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Abstract Biodegradable micelles based on disulfide-linked
monomethoxy poly(ethylene glycol)-b-poly(methyl methac-
rylate), (mPEG-SS-PMMA,) miktoarm star block copoly-
mers were synthesized through atom transfer radical polymer-
ization procedure and applied to solubilization and delivery of
methotrexate (MTX). The synthesized miktoarm star block
copolymers were characterized by 'H nuclear magnetic reso-
nance, Fourier transform infrared spectra, and gel permeation
chromatography. The block copolymers were able to self-
assemble into spherical micelles in water with an average
diameter up to 130 nm by transmission electron microscopy
observation and dynamic light scattering measurements and
have a critical micelle concentration of 0.91 mg/L. When
MTX was incorporated into obtained micelles, high drug
loading capacity was found attributed to the designed
miktoarm star-shaped nanostructure. Interestingly, in presence
of dithiothreitol, the micelles could be degraded into polymer
chains by cleavage of the disulfide linkages. The in vitro re-
lease studies revealed that these micelles released over 95 %
of MTX within 48 h under a reductive environment analogous
to that of the cell comparing to minimal drug release (<22 %)
under nonreductive conditions. Cell cytoxicity experiments
showed that the obtained micelles exhibited nontoxic, and
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the drug-loaded micelles exhibited high anticancer efficacy
and better biocompatibility as compared to free MTX. All of
these results showed that mPEG-SS-PMMA, micelles are
promising carriers for delivery of hydrophobic antitumor
drugs.
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Introduction

Despite the vigorous exploration of various antitumor drugs in
recent years, clinical outcomes have been disappointing be-
cause of the severe side effects. As one of the most promising
drug-carrier systems, during the past 2 decades, micelles pre-
pared from amphiphilic macromolecules have been widely
developed for application as antitumor drug carriers to over-
come this problem [1-5]. Amphiphilic macromolecules can
self-assemble into micelles in aqueous solution through the
hydrophobic interactions among the core-forming blocks.
Subsequently, the hydrophobic core serves as a container for
hydrophobic drugs, and the outer shell composed of hydro-
philic polymers forms hydration barrier to provide colloidal
stability [6, 7]. These nanosized micelles possess several
unique features, such as enhancing the water solubility of
hydrophobic drugs, prolonging the circulation time, improv-
ing the preferential accumulation at tumor sites by the en-
hanced permeability and retention (EPR) effect, and reducing
side effects [8—11]. The most studied was the micelles self-
assembled from linear block polymers, which have been ex-
tensively investigated for use as drug delivery carriers [12,
13]. However, since the micelles can be formed in solution
only above the critical micelle concentration (CMC), the mi-
celles from linear block polymers suffer from instability
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in vivo once the concentration of the copolymer falls below
the CMC in the bloodstream, which may cause serious toxic-
ity problems and extremely limit their in vivo application [14].
In addition, another major point that influences the perfor-
mance of polymeric micelles for drug delivery is low loading
capacity due to low lipophilic interior space in hydrophobic
core of linear block copolymers [15].

Compared to amphiphilic linear block copolymers, amphi-
philic star block copolymers exhibit unique phase-separation
behavior in selected solution [16, 17]. This feature makes
them able to form micelles which are stable in selective media
at relatively high concentrations without association and at
infinite dilution without dissociation [18]. In the case of star
block copolymers, as the number of arms increases, the CMC
will be decreased until a certain threshold [19]; therefore, they
have lower CMC compared to micelles from amphiphilic lin-
ear block copolymers. In addition, star block copolymer mi-
celles possess larger interior space which can accommodate
more drugs [20]. Benefiting from these advantages, star block
copolymer micelles will make it possible to achieve an en-
hanced therapy effect for polymeric drug delivery system.
Miktoarm star block copolymer is a classification of star co-
polymer which has more than two building blocks linked to a
single junction point [21]. This feature has provoked consid-
erable interest in the preparation of a variety of miktoarm star
block copolymers with varying arm numbers, chemical com-
position, and chain topology [22-24]. The most studies of
miktoarm star polymers were concerned with the synthesis
of tailored architecture and structure-morphology relation-
ships; however, in contrast to the case of conventional star
block copolymers, miktoarm star block copolymer is much
less explored in application as drug delivery carrier [25]. On
the other hand, while entering into the body, the micelles
based on conventional nondegradable polymers would accu-
mulate in the host cells and tissues, and interact with them,
causing a long-term toxicity. Accordingly, biodegradable drug
carriers are optimal to remove side effect such as redox stim-
ulus responsive polymeric micelles for intracellular drug de-
livery [26-30]. Although biodegradable polymeric micelles
sensing pH decreases in the acidic endocytic compartments
has been reported to achieve tumor-targeted drug delivery for
years [31], recently, to extend the stimuli-sensitive drug deliv-
ery system, polymer micelles with redox stimulus sensitivity
demonstrated effective drug release behavior by large differ-
ence in reducing potential between the tumor tissues and nor-
mal tissues, with at least fourfold higher concentrations of
GSH in the tumor tissues over normal tissues. Therefore, re-
dox stimulus responsive polymeric micelles formed from
miktoarm star copolymers are of particular interest for hydro-
phobic drug delivery.

Poly(methyl methacrylate) (PMMA) had been widely used
for the hydrophobic segment in biomedical field as a nontoxic
polymer. PMMA had a significant history and track record of
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safety in implantable medical device applications [32] and
was reported to release a variety of drugs for many different
applications [33-35]. Therefore, because of its excellent bio-
compatibility, biodegradability, and hydrophobicity, PMMA
could be employed for the fabrication of drug delivery sys-
tems both in vitro and in vivo.

In the present work, we reported the preparation of biode-
gradable micelles from miktoarm star block copolymers,
mPEG-SS-PMMA,, via atom transfer radical polymerization
(ATRP) for controlled release of methotrexate (MTX)
(Scheme 1). The characterization data were reported from
analyses using 'H nuclear magnetic resonance (NMR), gel
permeation chromatography (GPC), and Fourier transform in-
frared (FTIR) spectra. On the basis of its amphiphilic struc-
ture, mPEG-SS-PMMA,, self-assembled into nanosized mi-
celles by utilizing PMMA blocks as the hydrophobic core
and PEG the hydrophilic shell in aqueous solution, which
was investigated by transmission electron microscopy
(TEM) observation and dynamic light scattering (DLS) mea-
surements. The CMC and drug loading capacity of the mi-
celles for the anticancer drug MTX were measured. In addi-
tion, in vitro release behavior and cell cytotoxicity of MTX-
loaded micelles were examined respectively. According to the
experimental results, a high drug loading content, redox stim-
ulus sensitivity, as well as good cell-biocompatibility for
mPEG-SS-PMMA,-based anticancer drug delivery system,
was observed. To the best of our knowledge, this is the first
reported example for MTX delivery based on miktoarm star
block copolymer.

Experimental section
Materials

Monomethoxy poly(ethylene glycol) cystamine (mPEG-
cystamine) (Mn=2000, BK Biochem Tech Co., Chengdu),
3,5-dihydroxy benzoic acid (98 %, Adamas-beta), 2-bromo-
2-methylpropanoyl bromide (98 %, Adamas-beta), N,N-
dicyclohexylcarbodiimide (DCC) (99 %, Sigma), N-
hydroxysuccinimide (NHS) (98 %, Aladdin), N,N,N'.N",N"-
pentamethyl diethylenetriamine (PMDETA) (98 %, TCI), and
triethylamine (98 %, Changzheng Chemical Reagents Co.,
Chengdu) were used as received. Methyl methacrylate
(MMA), N,N-dimethylformamide (DMF), and tetrahydrofu-
ran (THF) (Changzheng Chemical Reagents Co., Chengdu)
were used after purified and distilled. Chlorobenzene
was purified by washing with concentrated sulfuric acid
to remove residual thiophenes, followed by washing
with a 5 % sodium carbonate solution, and again with
water, then dried with anhydrous calcium chloride and
finally distilled.
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Synthesis of 3,5-bis(2-bromo-2-methylpropanoyloxy)
benzoic acid (BPA) (1)

3,5-Dihydroxy benzoic acid (4.0 g, 25.9 mmol) and K,CO;
(19.4 g, 130.0 mmol) were dissolved in the mixer of deionized
water (64.0 mL) and isopropanol (26.0 mL), and 2-bromo-2-
methylpropionyl bromide (6.0 mL, 57.1 mmol) was added
dropwise slowly. The reaction mixture was cooled in ice water
and was stirred at 0 °C for 2 h and then at room temperature
for 7 h. The filtered solution was washed with water for three
times and distilled under vacuum. A purified product was
easily obtained by passing through a silica gel column (yield
7.9 g (68 %), "H NMR (CDCly), 6 7.7 (d, 2H, C¢Hs), 7.2 (t,
1H, C¢H3), 2.1 (s, 12H, (CH3),CBr).

Synthesis of bromo-functionized macroinitiator (2)

To a round flask was added mPEG-cystamine (1.2 g
0.5 mmol), the obtained 3,5-bis(2-bromo-2-
methylpropanoyloxy)benzoic acid (0.4 g, 0.8 mmol), DCC
(0.1 g, 0.5 mmol), NHS (59 mg, 0.5 mmol), and 20 mL of
dichloromethane under nitrogen. The mixture was stirred at
room temperature for 30 h. After filtration, the eluent was
concentrated and precipitated in cooled, anhydrous diethyl
ether. The sediments were collected and dried to constant
weight in a vacuum oven at room temperature to yield
macroinitiator, mPEG-Br,, as a white powder.

Synthesis of mPEG-SS-PMMA, star block copolymers (3)
and characterization

In a typical experiment for polymerization, MMA (0.6 g,
6 mmol), bromo-functionalized macroinitiator (72.9 mg,
30 umol), CuBr (4.2 mg, 30 pmol), PMDETA (5.1 mg,
30 umol), and chlorobenzene (2 mL) were charged into a
polymerization tube under N, atmosphere. After stirring and
degassing by three freeze-thaw cycles, the tube was sealed

X MTX (Drug)

under vacuum. Subsequently, the tube was immerged into a
thermostated oil bath at 90 °C for 12 h and then quenched in
cold water and diluted in THF to room temperature. The so-
lution was passed through a neutral alumina column in order
to remove copper salt. The polymer was precipitated in a large
volume of cold methanol and dried in a vacuum over-
night. The different feed of reactant weight ratios are
shown in Table 1.

"H NMR spectra were obtained using a Bruker 400-MHz
spectrometer with deuterated chloroform (CDCl;) as solvent
and tetramethylsilane (TMS) as an internal standard. GPC
experiments were conducted on a Waters 1515 solvent pump
instrument equipped with a Waters 2410 refractive index de-
tector. DMF was used as eluent and delivered at a flow rate of
1.0 mL/min. The calibration curve was obtained with linear
polystyrenes as standards. FTIR data were gathered in solid
state, utilizing FTIR at 4-cm™ ' resolution (Spectrum One, PE).

For 'H NMR analysis of macroinitiator, the ratio of the
integrated peak areas of the methylene group in the glycol unit
to the methyl proton of end group of mPEG was determined
and utilized to calculate the molecular weight. For miktoarm
star copolymers, the ratio of the integrated peak areas of the
methylene group in backbone of PMMA blocks to the methyl
proton of end group of mPEG was determined, and the mo-
lecular weight was calculated with the following equation:

Mn (NMR) =n (3]Methylene/2]methyl X Mm) + MI (1)

where 7 is the number of arms (2), M,, is the molecular weight
of MMA monomer, and M; is the molecular weight of the
macroinitiator. IMethylene and IMethyl are the corresponding
NMR proton integration areas in PMMA backbone and
mPEG end group, respectively.

Micelles preparation and characterization

The MTX-loaded micelles and empty micelles were pre-
pared by a dialysis method by dissolving mPEG-SS-
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Table 1 Feed composition and

molecular characteristics of Copolymer Macroinitiator/MMA (mole ratio) M, M,P PDI’

mPEG-Br, and mPEG-SS-

PMMA, copolymers mPEG-Br, - 2750 2570 1.20
mPEG-SS-(PMMA ), 1:100 10,510 9560 1.15
mPEG-SS-(PMMA ), 1:200 17,960 13,710 1.18

2 Determined by ' H NMR
® Determined by GPC

PMMA, (10 mg) in 2 mL of DMF with and without
MTX (2 mg). Under gentle stirring, the solution was
added dropwise to 5 mL of double-distilled water in
1 h. The solution was transferred to a dialysis bag
(MWCO 5000) and dialyzed for 24 h to remove the
organic solvents and free MTX. The micellar solution
was further filtered to remove the residual MTX aggre-
gates. To obtain micelle powders, the micellar solution
was frozen and lyophilized.

The CMC of the micelles was measured using fluo-
rescent pyrene as a probe on a fluorescence spectropho-
tometer (Hitach F7000 FL). The final concentration of
pyrene was kept at 6.0x107 g/L. The excitation spectra
were scanned from 215 to 370 nm at a fixed emission
wavelength of 390 nm with bandwidth 2.5 nm. The
ratios of pyrene probe fluorescence intensity at 339
and 334 nm ([339/1334) were calculated and plotted
against the concentration logarithm of micelles. CMC
was obtained from the intersection of two tangent plots
of intensity ratio /l339/l334 versus the logarithm of poly-
mer concentrations.

DLS measurements were performed in aqueous so-
lution using a Malvern Zetasizer Nano-ZS90 appara-
tus equipped with a 4.0-mW laser operating at A=
633 nm. All samples of 1 mg/mL were measured at
20 °C, and intensity for each sample was collected in
three replicates and yielded the size fraction distribu-
tion plots. TEM observation was performed with a
Hitachi H-600 instrument. The samples were pre-
pared by directly dropping the solution of micelles
onto carbon-coated copper grids and dried at room
temperature overnight without staining before
measurement.

DL content and EE

To determine MTX loading level and encapsulation ef-
ficiency, a known amount of freeze-dried MTX-loaded
micelles was dissolved in DMF, and the absorbance at
302 nm was measured on a UV-Vis spectrophotometer.
The weight of encapsulated MTX in the micelles was
calculated with a standard curve obtained from MTX/
DMF solutions at a series of MTX concentrations. Drug
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loading (DL) and encapsulation efficiency (EE) were
calculated as Egs. 1 and 2

weightof druginmicelles
weightof drug-loaed micelles

DL(wt.%) = x 100%  (2)

weight of drug in micelles

EE(wt.%) =
(wt.%) weightof drug in feed

x 100% (3)

Reduction-triggered disassembly of mPEG-SS-PMMA,
micelles

The size change of micelles in response to reductive condition
in PBS buffer was followed by DLS measurement [27]. Ten
millimolar DTT was added in the solution of mPEG-SS-
PMMA, micelles in PBS buffer (pH 7.4, 10 mM). At different
time points, the size of micelles was measured by DLS.

In vitro release of MTX

MTX-loaded micelles at a concentration of 1 mg/mL (2 mL)
in a dialysis membrane tube (MWCO 5000) were incubated in
three different media: PBS (10 mM, pH 7.4) with | mM DTT,
PBS (10 mM, pH 7.4) with 10 mM DTT, and PBS (10 mM,
pH 7.4) without DTT at 37 °C under gentle stirring. At spec-
ified time intervals, the MTX content in the samples was an-
alyzed with a UV absorbance at 302 nm. Three replicate mea-
surements were carried out for each time point.

In vitro cell experiments

Human cervical carcinoma HeLa cells were provided by
school of biomedical science at Chengdu medical college.
HeLa cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10 % heat-inactivated fetal bovine
serum (FBS) and penicillin at 50 U/mL at 37 °C in a humid-
ified atmosphere of 5 % CO,. For experiments, HeLa cells
were seeded into 96-well plate at a density of 5000 cells/well.
The medium was replaced by 90 uL of fresh DMEM medium
containing 10 % FBS, and then 10 pL samples with final
concentrations (10 >~1.0 mg/mL) of the micelle suspensions
in phosphate buffer (10 mM, pH 7.4) were added.
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After a 48-h incubation period, the relative cytotoxicity of
micelles with and without MTX was estimated by an MTT
viability assay. Twenty microliters of MTT solution in PBS
(5 mg/mL) was added to each well and incubated for 4 h.
Afterward, the MTT-containing medium was aspirated, and
200 pL of dimethyl sulfoxide (DMSO) was added to each
well to extract the formazan products with gentle agitation
for 10 min. The absorbance of the extracts was measured at
570 nm on a Bio-Rad 550 microplate reader. The cell viability
was calculated as follows:

Cell viability(%) = OD/ODcontrol X 100% (4)

where OD was the absorbance at the presence of sample so-
Iutions and ODcgni01 Was the absorbance without treatment.
All tests were performed in three replicate measurements.

Results and discussion

Synthesis of biodegradable miktoarm star block
copolymers

In this study, different miktoarm star block copolymers,
mPEG-SS-PMMA,,, were synthesized via a copper-mediated
ATRP procedure by varying the macroinitiator/MMA feed
weight ratio (shown in Table 1). The synthetic route is shown
in Scheme 2, which was started with the preparation of star-
shaped bifunctional agent, 3,5-bis(2-bromo-2-
methylpropanoyloxy)benzoic acid, followed by an amidation
reaction with mPEG-cystamine in the presence of DCC and
NHS to synthesize the bromo-functionized macroinitiator.
The macroinitiator was used to trigger ATRP of MMA

Scheme 2 Synthetic route to
mPEG-SS-PMMA,, copolymer

OH
HOOC—Q +
OH

monomers in chlorobenzene using CuBr complexed by
PMDETA according to published procedure [36].

The proton of bromo-functionized macroinitiator and
miktoarm star copolymer was clearly identified by 'H NMR.
Figure la shows the '"H NMR spectrum of synthesized
mPEG-Br, in CDCl; as described in experimental section.
The resonance signals of protons of phenyl group (e and f),
glycol unit (b), methyl end group (a) in PEG block, methylene
protons (c and d) neighboring to the disulfide bond, and meth-
yl group (g) closed to bromine atom appeared at 6=7.6, 7.2,
3.6-3.7,3.4,3.5,3.1,and 2.0 ppm, respectively. The '"HNMR
spectrum of miktoarm star copolymer, mPEG-
SS-(PMMA9),, is shown in Fig. 1b. The proton signals of
methoxy group (f), vinyl backbone (g), and methyl group (h)
in PMMA block appeared at §=3.6-3.7, 1.6, and 0.8—
1.0 ppm, respectively. FTIR was also used to investigate the
group structure of macroinitiator and miktoarm star copoly-
mers for the completion of the ATRP polymerization proce-
dure. The FTIR spectrum of macroinitiator (shown in Fig. 2a),
mPEG-Br,, clearly revealed the presence of the vibrational
band of methylene group at 2886 cm ™', and 1116 cm™'
assigned to the C-O group, which were characteristics of gly-
col unit in PEG blocks. In Fig. 2b, the strong absorbance at
1735 cm™" was assigned to the vibrations of C=0 in PMMA
blocks, which was indicated the completion of ATRP
polymerization.

The structure of the copolymer was further verified by GPC
to determine the difference of polymer molecular weight and
PDI, despite the fact that GPC often underestimates the mo-
lecular weight of star polymers because these star polymers
are more globular than linear coil polymers [37]. GPC analy-
ses showed the total disappearance of macroinitiator signal
from miktoarm star copolymers indicating an effective ATRP

‘Hﬁr
HOOC

Witer/isopropanol
R
0°C, 9h

)
BerKBr

DCC, NHS

ATRP, MMA

— N J('\,O)JLN,\,S\

90°C, 12h
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polymerization (shown in Fig. 3), and narrow molecular
weight distributions denoted high control of the polymeriza-
tion process. The results of GPC analysis and '"H NMR esti-
mation of the molecular weight of copolymers are summa-
rized in Table 1.

Micellization of mPEG-SS-PMMA, and redox-responsive
destabilization

For their distinctive core-shell structure, most amphiphilic
macromolecules can form micellar structures in water. Ac-
cordingly, the dialysis method was used to induce self-
assembly of the micelles of mPEG-SS-PMMA, copolymers
in water by hydrophobic interactions between PMMA arms,
whereas the outer shell of hydrophilic PEG maintains a hy-
dration barrier to provide colloidal stability to the micelles.
The CMC of micelles was evaluated by the fluorescence tech-
nique using pyrene as a probe. With increasing concentration,
a red shift from 334 to 339 nm of pyrene in the excitation
spectrum occurs, reflecting the change in environmental po-
larity. The ratio of pyrene fluorescence intensities excited at
339 and 334 nm (I339/334) Was plotted as a function of the
logarithm of micellar concentrations. As illustrated in Fig. 4,
the intensity ratio remained almost unchanged at low copoly-
mer concentrations. As the copolymer concentration in-
creased, once the polymer concentration reached the CMC,
an abrupt increase occurred indicating the formation of mi-
celles, that was, pyrene transferred into the hydrophobic core

[¢]
g
a b o ¢ d OJL](Br
o O)*)LN’\/S\S’\/NTQf (a)
48 H oe 5 J<Br
b
0
CDClI3 g
b ™S
a
e ¢l ¢
LT uu A
L. JEN L e
B 8 228 8 f\a
o o b
a b o c °J\|<(;=/§~)\E, ( )
\o,é\,o);b)LN/\,S\S/\/N e gh®
i °d Y, o
NEst
o 0
b, f 9
CDCl3 S
g
d a c e h
| I
& L8 & P
T e
8.0 7.0 6.0 5.0 4ppm 3.0 2.0 1.0 0.0

Fig. 1 "H NMR spectra of bromo-functionized macroinitiator (a) and
mPEG-SS-(PMMA o), (b) in CDCl;
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Fig. 2 The FTIR spectra of macroinitiator (a) and mPEG-SS-
(PMMAo); (b)

of the micelles. Based on the experimental results, mPEG-
SS-(PMMA ), showed a low CMC of 0.91 mg/L, which
provided the possibility of keeping stabilization of micelles
and allowing their use in very dilute aqueous solution such
as bloodstream and body fluids. However, the CMC of
mPEG-SS-(PMMA ), could not be obtained by the same
method, which can be explained by that the long hydrophobic
segments of PMMA would lead to fast aggregation into pre-
cipitations by hydrophobic interaction [38, 39].

Due to the size of the micelle which is an important param-
eter for drug delivery, micelles less than 200 nm are beneficial
to maintaining a lower level of reticuloendothelial system
(RES) uptake, minimal renal excretion, and the ability to take
advantage of the EPR effect for passive targeting delivery for
tumor sites. The micellar structure was further confirmed by
DLS and TEM. DLS measurements showed that mPEG-

Macroinitiator

mPEG-SS-(PMMA, ),

mPEG-SS-(PMMA, ),

T T T T T T T T v T L) 1

5 10 15 20 25 30 35
Elution Time (min)

Fig. 3 GPC chromatograms (DMF, refractive index detector) of

macroinitiator, mPEG-SS-(PMMAjg),, and mPEG-SS-(PMMA 7¢),
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Fig. 4 CMC of mPEG-SS-(PMMA3y), measured by plots of intensity

ratio (l339/1334) against logC of micelles

SS-(PMMA 39), formed micelles with sizes of about 130 nm in
average (shown in Fig. 5a). In Fig. 5b, TEM micrograph re-
vealed that these micelles assembled into a spherical morphol-
ogy with an average size of about 100 nm. The different di-
ameter obtained from DLS measurement and TEM observa-
tion may be due to the shrinkage of the PEG shell induced by
water evaporation under the high vacuum conditions before
TEM observation [40].

The size change of micelles in response to DTT in PBS
buffer (pH 7.4, 10 mM) was followed by DLS measurement
(Fig. 6). Following addition of 10 mM DTT, fast aggregation
was observed for mPEG-SS-(PMMA;y), micelles, in which
micelle size increased from 125 to 300 nm in 2 h, reaching
over 1000 nm after 24 h (shown in Fig. 5). The aggregates
were formed because of probably reductive cleavage of the
intermediate disulfide bonds, which results in shedding of the
PEG shells. In contrast, no remarkable change in micelle sizes
was discerned after 24 h in the absence of DTT under the same
conditions. Although the DLS data collected from 6 to 24 h
were similar, the micelle sizes were quite different. The aver-
age micelle size was about 300 nm in 6 h after addition of
DTT, but parts of the aggregates reached over 1000 nm in

35-
30- —=—No DTT 0h
] —e— No DTT 24h
25- ——10mM DTT 2h
< —v—10mM DTT 6h
> 201 —<—10mM DTT 24h
s ]
§ 15-
£
10+
54
04
100 1000
Size (nm)

Fig. 6 The size change of mPEG-SS-(PMMA ), micelles in response to
DTT in PBS buffer (pH 7.4) by DLS measurement

24 h. It was indicated that parts of the micelles formed large
aggregates due to reductive cleavage of the disulfide linkers
by DTT, despite the fact that the other parts were not so sen-
sitive to the reductive reagent because of the chemical effi-
ciency. This phenomenon revealed that the copolymer mPEG-
SS-(PMMA ), possessed the redox stimulus sensitivity and
might be a potential intracellular stimulus sensitive micelles
for drug delivery.

Loading and reduction-triggered release of MTX

MTX, an antineoplastic agent with a very low solubility in
water, is one of the most routinely used and potent drug in
anticancer treatment [41]. In order to improve the solubility
and enhance the therapeutic efficiency, MTX was chosen as a
model drug to be entrapped into the hydrophobic cores of the
polymeric micelles. Recently, several examples of linear poly-
meric micelle have been explored for MTX delivery [42, 43].
However, no example concerned with redox-responsive,
miktoarm star block polymeric micelles was reported so far.
Therefore, it will be very interesting to develop star-shaped
polymer-based redox stimulus responsive delivery systems

Fig. 5 Size distribution by DLS
measurement (a) and TEM photo
of mPEG-SS-(PMMAs0), 20+
micelles (b)
=154
=
2
2 10+
Q
£
54
0-

50

100 150 200 250
Size (nm)
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for MTX delivery, which may lead to the enhanced cancer
chemotherapy.

The MTX-loaded micelles were prepared by the dialysis
technique, which was detailed in the experimental section.
The drug loading content and encapsulation efficiency were
determined by fluorescence measurement. The experimental
results showed a high drug loading and encapsulation efficien-
cy up to 64 % and 16 % respectively for mPEG-
SS-(PMMA o), micelles. The release behavior of free MTX
and that from mPEG-SS-(PMMA;y), micelles was investigat-
ed using a dialysis membrane tube in PBS (10 mM, pH 7.4)
with 1 mM DTT, PBS (10 mM, pH 7.4) with 10 mM DTT, and
PBS (10 mM, pH 7.4) without DTT at 37 °C. The drug release
data was shown in Fig. 7. In contrast with the burst release of
free MTX in first 7 h, sustained releases from the mPEG-
SS-(PMMA 36), micelles were observed. The sustained release
of MTX from mPEG-SS-(PMMA 3,), micelles could be attrib-
uted to the hydrophobic interactions between the MTX mole-
cules and the hydrophobic PMMA core of the nanosized
micelles.

From Fig. 7, it was found that the reductive condition had a
significant effect on the MTX release from polymeric mi-
celles. The experimental results showed that in the presence
of 10 mM DTT, a reductive environment analogous to that of
the intracellular compartments such as cytosol and the cell
nucleus, the drug-loaded micelles exhibited a much faster
drug release rate and 95 % of the encapsulated MTX was
released within 48 h, while it released only 22 % of loaded
MTX in the absence of DTT. In this study, drug release rates
from mPEG-SS-(PMMA;9), micelles increased in parallel
with increasing DTT concentrations: 10 mM DTT>1 mM
DTT>0 mM DTT, indicating that the polymer degradation
was the key factor affecting the drug release rate. It was also
verified the feasibility to modulate the release kinetics of
micelle-encapsulated drug by chemically cleaving the
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Fig. 7 Redox-triggered release of MTX from mPEG-SS-(PMMAj3o),
micelles in PBS buffer (pH 7.4, 10 mM)
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hydrophilic shell from the micelles. Therefore, regarding the
reductive condition in tumor cell, disassembly of mPEG-
SS-(PMMA 39), micelles via reductive cleavage of disulfide
linkage seems a promising approach to accelerate payload
release under tumor-relevant conditions.

In vitro cytotoxicity

A cell cytotoxicity study was carried out to investigate wheth-
er the redox stimulus responsive micelles affect cell prolifera-
tion of the Human cervical carcinoma HeLa cell. Results of
in vitro cytotoxicity are described in Fig. 8. It should be noted
that the blank micelles of mMPEG-SS-(PMMA ), show almost
nontoxicity to HeLa cells up to concentration of 1 mg/mL
following 48-h incubation (shown in Fig. 8a). However, en-
capsulation of MTX into these nanomicelles effectively re-
duced viability of HeLa cells (Fig. 8b). It showed that the cell
viability was dose-dependent, and MTX-loaded mPEG-
SS-(PMMAj;y), micelles had a lower cytotoxicity by the
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I 25 pg/mL [ 250 png/mL
100
g 80
> i
§ 60
>
© 404
(&)
20
0
Polylmer Concentration (ug/mL)
120 b
] ( ) —e— MTX-loaded nanomicelles
—a— Free MTX
100 -
S
> 80
%
'S 604
©
o
40 -
20 T —

001 01 1 10
MTX concentration (ug/mL)

1E3

Fig. 8 a Cytotoxicity of empty micelles to HeLa cells following 48-h
incubation. b The dose-dependent plot to viabilities of HeLa cells
following 48-h incubation with MTX-loaded nanomicelles and free
MTX as a function of MTX dosages



Colloid Polym Sci (2015) 293:2291-2300

2299

observed IC50 (half-maximal inhibitory concentration) of
4.19 pg/mL, comparing with that observed for free MTX
(IC50=0.71 pg/mL), which was mostly due to the slower
release of MTX from micelles and the delayed nuclear uptake
of MTX in HeLa cells by PEG shell of micelles as barriers for
drug release. Based on the above experimental results, these
redox-sensitive biodegradable micelles with good biocompat-
ibility and intracellular redox-responsive drug release are
highly promising for cancer therapy.

Conclusion

In summary, biodegradable micelles based on miktoarm star
block copolymer, mPEG-SS-PMMA,,, have been prepared
and characterized. The micelles were of low CMC, a high
drug loading efficiency for MTX, and displayed low drug
release under a nonreductive environment but a rapid release
of MTX in response to the reductive conditions. The cell cy-
totoxicity study showed that the micelles exhibited nontoxic,
and the drug-loaded micelles displayed pronounced antitumor
activity toward HeLa cells. We are convinced that this kind of
polymeric micelle holds great promise for efficient cytoplasm
delivery and the potential usage as a hydrophobic drug carrier
to enhance the efficiency of cancer chemotherapy.
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