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The reduction-sensitive shedding of hydrophilic shells has recently emerged as a simple, effective and
general approach to achieve markedly improved intracellular drug release from micelles. Here, the
effects of disulfide content on reduction-sensitivity, triggered drug release and the anti-tumor activity of
shell-sheddable micelles self-assembled from a mixture of reducible poly(ethylene glycol)-SS—poly(e-
caprolactone) (PEG-SS-PCL) and non-reducible poly(ethylene glycol)-poly(e-caprolactone) (PEG—
PCL) block copolymers were systematically investigated. Interestingly, in contrast to the rapid
aggregation of PEG-SS—-PCL micelles, mixed micelles containing 10-90 wt% PEG-PCL displayed little
size change in response to 10 mM dithiothreitol (DTT). The in vitro release studies showed that under
intracellular-mimicking reductive environments, the doxorubicin (DOX) release rate increased with
increasing PEG-SS-PCL content in the micelles, in which about 29.4, 42.7, 77.9 and 86.9% DOX was
released within 12 h from micelles containing 30, 50, 70 and 90 wt% PEG-SS-PCL, respectively. In
contrast, DOX release was limited (<20%) under non-reductive physiological conditions. Notably, flow
cytometry displayed clear correlation between cellular DOX levels and PEG-SS-PCL content in DOX-
loaded micelles. Moreover, confocal laser scanning microscopy (CLSM) observations indicated
progressively stronger DOX fluorescence in RAW 264.7 cells following 12 h treatment with DOX-
loaded micelles containing increasing PEG-SS-PCL contents. In addition, MTT assays in RAW 264.7
cells showed that the cytotoxicity of DOX-loaded micelles was augmented proportionally to PEG-SS-
PCL content, signifying the role of reduction-triggered “active” drug release in cells. These results have
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shown that the intracellular drug release and therefore anti-tumor activity of micellar drugs can be
precisely controlled by the extent of reduction-triggered shedding of hydrophilic shells.

Introduction

In the past few decades, biodegradable micelles based on block
copolymers of poly(ethylene glycol) (PEG) and aliphatic biode-
gradable polyesters such as poly(e-caprolactone) (PCL) and
polylactide (PLA) have been widely investigated for controlled
delivery of poorly water soluble drugs including doxorubicin
(DOX) and paclitaxel (PTX)."* These micellar drugs offer
several advantages, e.g. enhancing drug water solubility, pro-
longing circulation time, targeting to tumor tissues via the
enhanced permeability and retention (EPR) effect (passive tar-
geting), decreasing systemic side effects, and enhancing drug
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bioavailability."*> Notably, a couple of micellar anti-cancer drug
formulations such as NK911® and Genexol-PM® have already
advanced to clinical trials.®’

It should be noted, however, that drug release from common
biodegradable micelles is often slow and incomplete,® probably
due to their gradual degradation in vivo (degradation times
ranging from days to months).®** This inferior drug release
profile restrains micellar drugs from releasing therapeutics at the
sites of action, which on one hand leads to reduced therapeutic
efficacy and on the other hand may provoke drug resistance. We
recently reported that shell-sheddable biodegradable micelles
based on PEG-SS-PCL and dextran—SS—PCL block copolymers
are able to efficiently deliver and release DOX into cancer cells,
resulting in significantly enhanced cytostatic activities as
compared to the “traditional” reduction-insensitive counter-
parts.'>'* Wang and coworkers reported intracellular gluta-
thione (GSH)-dependent DOX release from shell-sheddable
poly(ethyl ethylene phosphate)-SS-PCL micelles.’* These
reduction-sensitive shell-sheddable micelles could effectively
overcome the multidrug resistance (MDR) of cancer cells.'®
Oh and coworkers recently reported the synthesis and
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reduction-triggered shell-shedding of PEG-SS-PLA micelles.'®
The groups of Li and Yoo reported that bioreducible PEG-SS—
polypeptide micelles efficiently delivered and released drugs or
genes into cells.'”2° Several groups designed reduction sensitive
shell-sheddable nanoparticles based on hyperbranched block
polymers linked with disulfide bonds for active drug delivery.2**
In addition, bioreducible nanocarriers were also developed based
on amphiphilic copolymers containing disulfide bonds in the
hydrophobic backbone.?** The efficient shedding of hydrophilic
shells inside cells is likely associated with a high GSH tripeptide
level (approximately 2—-10 mM) in the cytosol, which is about 2 to
3 orders higher than that in the blood and extracellular fluids. In
recent years, reduction-sensitive nano-vehicles have emerged as
unique intracellular delivery systems for various modalities
including chemotherapeutics, DNA, siRNA, and proteins.?**!
However, despite the fact that different types of reduction-
sensitive shell-sheddable micelles have recently been developed,
the reduction-triggered drug release mechanism remains to be
revealed. Furthermore, there is no systemic investigation on the
relationship between the number of sheddable shells versus
micellar stability and in vitro drug release.

In this paper, we systematically studied the effect of disulfide
content on reduction-sensitivity, size change, triggered drug
release and the anti-tumor activity of DOX-loaded PEG-PCL
micelles (Scheme 1). The disulfide content was controlled by
varying the weight ratios of PEG-PCL and PEG-SS-PCL block
copolymers during preparation of the micelles.

Experimental part
Materials

Poly(ethylene glycol) orthopyridyl disulfide (PEG-SS-Py, M,
(PEG) = 5000 g mol™') and mercapto poly(e-caprolactone)
(PCL-SH, M,, = 3100 g mol~") were synthesized according to our
previous report.'? Tetrahydrofuran (THF) was dried by refluxing
over sodium wire and distilled prior to use. Dichloromethane
(DCM), N,N-dimethyl formamide (DMF) and dimethyl sulf-
oxide (DMSO) were dried by refluxing over CaH, and were
distilled before use. Poly(ethylene glycol) (PEG, M, = 550 g
mol™), dithiothreitol (DTT, 99%, Merck), triethylamine (99%,
Alfa Aesar), and doxorubicin hydrochloride (>99%, Beijing
ZhongShuo Pharmaceutical Technology Development Co.,
Ltd.) were used as received.
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Scheme 1 Illustration of reduction-sensitive shell-sheddable biode-
gradable micelles based on PEG-PCL and PEG-SS-PCL copolymers for
precise control of intracellular drug release.

Synthesis of PEG-SS-PCL and PEG-PCL block copolymers

PEG-SS-PCL copolymer was readily prepared via a thiol-
disulfide exchange reaction between PEG orthopyridyl disulfide
(PEG-SS-Py) and mercapto PCL (PCL-SH) according to our
previous report.'? Briefly, under an argon atmosphere at room
temperature (r.t.), to a DCM solution (8.2 mL) of PEG-SS-Py
(0.30 g, 0.058 mmol) was added acetic acid to adjust the pH to 2.5
followed by addition of PCL-SH (0.149 g, 0.048 mmol) in DCM.
The reaction was allowed to proceed with stirring for 48 h. The
resulting PEG-SS-PCL conjugate was isolated by precipitation
in cold diethyl ether, filtration, extensive washing with cold
methanol to remove free PEG if present, and drying in vacuo.
Yield: 49%. '"H NMR (CDCls): 6 1.35, 1.65, 2.30 and 4.10 (PCL
main chain), 2.81 (PEG-CH,CH,SS-), 2.92 (-SSCH,CH,-
PCL), 3.38 (CH;0-PEG), 3.54 (PEG-CH,CH,SS-), 3.63 (PEG
main chain), 4.22 (PEG-CH,CH,OCONH-), and 4.34
(-SSCH,CH,-PCL). 'H NMR showed equivalent coupling of
PEG and PCL. The gel permeation chromatograph (GPC)
measurement with polystyrene standards showed a unimodal
distribution with an M, of 12300 g mol ™' and a low poly-
dispersity index (PDI) of 1.24. Reduction-insensitive PEG-PCL
diblock copolymer was synthesized by ring-opening polymeri-
zation of e-caprolactone using MeO-PEG-OH as an initiator
and Sn(Oct.), as a catalyst. M, ("H NMR) = 7900 g mol~!, M,
(GPC, polystyrene standards) = 12600 g mol!, PDI
(GPC) = 1.08.

Characterization

"H NMR spectra were recorded on a Unity Inova 400 spec-
trometer operating at 400 MHz using deuterated chloroform
(CDCl;) as a solvent. The chemical shifts were calibrated against
residual solvent signals. The molecular weights and poly-
dispersities of the copolymers were determined by a Waters 1515
gel permeation chromatograph instrument equipped with two
linear PLgel columns (500 A and Mixed-C) following a guard
column and a differential refractive-index detector. The
measurements were performed using THF as the eluent at a flow
rate of 1.0 mL min~" at 30 °C and a series of narrow polystyrene
standards for the calibration of the columns. The size of the
micelles was determined using dynamic light scattering (DLS) at
25 °C using a Zetasizer Nano-ZS (Malvern Instruments) equip-
ped with a 633 nm He—Ne laser using back-scattering detection.

Preparation of bioreducible micelles and critical micelle
concentration

Micelles were prepared as reported by Hubbell®* with slight
modifications. In a typical experiment, a 5 mL tube was charged
with PEG-SS-PCL (2.0 mg), PEG-PCL (2.0 mg) and PEG 550
(10.0 pL). The mixture was heated to 95 °C and maintained for
25 min with constant stirring. The mixture was cooled down to
r.t., 4.0 mL of phosphate buffer (PB, 50 mM, pH 7.4) was added
and the mixture was stirred at 70 °C for 2 h. Finally, micelles
were obtained following dialysis against PB for 24 h. "H NMR of
lyophilized micelles showed practically the same spectrum as
a mixture of PEG-SS-PCL and PEG-PCL (w/w 1/1), indicating
that transesterification and hydrolysis are negligible.
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Table 1 Characteristics of PEG-SS-PCL and PEG-PCL block copolymers

Copolymers Target M, (kDa) M, (kDa) '"H NMR* M, (kDa) GPC® PDI GPC®
PEG-SS-PCL 5.0-3.0 5.0-3.1 12.3 1.24
PEG-PCL 5.0-3.0 5.0-2.9 12.6 1.08
“ Determined by '"H NMR. ® THF as an eluent, 1.0 mL min~', 30 °C, polystyrene standards.
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The critical micelle concentration (CMC) was determined E
using pyrene as a fluorescence probe. The concentration of 2 1205
block copolymer was varied from 6.0 x 10~* to 0.15 mg mL™' 2 601
and the concentration of pyrene was fixed at 0.6 uM. The @ SS100
04 .

fluorescence spectra were recorded using a FLS920 fluores-
cence spectrometer with the excitation wavelength of 330 nm.
The emission fluorescence at 372 and 383 nm were monitored.
The CMC was estimated as the cross-point when extrapolating
the intensity ratio I375/lzg3 at low and high concentration
regions.

Reduction-triggered destabilization of bioreducible micelles

The size change of micelles in response to 10 mM DTT in PB
buffer (pH 7.4, 50 mM) was followed by DLS measurements.
Briefly, to a vessel containing 1.5 mL of micelle solution in PB
(50 mM, pH 7.4) was added DTT to yield a final DTT
concentration of 10 mM. The vessel was immediately placed in
a shaking bath (200 rpm) thermostated at 37 °C. At different
time intervals, the micelle size was measured using DLS at
37 °C.

0 2 4 6 8 10 12
Time (h)

Fig. 2 Reduction-triggered changes of SS50 and SS100 micelle size
distributions (A) and scattering intensity (B) under 10 mM DTT in PB (50
mM, pH 7.4) at 37 °C.

Loading of DOX into micelles

In a typical experiment, a 5 mL tube was charged with PEG-SS—
PCL (2.0 mg), PEG-PCL (2.0 mg) and PEG 550 (10 uL). The
mixture was heated to 95 °C and maintained for 25 min with
constant stirring. The mixture was cooled down to r.t., 40 pL of
DOX solution in DMSO (5.0 mg mL™') and 2.0 mL of PB
(50 mM, pH 7.4) were added, the mixture was stirred at 70 °C for
30 min and ultrasonicated for 15 min, 1.96 mL of PB was added,
and the mixture was stirred for another 1.5 h. The temperature

Table 2 Characteristics and drug loading of reduction-sensitive shell-sheddable micelles

DOX-loaded micelles®

PEG-SS-PCL  Micelles Micelles following reduction”
Entry  Micelle content (wt%)  Size (nm)/PDI  Size (nm)/PDI CMC’ (mg L")  Size (nm)/PDI  DLC (%) DLE (%)
1 SS100 100 110.4/0.14 aggregates 7.3 108.2/0.12 4.5 90.0
2 SS90 90 101.8/0.14 98.2/0.17 6.8 103.5/0.18 4.3 86.0
3 SS70 70 95.5/0.14 99.7/0.19 7.1 98.6/0.14 33 66.0
4 SS50 50 87.7/0.13 82.9/0.13 43 85.1/0.16 2.6 52.0
5 SS30 30 74.6/0.17 69.8/0.19 7.9 73.2/0.18 23 46.0
6 SSo 0 59.6/0.25 60.1/0.26 9.2 62.4/0.26 23 46.0

@ Reduction conditions: 10 mM DTT, PB buffer (pH 7.4, 50 mM), 37 °C, 12 h. ® Determined using pyrene as a fluorescence probe. ¢ Theoretical DOX

loading content was set at 5 wt%.
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Fig. 3 The in vitro DOX release from bioreducible micelles based on
PEG-SS-PCL and PEG-PCL copolymers in PB (50 mM, pH 7.4) at
37 °C in the presence or absence of 10 mM DTT. The insert shows plot of
cumulative DOX release as a function of the square root of time (Higuchi
model).
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Fig. 4 Flow cytometry measurements of cellular DOX level in RAW
264.7 cells following 4 h incubation with different DOX-loaded bio-
reducible micelles (DOX dosage: 10 pg mL™", cell counts were 20 000).

was lowered to 60 °C and the mixture was stirred overnight.
DOX-loaded micelles were obtained following dialysis against
PB for 24 h at r.t. (MWCO 3500). The whole procedure was
performed in the dark. "H NMR of lyophilized micelles showed
a similar spectrum to a mixture of PEG-SS-PCL and PEG-PCL
(w/w 1/1), indicating that transesterification and hydrolysis are
negligible.

The loading content and loading efficiency of DOX were
determined by UV measurements at483 nm (UV-2102PCS, Unico)
after dissolving the DOX-loaded micelle solution in 3-fold DMF.
A standard curve was obtained from DOX solutions at concen-
trations ranging from 1.0 to 100 pg mL~" in DMF/H,O (3/1 v/v).

Reduction-triggered DOX release from bioreducible micelles

The in vitro release of DOX from the micelles was studied using
a dialysis tube (MWCO 12000) at 37 °C in PB (50 mM, pH 7.4)

with or without 10 mM DTT. In order to acquire sink conditions,
drug release studies were performed with 0.7 mL of micelle
dialysis solution against 20 mL of the same medium. At desired
time intervals, 6 mL of release media was taken out and
replenished with an equal volume of fresh media. The amount of
DOX released was determined by using fluorescence measure-
ments (FLS920). The release experiments were conducted in
triplicate, and the results presented are the average data.

Flow cytometry analysis of DOX-loaded micelles

Mouse leukemic monocyte macrophage cells (RAW 264.7) were
seeded onto 24-well plates (1 x 10° cells/well) using RPMI-1640
medium supplemented with 10% fetal bovine serum, 1% L-
glutamine, antibiotics penicillin (100 IU mL") and streptomycin
(100 ug ml~") and allowed to grow for 24 h. DOX-loaded micelles
or DOX solution in 100 pL of PB were added to each well (final
DOX concentration ca. 10 ng mL™"). After incubation at 37 °C
for 4 h, the cells were collected by 0.25% (w/v) trypsin/0.03%
(w/v) EDTA. The suspensions were centrifuged at 1000 x g for
4 min at 4 °C, washed twice with PBS, and then re-suspended in
500 uL of PBS with 2% FBS. Fluorescence histograms were then
recorded with a BD FACSCalibur flow cytometer (Beckton
Dickinson, USA) and analyzed using Cell Quest software. We
analyzed 20 000 gated events to generate each histogram. The
gate was arbitrarily set for the detection of green fluorescence.

Cellular uptake and intracellular DOX release of DOX-loaded
micelles observed using CLSM

Murine RAW 264.7 macrophages were plated on microscope
slides in a 24-well plate (1 x 10° cells/well) using RPMI-1640
medium supplemented with 10% fetal bovine serum, 1%
L-glutamine, and antibiotics penicillin (100 TU mL™') and
streptomycin (100 pg 17"). After 24 h, prescribed amounts of
DOX-loaded micelles were added. After incubation at 37 °C and
5% CO, for 12 h, the culture medium was removed and the cells
on microscope plates were washed three times with PBS. The
cells were then fixed with 4% formaldehyde for 20 min and
washed with PBS 3 times. The cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI, blue) for 20 min and washed
with PBS 3 times. Fluorescence images of cells were obtained
using a confocal microscope (TCS SP2).

MTT assays of DOX-loaded micelles

Murine RAW 264.7 macrophages were plated in a 96-well plate
(5 x 10° cells/well) using RPMI-1640 medium supplemented with
10% fetal bovine serum, 1% L-glutamine, and antibiotics peni-
cillin (100 TU mL™") and streptomycin (100 pug ml™"). After 24 h,
prescribed amounts of DOX-loaded micelles or free DOX were
added (final DOX concentrations: 5, 10 or 20 pg mL™') and
incubated in an atmosphere containing 5% CO, for 24 and 48 h
at 37 °C. Then 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zoliumbromide (MTT) solution in PBS (20 pL, 5 mg mL") was
added. After incubating for 4 h, the supernatant was carefully
aspirated, and the MTT-formazan generated by live cells was
dissolved in 150 pL of DMSO for 20 min. The absorbance at
a wavelength of 490 nm was measured using a microplate reader
(Bio-Tek, ELX808IU). The cell viability (%) was determined by
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Fig. 5 CLSM images of RAW 264.7 cells following 12 h incubation with different DOX-loaded bioreducible micelles (DOX dosage: 10 ug mL™"). For
each panel, images from left to right show DOX fluorescence in cells (red), cell nuclei stained by DAPI (blue), and overlays of two images. The scale bars

correspond to 20 pum.

comparing the absorbance at 490 nm with control wells con-
taining only cell culture medium. The experiments were per-
formed four times each.

Results and discussion

Preparation of reduction-sensitive shell-sheddable micelles from
PEG-PCL and PEG-SS-PCL block copolymers

The aim of this study was to investigate the effects of reduction-
responsive shedding of hydrophilic shells on the stability, in vitro
and intracellular drug release, and anti-tumor activity of DOX-
loaded bioreducible micelles. Here, bioreducible micelles were
prepared with different disulfide contents from reduction-insen-
sitive PEG-PCL and reduction-sensitive PEG-SS-PCL block
copolymers. PEG-SS-PCL was obtained with a low poly-
dispersity index (PDI) of 1.24 by a coupling reaction between PEG
orthopyridyl disulfide (M, = 5.0 kg mol~") and mercapto PCL

(M, = 3.1 kg mol™") (Table 1). PEG-PCL block copolymer with
a similar molecular weight was synthesized by ring-opening
polymerization of g-caprolactone using PEG (M, = 5.0 kg mol ")
as an initiator (Table 1).

Micelles were readily prepared from a mixture of PEG-PCL
and PEG-SS-PCL copolymers at 0, 30, 50, 70, 90, and 100 wt%
PEG-SS-PCL contents (denoted as SS0, SS30, SS50, SS70, SS90
and SS100, respectively) using a direct hydration method.
Dynamic light scattering (DLS) measurements showed that all
bioreducible micelles had uniform size distributions with low
polydispersity indices (PDI) of 0.13-0.17 (Fig. 1). The average
size of micelles scaled almost linearly from 59.6 to 110.4 nm with
increasing PEG-SS-PCL weight ratios from 0 to 100 wt%
(Table 2). The critical micelle concentrations (CMC) of PEG—
PCL, PEG-SS-PCL, and their mixtures determined using pyrene
as a fluorescence probe were shown to be in the range of
4.3-9.2 mg L~! (Table 2).

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Anti-tumor activity of DOX-loaded bioreducible micelles in
RAW 264.7 cells at 37 °C as a function of the amount of reduction-
sensitive PEG-SS—PCL in the micelles (DOX dosages: 5, 10 or 20 pg
mL™"). (A) 24 h incubation; (B) 48 h incubation.

The size change of bioreducible micelles in response to
10 mM DTT in PB buffer (pH 7.4, 50 mM) was monitored
using DLS. Interestingly, in contrast to PEG-SS-PCL micelles
(SS100) that quickly formed large aggregates in the presence of
10 mM DTT, little size change was observed for SS50 micelles
in 10 h under otherwise the same conditions (Fig. 2A). The light
scattering intensity decreased sharply for SS100 micelles
following 2 h treatment with 10 mM DTT, while the SS50
micelles maintained similar scattering intensity in 10 h under
otherwise the same conditions (Fig. 2B), indicating that both
size and number of micelles were not changed following the
shedding of 50% PEG shells. Notably, similar results were
observed for all micelles containing 10-90 wt% of PEG-SS-
PCL (Table 2), suggesting that the micelles following the
shedding of even up to 90% of the PEG shells maintained
adequate colloidal stability. In line with our results, Kataoka
and coworkers reported that PEG-P(ASP(DET))/PEG-SS-
PASP nanocapsules following DTT treatment were stable at
a remaining PEG content of 8.67%.33

Loading and reduction-triggered release of DOX

To study the effect of shell-shedding on drug release, DOX was
loaded into micelles containing 0—100 wt% PEG-SS-PCL. The
results showed that at a theoretical DOX loading content of 5 wt
%, drug loading efficiencies varied from 46 to 90%, corre-
sponding to DOX loading contents of 2.3 to 4.5 wt% (Table 2). It

should be noted that the loading of DOX appeared to have little
influence on micelle sizes as well as size distributions (Table 2).
The in vitro release studies showed that DOX release from all
micelles was minimal (<20%) under physiological conditions (pH
7.4, 37 °C) (Fig. 3). However, in the presence of 10 mM DTT
under otherwise the same conditions, a reductive environment
analogous to that of the intracellular compartments such as
cytosol and the cell nucleus,***' DOX release exhibited an inti-
mate dependency on PEG-SS-PCL content in bioreducible
micelles, in which 29.4, 42.7, 77.9 and 86.9% of DOX were
released in 11.5 h from SS30, SS50, SS70 and SS90 micelles,
respectively (Fig. 3). In comparison, enhancement in DOX
release was not observed for DOX-loaded PEG-PCL micelles
(reduction-insensitive control) under the same reductive condi-
tions. The plot of cumulative DOX release as a function of the
square root of time displayed that DOX was released in a slow
and diffused manner under physiological conditions from DOX-
loaded bioreducible as well as reduction-insensitive micelles.
Under a reductive condition, DOX release from DOX-loaded
SS30 micelles also followed a diffusive pattern, with a diffusion
rate 2.8-fold higher than that observed under non-reductive
conditions, while release of DOX from DOX-loaded SS50, SS70
and SS90 micelles deviated from a simple diffusion mechanism,
which was likely due to a continuous increase of the drug
diffusion coefficient in the initial several hours. It is evident that
the drug release rate from PEG-SS-PCL containing micelles can
be precisely regulated by the shedding of hydrophilic shells. We
proposed previously that the fast drug release from Dex—SS—
PCL and PEG-SS-PCL micelles under a reductive condition is
likely due to extrusion of drugs during restructuring of micelles in
the process of forming large aggregates.'>'* However, for bio-
reducible micelles containing up to 90% PEG-SS-PCL, both
micelle size and scattering intensity were not changed by the
shedding of PEG shells (Fig. 2). The enhanced drug release
observed for these partially shell-sheddable micelles is likely due
to formation of drug trafficking channels in the densely packed
corona following shedding off PEG shells, resulting in increased
drug diffusion rate (Scheme 1). The number and/or size of drug
trafficking channels following reductive cleavage of disulfide
bonds increased with increasing PEG-SS-PCL content in the
bioreducible micelles, thereby leading to enhanced drug release.
Ryu et al. recently reported that nano-pores were created in the
annealed PEG-SS-PS thin films after DTT treatment.**

Cellular uptake and intracellular release of DOX

The cellular uptake and intracellular release behaviors of DOX-
loaded bioreducible micelles were studied with flow cytometry
and confocal laser scanning microscope (CLSM) using RAW
264.7 cells. Flow cytometry has been employed for the quanti-
tative determination of the cellular binding and uptake of DOX
or FITC-labeled micelles.***" It is known that DOX fluorescence
will be self-quenched inside micelles. The measured DOX fluo-
rescence is, therefore, directly related to the amount of released
DOX in cells. Notably, the intracellular DOX level in RAW
264.7 cells following 4 h incubation with DOX-loaded bio-
reducible micelles enhanced with increasing PEG-SS-PCL
content in the micelles, in which 1.8, 2.5, 2.7 and 2.9-fold higher
DOX fluorescence intensities relative to DOX-loaded PEG-PCL
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(SS0) micelles were observed for DOX-loaded SS30, SS50, SS70,
and SS100 micelles, respectively (Fig. 4). It should further be
noted that cells incubated with free DOX at the same concen-
tration exhibited lower DOX fluorescence than those with DOX-
loaded SS70 and SS100 micelles. These results indicate that
micelles are likely more efficiently taken up by tumor cells as
compared to free DOX and that intracellular drug release from
micelles can be nicely controlled by the extent of reduction-
sensitive shell-shedding.

CLSM observations showed that DOX fluorescence in RAW
264.7 cells following 12 h incubation with DOX-loaded bio-
reducible micelles was highly dependent on PEG-SS-PCL
content (Fig. 5). The intracellular DOX fluorescence intensity
followed an order of SS70 > SS50 > SS30 > SS0, which is line
with the flow cytometry results. In all cases, DOX was trans-
ported and released to the perinuclear region of cells.

Cytotoxicity of DOX-loaded reduction-sensitive shell-sheddable
micelles

The cytotoxicity of DOX-loaded bioreducible micelles was
investigated in RAW 264.7 cells using MTT assays. The cells
were incubated with DOX-loaded micelles for 24 or 48 h at
drug dosages of 5, 10 and 20 pg DOX equiv. mL~'. Interest-
ingly, there was an apparent dependency of anti-tumor activity
on PEG-SS-PCL content, DOX dosage as well as incubation
time (Fig. 6). For example, cell viabilities of 83.5, 73.4, 65.7,
55.2 and 41.1% were observed for cells treated for 24 h at
a DOX dosage of 20 pg mL~' with DOX-loaded SS0, SS30,
SS50, SS70 and SS100, respectively (Fig. 6A), indicating that
the cytotoxicity of DOX-loaded micelles intimately depends on
disulfide content in the bioreducible micelles. These results
agree well with the in vitro as well as the intracellular DOX
release profiles (Fig. 3 and 5). In all cases, cell viabilities
decreased with increasing drug dosages from 5 to 20 pg DOX
equiv. mL~" (Fig. 6A). The cell viabilities declined accordingly
at a prolonged incubation time of 48 h (Fig. 6B). These results
confirmed that the intracellular drug release and anti-tumor
activities of DOX-loaded micelles can be facilely regulated by
reduction-sensitive shell-shedding.

Conclusions

We have demonstrated that the intracellular drug release from
DOX-loaded biodegradable micelles and accordingly their
therapeutic activity can be precisely controlled by reduction-
responsive shedding of hydrophilic shells. This represents
a highly straightforward and effective approach to control drug
release of “traditional” biodegradable micellar drugs. It is
interesting to note that bioreducible PEG-PCL micelles maintain
good colloidal stability with similar size distributions following
the shedding of as much as 90% of the PEG shells. The enhanced
drug release upon the shedding of shells is likely attributed to the
formation of drug trafficking channels in the corona, facilitating
drug diffusion from the micellar core. The bioresponsive shed-
ding of hydrophilic shells has appeared to be a unique pathway
to control the intracellular drug release and anti-tumor activity
of micellar drugs.
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