP/PPP micelles in the presence of FBS

was evaluated. As shown in Fig. 3C, MIT-PFP/PPP micelles were stable in water
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containing 10%, 20%, 30% and 40% FBS, which presented no significant size change
to the low diameter ratio. The diameter ratios under all conditions were between 0.9
and 1.3, indicating that the particle size of MIT-PFP/PPP micelles changed in the
range of 100 to 200 nm with good dispersibility. In addition, no visible particle
precipitation was observed from MIT-PFP/PPP micelles dispersed in water with 10%,

20%, 30% and 40% FBS within 24 h (Fig. 3D).

3.3 In vitro release of MIT from mixed micelles

In vitro release profiles of MIT from MIT-PPP micelles and MIT-PFP/PPP micelles
were obtained via dialysis. MIT is sensitive to light.”> As shown in Fig. 2D, the
accumulative release of MIT also decreased in the last 16 h. During the experiment of
in vitro drug release, it was hard to avoid light completely, which may result in the
loss of MIT to some extent and then lead to the decrease of accumulative release of
MIT from mixed micelle in the last 16 h. The release of MIT from both MIT-PPP
micelles and MIT-PFP/PPP micelles was lower than free MIT. Specifically, the
cumulative release of free MIT reached 96% within 2 h, while cumulative release of
MIT from MIT-PPP micelles and MIT-PFP/PPP micelles was 73% and 68%,
respectively. After 4 h, both of MIT-PPP micelles and MIT-PFP/PPP micelles released
over 80% of MIT, indicating that MIT released from mixed micelles occurred at a

slower rate.

3.3 In vitro cytotoxicity
MTT assay was used to evaluate the cytotoxicity of free MIT, MIT-PPP micelles and
MIT-PFP/PPP micelles against MCF-7 and MCF-7/ADR cells. As shown in Fig. 4,
blank materials of PFP, PPP and PFP/PPP (1: 2) at the concentration of 50 pg/mL,
which was higher than the concentration of blank materials used for forming MIT
loaded mixed micelles, had no cytotoxicity on MCF-7 and MCF-7/ADR cells. The
results indicated that MIT-PFP/PPP micelles provided better biocompatibility and
enhanced the delivery of hydrophobic drugs into tumors.

Furthermore, MIT-PFP/PPP micelles showed higher cytotoxicity in both MCF-7
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and MCF-7/ADR cells than free MIT and MIT-PPP micelles at various equivalent
concentrations of MIT (Fig. 4). Table 1 showed the 1Cs values of free MIT, MIT-PPP
micelles and MIT-PFP/PPP micelles in both MCF-7 and MCF-7/ADR cells. The 1Cs
values of free MIT were 27.000+0.862 pM (24 h treatment) and 4.663+0.118 pM (48
h treatment) in MCF-7/ADR cells respectively, which were about 15-fold
(1.735+£0.190 uM) and 4.8-fold (0.966+0.041 uM) higher than that of free MIT in
MCF-7 cells for 24 and 48 h, respectively. In MCF-7 cells, compared with the ICs
values of free MIT and MIT-PPP micelles, the MIT-PFP/PPP micelles had the lowest
ICso values of 1.058+0.152 uM (24 h treatment) and 0.519+0.043 uM (48 h treatment)
respectively. In MCF-7/ADR cells, when MIT was encapsulated in PFP/PPP mixed
micelle system, the ICsy value decreased by about 7.7-fold (3.503+0.163 uM) for 24 h
treatment and decreased by about 4.7-fold (0.981+£0.075 puM) for 48 h treatment
compared to free MIT. Meanwhile, the ICsy of MIT encapsulated in PPP micelles was
1.31-fold (20.53545.183 uM, 24 h treatment) lower than that of MIT in MCF-7/ADR
cells respectively. These results suggest that PFP/PPP micelles potently reverse MDR
in MCF-7/ADR cells.

Table 1. The ICsy values (uM) of free MIT, MIT-PPP micelles and MIT-PFP/PPP
micelles in MCF-7 and MCF-7/ADR cells.

Formulation MCF-7/ADR cells MCE-7 cells
ormulatio S T T —
MIT 27.000+0.862 4.663+0.118 1.735+0.190 0.966+0.041

MIT-PPP micelles 20.535+5.183 4.940+1.660 1.4485+£0.321  0.714+0.001
MIT-PFP/PPP 3.5035+0.163 0.9815+0.075 1.058+0.152 0.519+0.043
micelles

3.4 Cellular uptake

Cellular uptake of chemotherapeutic drugs plays an important role in successful drug
delivery.”> However, overexpression of the efflux transporter P-gp in cancer cells
hinders the delivery of therapeutic drugs. These membrane-bound pumps expel
therapeutic drugs out of cells, leading to lower intracellular accumulation of drugs.*

In this study, MIT-encapsulated micelles were found to inhibit the drug removal by
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P-gp pumps and thus enhance the delivery and accumulation of MIT. The cellular
uptake of MIT-PFP/PPP micelles was measured by flow cytometry in MCF-7/ADR
cells. As shown in Fig. 5A, the accumulation of free MIT in MCF-7 cells was much
higher than that in MCF-7/ADR cells, which suggested that the uptake of MIT was
extruded out of MCF-7/ADR cells by efflux transporters. Interestingly, in
MCEF-7/ADR cells, the trend of increased accumulation of MIT released from
MIT-PFP/PPP micelles was shown with the extension of incubation time, which was
not present in MIT-PPP micelles as well as free MIT incubation. These results
indicated that MIT-PFP/PPP micelles increased cellular uptake of MIT and enhanced
the delivery of MIT.

3.5 Cell apoptosis

MIT is capable of inducing apoptosis in cancer cells.””> Nuclear staining assay and
Annexin V/PI dual staining assay were utilized to investigate the apoptotic activity of
MIT in MCF-7/ADR cells. As shown in Fig. 5B, the untreated cells and cells treated
with free MIT, MIT-PPP micelles, and MIT-PFP/PPP micelles were rounded without
nucleus condensation after staining with hoechst fluorescent dye. This suggested that
both free MIT and MIT-PPP micelles were unable to induce cell apoptosis in
MCEF-7/ADR cells. However, cells treated with MIT-PFP/PPP micelles were much
less than the cells treated with free MIT and MIT-PPP micelles, which demonstrated
that MIT-PFP/PPP micelles might inhibit the proliferation of MCF-7/ADR cells
without inducing apoptosis.

To further confirm the anticancer effect of MIT-PFP/PPP micelles in
MCF-7/ADR cells, Annexin V/PI staining was employed to analyze the early and late
apoptotic cells. During cell apoptosis, Annexin V-FITC labels transmembrane
phosphatidylserine of cancer cells and propidium iodide (PI) crosses the cell
membranes due to increased membrane permeability.’® As shown in Fig. 5C, few
apoptotic cells (less than 10%) were observed after treatment with free MIT, MIT-PPP
micelles and MIT-PFP/PPP micelles for 48 h, which was similar to untreated cells.

These data indicated that both of free MIT and the corresponding formulations



RSC Advances

(MIT-PPP micelles and MIT-PFP/PPP micelles) had no pro-apoptotic activity. Taken
together, MIT-PFP/PPP micelles possessed anti-proliferation activity against
MCF-7/ADR cells through inducing non-apoptotic pathway. This indicated that MIT
anticancer effect might be associated with the molecular mechanism independent of

apoptosis.

3.6 Western blot analysis

The development of MDR frequently correlates with overexpression of
ATP-dependent membrane transporters in cancer cells, such as P-gp and MRPI,
which pump out anticancer drugs from cancer cells.’” To investigate whether the
enhanced cytotoxic effect of MIT-PFP/PPP micelles is associated with P-gp
expression level, western blot analysis was performed to evaluate the P-gp expression
level, which is frequently overexpressed in drug-resistant cancer cells. In a previous
study, it was reported that MIT could stimulate the protein expression of P-gp in
cancer cells, which in turn resulted in multidrug resistant effect.® As shown in Figure
6, the expression of P-gp in MIT-treated MCF-7/ADR cells was obviously higher than
that of untreated MCF-7/ADR cells. Once MIT was encapsulated in the core of PPP
micelles, MIT-PPP micelles entered MCF-7/ADR cells mainly through endocytosis
instead of P-gp transporters, which decrease the stimuli to P-gp expression. Thus, the
protein expression level of P-gp has no obviously increase in MCF-7/ADR cells by
MIT-PPP micelles compared to that of untreated cells. The MCF-7/ADR cells treated
with MIT-PFP/PPP micelles showed the lowest P-gp expression level, suggesting that
PFP/PPP micelles effectively down-regulated P-gp expression to reverse MDR in
MCF-7/ADR cells.

4. Conclusion

In this study, a micelle system composed of various mixed ratios of PFP and PPP
copolymers was optimized to encapsulate anticancer drug MIT to reverse MDR in
human breast cancer cells. The MIT-PFP/PPP micelles were found to provide better

biocompatibility, improving drug loading and cellular uptake with mono-dispersed
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morphology. Moreover, MIT-PFP/PPP micelles exerted enhanced cytotoxicity effect
against MCF-7 cells and MCF-7/ADR cells without inducing cell apoptosis, which
may result from the suppression of P-gp mediated drug efflux by MIT-PFP/PPP
micelles. Collectively, MIT-PFP/PPP micelles offer a promising approach to

effectively delivering anticancer drugs despite MDR in cancer cells.
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