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A robust core-shell-corona micelle bearing redox-responsive shell-specific cross-links was evaluated as
a carrier of docetaxel (DTX) for cancer therapy. The polymer micelles of poly(ethylene glycol)-b-poly(i-
lysine)-b-poly(i-phenylalanine) (PEG-PLys-PPhe) in the aqueous phase provided the three distinct
functional domains: the PEG outer corona for prolonged circulation, the PLys middle shell for disulfide
cross-linking, and the PPhe inner core for DTX loading. The shell cross-linking was performed by the
reaction of disulfide-containing cross-linkers with Lys moieties in the middle shells. The shell cross-
linking did not change the micelle size or the spherical morphology. The shell cross-linked micelles
exhibited enhanced serum stability. The DTX release from the DTX-loaded disulfide cross-linked micelles
(DTX-SSCLM) was facilitated by increasing the concentration of glutathione (GSH). At an intracellular
GSH level, DTX release was facilitated due to the reductive cleavage of the disulfide cross-links in the
shell domains. The in vivo tissue distribution and tumor accumulation of the DTX-SSCLM that were
labeled with a near-infrared fluorescence (NIRF) dye, Cy5.5, were monitored in MDA-MB231 tumor-
bearing mice. Non-invasive real-time optical imaging results indicated that the DTX-SSCLM exhibited
enhanced tumor specificity due to the prolonged stable circulation in blood and the enhanced perme-
ation and retention (EPR) effect compared with the DTX-loaded non-cross-linked micelles (DTX-NCLM).
The DTX-SSCLM exhibited enhanced therapeutic efficacy in tumor-bearing mice compared with free DTX
and DTX-NCLM. The domain-specific shell cross-linking that is described in this work may serve as
a useful guidance for enhancing the antitumor therapeutic efficacy of various polymer micelles and
nano-aggregates.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

effective resistance to rapid renal clearance and non-specific
uptake by the reticuloendothelial system (RES) [10,11]. This prop-

Nanocarriers with a high therapeutic efficacy have been devel-
oped based on self-assembled nanoparticles that can efficiently
deliver anti-cancer drugs, genetic drugs, and proteins to target
disease tissues [1—6]. Currently, the research trends have been
shifted toward the enhancement of the delivery efficiency of major
nanocarriers such as polymer micelles and polymer nano-
aggregates with a core-shell structure [7—9]. Polymer micelles
have presented many benefits for cancer chemotherapy due to their
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erty enables the micellar passive targeting and enhanced perme-
ability and retention (EPR) effect for effective tumor therapy
[12—14]. To satisfy the prerequisites for successful cancer therapy,
the polymer micelles need to have the following properties: high
stability in blood, minimized drug loss before reaching the target
tissues, an enhanced accumulation in the tumors by the EPR effect,
and the facilitated release of loaded drugs within the tumor cells.
However, most polymer micelles suffer from low structural
stability, and the drug release is initiated upon intravenous
administration, which results in drug loss at unwanted sites [15,16].

To date, the shell or core cross-linking of the polymer micelles
(CLM) is a research target of great significance because this
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approach can enable the polymer micelles to satisfy the above-
mentioned prerequisites; thus, it cannot only enhance micellar
stability but also can induce specific intracellular drug release. Our
recent research has focused on ketal cross-linked or mineral-
reinforced polymer micelles and has demonstrated an enhanced
robustness and the facilitated release of entrapped anti-cancer
drugs within cytoplasm [7,17].

The intracellular concentration of glutathione (GSH) (~ 10 mwm),
a thiol-containing tripeptide that cleaves disulfide bonds by a redox
reaction, is known to be substantially higher than the level in the
extracellular environment ( ~2 pm) [18]. This dramatic difference in
the GSH concentrations has been utilized as a trigger for the
intracellular delivery of bioactive agents including drugs, genes,
and proteins [19—22]. For example, disulfide cross-linked micelles
within shell or core domains have been used to encapsulate various
drugs for intracellular delivery [22,23]. For the CLM to be useful
practically, the first consideration is to tailor the polymer design for
the non-toxic biodegradable CLM. However, most of the CLM
systems were based on non-degradable polyacrylate or polystyrene
with limited biocompatibility [23—25]. Secondly, cross-linking
should be rationally localized to preserve the long-circulating
property of the nanocarriers or the cross-linking efficiency.
Currently, micelles with a core-shell structure are used for shell or
core cross-linking. It should be noted that the shell cross-linking
modifies the structure of the outer shells and thus limits the fluidity
or hydration of the nanocarriers, thereby reducing prolonged
circulation. In addition, in the case of core cross-linking, the links
were formed within the cores, which reduced the efficiency of
cross-linking due to the interference by entrapped drug molecules
[26].

Herein, we demonstrated the effect of shell-specific disulfide
cross-links on the tumor accumulation and the antitumor efficacy
of core-shell-corona micelles loaded with docetaxel (DTX),
a hydrophobic anti-cancer drug. Our primary goal was to verify the
assumption that the disulfide cross-links in the middle shell can
enhance the tumor targeting ability and the therapeutic efficacy of
non-cross-linked native micelles. In a previous report, we reported
on a fundamental study of disulfide cross-linked micelles, and the
research scope was limited in the feasibility of shell cross-linking
and in the evaluation of in vitro cytotoxicity [27]. As a polymer
micelle for shell cross-linking, an ABC triblock copolymer with the
rational sequence of poly(ethylene glycol)-b-poly(L-lysine)-b-
poly(i-phenylalanine) (PEG-PLys-PPhe) was utilized. In contrast to
most CLM systems that are based on non-degradable polyacrylate
and polystyrenes, our system is based on PEG and poly(amino acid)
s that can be eliminated from the body through renal excretion as
non-toxic PEG and degraded amino acid molecules (i-lysine and L-
phenylalanine) after drug delivery. PEG-PLys-PPhe is expected to
form micelles featuring the PEG corona, the PLys middle shell, and
the PPhe inner core. The three domains of the core, the shell, and
the corona, are each expected to play a role in generating a useful
nanocarrier. The PEG corona enables the prolonged circulation of
micelles for effective EPR effects. The PPhe core serves as a reservoir
of lipophilic drugs. The PLys middle shells with primary amine
groups are used as a specific domain for disulfide cross-linking. The
cross-links in the middle shells may not only enhance micellar
stability in the blood but also may reduce drug release before the
micelles reach the target tissues. Upon endocytosis, the cleavage of
disulfide cross-links can be promoted by intracellular GSH to
trigger intracellular drug release. Fig. 1 illustrates the key idea and
working principle of our disulfide cross-linked micelles as an
intracellular carrier of DTX.

The Kkinetic stability of DTX-loaded disulfide cross-linked
micelles (DTX-SSCLM) under serum and micelle-disrupting condi-
tions was investigated to verify the effect of cross-linking for

enhancing the stability. The in vivo tissue distribution, tumor tar-
geting ability, and time-dependent excretion profile were also
assessed by using a non-invasive, live animal imaging system. In
addition, we evaluated the anti-cancer efficacy of DTX-SSCLM in
a human breast cancer xenograft model compared with free DTX
and DTX-loaded non-cross-linked micelles (DTX-NCLM).

2. Materials and methods
2.1. Materials

a-Methoxy-w-amino-poly(ethylene glycol) (CH30-PEG113-NH) with number
average molecular weight (M,) of 5000 g/mol and polydispersity index (PDI) of 1.05
(GPC) was purchased from SunBio Inc. (Seoul, Korea) and used as received. NE-
Carbobenzyloxy-1-lysine (H-Lys(Z)-OH), L-phenylalanine (Phe), triethylamine (TEA),
trifluoroacetic acid (TFA), sodium dodecyl sulfate (SDS) and docetaxel (DTX) were
purchased from Sigma Co. (St. Louis, MO) and used without further purification. 3,3’-
Dithiobis(sulfosuccinimidylpropionate) (DTSSP) was purchased from Pierce (Perbio
Science Deutschland GmbH, Bonn, Germany). Monofunctional Cy5.5 N-hydrox-
ysuccinimide (NHS) ester was obtained from Amersham Biosciences (Buck-
inghamshire, UK). N,N-Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
were dried and vacuum distilled over calcium hydride. N®-Carbobenzyloxy-L-lysine
N-carboxyanhydride (Lys(Z)-NCA) and r-phenylalanine N-carboxyanhydride (Phe-
NCA) of high purity were synthesized by the Fuchs—Farthing method using tri-
phosgene [28]. Anal. Calcd for Lys(Z)-NCA (Cy15H1gN205): C, 58.82; H, 5.92; N, 9.15.
Found: C, 58.72; H, 5.97; N, 9.08. Calcd for Pha-NCA (C1oHgNO3): C, 62.82; H, 4.74; N,
7.33. Found: C, 62.42; H, 4.81; N, 7.28.

2.2. Synthesis of PEGy13-PLys19-PPheyy triblock copolymer (PEG;13-PLys19-PPheyy)

PEG113-PLys19-PPhey4 that has EG units of 113, Lys units of 19, and Phe units of 24
was synthesized by a procedure established in our laboratory [27]. In brief, to
a stirred solution of CH30-PEG113-NH; (3 g, 0.6 mmol) in dry DMF (30 mL) was
added Lys(Z)-NCA (4.595 g, 15 mmol) at 35 °C under nitrogen. After 24 h, Phe-NCA
(2.868 g, 15 mmol) and dry DMF (60 mL) were added to the reaction mixture, and
the reaction was maintained for further 24 h. PEGq13-PLys(Z)19-PPhe,4 was isolated
by repeated precipitation from DMF into diethyl ether. Yield: 86%. In order to remove
Z groups. PEG113-PLys(Z)19-PPhey4 (1 g) was treated with TFA (10 mL) and HBr/HOAc
(0.5 mL). PEGy13-PLys19-PPhey4 was isolated by dialysis using a membrane (molec-
ular weight cut-off (MWCO): 1000) for 24 h, followed by freeze-drying.

2.3. Preparation of DTX-loaded micelles with disulfide shell cross-links (DTX-SSCLM)

DTX-loaded PEG13-PLys19-PPheys micelles with shell-specific disulfide cross-
links were prepared by the dialysis method and a subsequent shell cross-linking
reaction. PEG113-PLys19-PPhey4 (20 mg) was dissolved in 0.5 mL of DMF at 70 °C,
and DTX (2 mg) was subsequently added. The solution was stirred for 6 h at room
temperature and then dialyzed against doubly distilled water using a membrane
(Spectrapor, MWCO: 1000). After 24 h, the solution of DTX-loaded micelles was
collected. DTSSP as a disulfide-containing cross-linking agent was then added to this
solution at the feed molar ratio of [DTSSP]:[Lys] = 1:1. The reaction was maintained
for 7 h at pH 9.0, and the solution was dialyzed for 3 h to remove residual DTSSP,
unloaded DTX, and reaction by-products. The dialyzate was lyophilized to obtain
DTX-SSCLM. For preparation of DTX-NCLM, an identical procedure was employed,
except for the DTSSP addition. Consumption of primary amines of Lys units during
the cross-linking reaction was quantified using a fluorescamine assay.

The loading contents in micelles and loading efficiency of DTX were measured
by HPLC after solubilization of DTX-loaded micelles in DMF. The concentration of
DTX was determined by high-performance liquid chromatography (HPLC). The HPLC
system consisted of a reverse-phase silica column (SepaxHP-C18, 4.6 x 250 mm,
5 pum, Sepax, USA), a mobile phase of acetonitrile, and 0.05% trifluoroacetic acid in
water (60:40 v/v) pumped (LC-20AT, Shimadzu) at a flow rate of 1.0 mL/min at 25 °C.
A 20 pL aliquot of sample was injected, and the column effluent was detected at
230 nm with a UV detector (CBM-20A, Shimadzu). The DTX concentrations in the
samples were determined using a calibration curve of various DTX concentrations
(0.1-100 pg/mL).

2.4. Characterization of the DTX-SSCLM

The zeta potential ({) was measured in a phosphate buffered saline (PBS)
solution (10 mm, pH 7.4) using a 90 PLUS (Brookhaven Instruments Cooperation,
New York, USA) particle size analyzer. Dynamic light scattering measurements were
performed using a 90 Plus particle size analyzer (Brookhaven Instruments Corpo-
ration). The scattered light of a vertically polarized He—Ne laser (632.8 nm) was
measured at an angle of 90° and was collected on an autocorrelator. The hydrody-
namic diameters (d) of micelles were calculated by using the Stokes—Einstein
equation [29]. The polydispersity factor of micelles, represented as u/I”2, where 3 is
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the second cumulant of the decay function, and I' is the average characteristic line
width, was calculated from the cumulant method [29]. Transmission electron
microscopy (TEM) was performed on a JEM-2000EX (JEOL Tokyo, Japan), operating
at an acceleration voltage of 200 kV. A drop of sample solution (concentration =1 g/
L) was placed onto a 200-mesh copper grid coated with carbon. About 5 min after
deposition, the grid was tapped with a filter paper to remove surface water, followed
by air-drying. Negative staining was performed using a droplet of a 5 wt% uranyl
acetate solution.

2.5. Stability of the DTX-SSCLM

Kinetic stability of the DTX-SSCLM was investigated in serum-containing or SDS-
containing solutions. The effect of SDS or serums on the DTX-SSCLM in aqueous
media was estimated by dynamic light scattering analysis. For the stability in serum
conditions, the stability of the DTX-SSCLM (3 g/L) in the serum-containing PBS
solution (50% fetal bovine serum (FBS)) was examined by dynamic light scattering.
At predetermined time periods, the mean diameter of the micelles was monitored,
and scattered light intensity (SLI) was compared to the initial scattered light
intensity (SLIp) by dynamic light scattering analysis. For SDS treatment, a SDS
solution (1 mL, 7.5 g/L) was added to the DTX-SSCLM solution (2 mL, 0.75 g/L), and
the solution was stirred at 500 rpm. At predetermined time periods, the ratio of
scattered light intensity (SLI/SLIp) was monitored. For comparison, the stability of
DTX-NCLM was estimated under the same conditions.

2.6. Glutathione-mediated controlled release of DTX

In order to examine the cross-linking effect, the DTX release profiles from the
DTX-SSCLM and the DTX-NCLM were compared in the PBS solution. For the effect of
GSH on the release of DTX, the DTX-SSCLM in the PBS solution (1 mL, 1 g/L, pH 7.4)
was placed in a dialysis membrane bag (MWCO = 1000). The release experiment
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was initiated by placing the dialysis bag in release media of various GSH concen-
trations (without GSH, 0.2 um, and 10 mm). The release medium was shaken at
a speed of 100 rpm at 37 °C. At predetermined time intervals, samples (10 mL) were
withdrawn and replaced with an equal volume of the fresh medium. The concen-
tration of DTX in the samples was measured by HPLC at 230 nm. The assay for DTX
was based on a linear standard curve obtained using the concentration range of
0.1-100 pg/mL.

2.7. Cytotoxicity of the DTX-SSCLM

MDA-MB231 human breast cancer cells were originally obtained from the
American Type Culture Collection (Rockville, MD) and cultured in RPMI 1640 (Gibco,
Grand Island, NY) containing 10% (v/v) FBS (Gibco) and 1% (w/v) pen-
icillin—streptomycin in a humidified atmosphere of 5% CO, at 37 °C.

In vitro cytotoxicity of free DTX, DTX-NCLM, and DTX-SSCLM was evaluated by
measuring the half maximal inhibitory concentration (ICsg) using the CCK assay [17].
MDA-MB231 cells were seeded at a density of 5 x 10> cells/well in 96-well flat-
bottomed plates, and allowed to adhere for 24 h. The medium of each well was
then replaced by 200 pL of fresh medium containing free DTX, the DTX-NCLM, and
the DTX-SSCLM at various DTX concentrations from 0.01 to 100 pg/mL, and then the
plates were incubated (37 °C, 5% CO;). After 24 h, the medium was removed, and
cells were washed with the fresh medium, followed by the CCK assay. The ICsq value
was calculated as the concentration of DOX yielding 50% inhibition of cell prolifer-
ation, compared to the untreated control.

2.8. Preparation of Cy5.5-labeled micelle-forming PEGq3-PLys19-PPheyy
For real-time monitoring of in vivo tissue distribution, time-dependent excre-

tion profile, and tumor accumulation of the DTX-SSCLM, Cy5.5 was labeled to the
PLys middle block of micelle-forming PEG113-PLys19-PPhey4. For conjugation of Cy5.5
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Fig. 1. Illustration of shell cross-linking of DTX-loaded polymer micelles with a redox-labile disulfide cross-links and triggered release of DTX by intracellular GSH.
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to the middle PLys block, the molar ratio of Cy5.5 NHS ester to PEG113-PLys19-PPhey4
was 1:10. Cy5.5 NHS ester (10.3 mg, 0.009 mmol) was added to a stirred solution of
PEG113-PLys19-PPheys (1g, 0.09 mol) and TEA (18 mg, 0.18 mmol) in dry DMF
(10 mL) at room temperature in the dark. After 15 h, unbound Cy5.5 NHS ester and
by-products were removed by dialysis using a membrane (MWCO: 3500) for 30 h.
Finally, Cy5.5-PEG113-PLys19-PPhey4 was isolated by lyophilization.

2.9. Non-invasive monitoring of in vivo biodistribution and tumor accumulation of
the DTX-SSCLM

For non-invasive in vivo optical imaging experiment, the MDA-MB231 human
breast cancer were grown in 7-week-old male athymic nude mice (20 g, Institute of
Medical Science, Tokyo) by inoculating 1.0 x 107 MDA-MB231 cells into the dorsal
side of mice. When tumors grew to approximately 200 + 30 mm? in volume, the
tumor accumulation ability of DTX-SSCLM (5 mg/kg in 100 pL of saline) was inves-
tigated. To monitor in vivo characteristics of the Cy5.5-labelded DTX-SSCLM (Cy5.5-
DTX-SSCLM), 4 wt% of DTX was encapsulated into Cy5.5-labeled PEGi13-PLysq9-
PPhe24, followed by the cross-linking reaction with disulfide-containing DTSSP. The
shell cross-linking procedure described in the Section 2.3 of Materials and methods
was identically utilized. In order to evaluate the effect of shell domain-specific cross-
linking on the tumor accumulation. The Cy5.5-labeled DTX-loaded NCLM without
shell cross-links (DTX =4 wt%) was prepared for comparison. After i.v. injection of
the Cy5.5-DTX-SSCLM (5 mg/kg in 100 pL of saline), the time-dependant in vivo
biodistribution and tumor accumulation ability of the Cy5.5-DTX-SSCLM in an MDA-
MB231 human breast tumor-bearing mice were non-invasively imaged using the
eXplore Optix System (Advanced Research Technologies Inc., Montreal, Canada). The
mouse was automatically moved into the imaging chamber for scanning. Laser
power and count time settings were optimized at 25 pW and 0.3 s per point. Exci-
tation and emission spots were raster-scanned in 1 mm steps over the selected
region of interest to generate emission wavelength scans. A 670 nm pulsed laser
diode was used to excite the Cy5.5 molecules. The NIRF at 700 nm was collected and
detected through a fast photomultiplier tube (Hammamatsu, Japan) and a time-
correlated single photon counting system (Becker and Hickl GmbH, Berlin, Ger-
many). The in vivo characteristics of the Cy5.5-DTX-SSCLM were confirmed by
measuring the NIRF intensity in MDA-MB231 tumor-bearing mice (n = 3). Data were
calculated by using the region of interest (ROI) function of the Analysis Workstation
software (Advanced Research Technologies). To compare tissue and tumor distri-
butions of the Cy5.5-DTX-SSCLM, mice were sacrificed after the 2 days post-
injection of the Cy5.5-DTX-SSCLM. The major organs including liver, lung, spleen,
kidney, and heart, as well as the tumor, were dissected from the mice, and their
fluorescence intensities were determined by using a 12-bit CCD camera (Image
Station 4000 MM; Kodak, New Haven, CT) equipped with a special C-mount lens and
a Cy5.5 bandpass emission filter (680—720 nm; Omega Optical). Identical illumi-
nation settings (e.g., lamp voltage, filter, exposure time) were used in all animal
imaging experiments. A quantification of in vivo tumor specificity of the DTX-SSCLM
was measured as total photon counts per centimeter squared per steradian (p/s/cm?/
sr) per each tumor (n= 3 mice per group).

2.10. Antitumor efficacy of the DTX-SSCLM in tumor-bearing mice

All animal treatments and surgical procedures followed approved protocols and
were performed in accordance with the Institutional Animal Care and Use
Committee at Kyung Hee University. The antitumor efficacy of the DTX-SSCLM was
evaluated in tumor-bearing mice, which were prepared by inoculating a suspension
of 1.0 x 107 MDA-MB231 human breast cancer cells in physiological saline (100 uL)
into the subcutaneous dorsa of athymic C3H/HeN male mice (7 weeks old, 20—25 g,
five mice per group, Institute of Medical Science, Tokyo). When tumors grew to
approximately 50—100 mm?, the mice of six groups were treated with one of the
following treatments: (i) normal saline (the control group, n=>5); (ii) NCLM (the
control group, n = 5); (iii) SSCLM (the control group, n = 5); (iv) free DTX at 3 mg/kg
(n=5); (v) DTX-NCLM at 3 mg DTX/kg (n=5); (vi) DTX-SSCLM at 3 mg DTX/kg
(n=5). Each sample was injected once every 3 day for 15 days. Tumor volumes were
calculated as a x b%/2, where a and b are the largest and smallest diameter,
respectively.

2.11. Immunohistological analysis

Apoptotic and non-apoptotic cells in tumor tissues were histologically evaluated
using the 4’,6-diamidino-2-phenylindole (DAPI) and terminal transferase dUTP nick-

end labeling (TUNEL) assays, with a commercial apoptosis detection kit (MILLIPORE,
MA, USA) with the following modifications. Samples were fixed with 4% para-
formaldehyde (methanol-free) for 10 min at room temperature. The samples were
washed with PBS twice for 5 min each time and then incubated with 0.2% Triton X-
100 for 15 min at room temperature. After the samples were washed twice more
with PBS for 5 min each time, they were incubated with equilibration buffer from
the MILLIPORE Kit for 10 min at room temperature. The equilibration buffer was
drained and a reaction buffer containing equilibration buffer, nucleotide mix, and
TdT enzyme was added to the tissue sections, which then were incubated in a dark,
humidified atmosphere at 37 °C for 1 h. The reaction was terminated by immersing
the samples in 2x standard saline citrate for 15 min, and the samples then were
washed three times for 5 min each to remove unincorporated rhodamine-TdT. The
apoptotic cells in tissues were determined by TUNEL assay and the slides were
counterstained with DAPL. TUNEL data were analyzed by a researcher blind to the
nature, at x400 magnification, using a computer-aided light microscope.

2.12. Statistical analysis

The statistical significance of differences between experimental and control
groups was determined using a student’s t-test. P values <0.05 were considered
significant, and significant differences are shown by asterisks in the Figures.

3. Results and discussion

3.1. Preparation and characterization of DTX-loaded PEG-PLys-PPhe
core-shell-corona micelles

As a self-assembling block copolymer for the core-shell-corona
polymer micelles, the PEGqi3-PLysi9-PPheys copolymer was
synthesized via the one-pot two-step polymerization of Lys(Z)-NCA
and Phe-NCA in the presence of a CH30-PEG-NH; macroinitiator and
a subsequent deprotection process. The molar composition ratio of
the monomeric repeating units in PEG, PLys, and PPhe was 45:19:24.
The conversion of monomeric Lys(Z) and Phe to polymeric PLys(Z)
and PPhe was found to be 76% and 96%, respectively (Table 1). The M,
of PEG4s-PLys19-PPhesy, calculated by 'H NMR, was 11,000 g/mol.
Gel permeation chromatography (GPC) analyses showed a narrow
molecular weight distribution (My,/M,, = 1.08). It is known that N-
carboxyanhydride (NCA)-based polymerization for poly(amino
acid) follows a pseudo-living polymerization when the ratio of the
monomer to the amine-based initiator ([M]o/[I]o) is around 20 [30].
The choice of starting PEG (M,,/M, = 1.05) with a narrow molecular
weight distribution and the inherent feature of NCA polymerization
may afford such a narrow molecular weight distribution of PEG4s-
PAspg-PPheqg. PEG45-PLys19-PPhe,4 self-assembled to form core-
shell-corona polymer micelles with three well-defined, distinct
domains: the inner hydrophobic PPhe core, the anionic PAsp middle
shell, and the solvated PEG outer corona. Docetaxel (DTX) was
loaded into PEG45-PAsps-PPheg micelles by a dialysis method. The
loading content and the loading efficiency were 4.0 wt% and 40%,
respectively. The mean hydrodynamic diameter was 62.8 nm. The
zeta potential ({) of the DTX-loaded PEG4s5-PAspg-PPhe g micelles
was reasonably positive ({ = 19.3 mV).

3.2. Formation of DTX-loaded disulfide cross-linked micelles (DTX-
SSCLM)

DTX-loaded disulfide cross-linked micelles were prepared by
adding DTSSP to an aqueous solution of DTX-loaded PEG113-PLys19-
PPhey4 micelles. Water-soluble DTSSP cross-linkers with activated

Table 1
Characteristics of the PEGyy3-PLys19-PPhe,4 copolymer.
Copolymer Feed ratio ([EG]: Composition ratio® Conversion of Conversion of My? MM,
[Lys(Z)]:[Phe]) ([EG]:[Lys]:[Phe]) Lys(Z)? (%) Phe® (%)
PEG113-PLys19-PPheyy 113:25:25 113:19:24 76 96 11,000 1.08

3 Calculated by "H NMR spectra.
b Estimated by GPC.
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Table 2

The micelle sizes, zeta potentials, and polydispersity factors of various micelles.
Micelles d® (nm) Zeta potential® (mV) oI
DTX-NCLM 62.8 19.3 0.29
DTX-SSCLM 58.8 2.1 0.28

2 Mean hydrodynamic diameters at 25 °C.
b Estimated at pH 7.4 at 25 °C.
¢ Polydispersity factor estimated by dynamic light scattering.

bifunctional N-hydroxysuccinimide esters reacted with the primary
amines of PLys middle shells to form intramicellar cross-links. After
the cross-linking reaction, 75.6% of the primary amines of the PLys
shells were converted to amide linkages, as calculated by a fluo-
rescamine assay. Notably, after the shell cross-linking, the value of
the positive zeta potential of DTX-NCLM was decreased from
19.3 mV to 2.1 mV (Table 2). This decreased zeta potential reflects
the conversion of primary amine groups of the middle PLys shells to
amide linkages formed during the shell cross-linking reaction. The
DTX-SSCLM maintained a reasonable size of precursor polymer
micelles (DTX-NCLM) with a moderate distribution. Interestingly,
the shell cross-linking decreased the mean diameter of the
micelles, which reflects the condensed structure as a result of
chemical network formation in the micellar middle shells (Table 2).
TEM images show the spherical nature of DTX-loaded polymer
micelles and that the shell cross-linking reaction did not induce
intermicellar aggregation. The TEM results are consistent with the
results observed by dynamic light scattering (Fig. 2); this indicates
that the PEG outer corona confines the shell cross-linking reaction
within the PAsp middle shells and prevents the formation of
intermicellar aggregates.
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3.3. Effects of shell cross-linking on the stability of the DTX-SSCLM

The stability of drug-loaded micelles in the blood has been an
issue of great significance because it is one of the major factors for
the successful delivery to target tissues [26,31]. When administered
systemically by intravenous injection, a drug carrier encounters
plasma proteins and blood cells before it reaches target tissues. It
was reported that many components in the blood, particularly the
serum proteins, interacted with drug carriers and tended to alter
the stability and the tissue disposition of the carriers. Thus, if the
nanocarrier cannot maintain its integrity in the presence of blood
components, efficient drug delivery to the target tissues cannot be
accomplished.

We estimated the stability of DTX-SSCLM in serum conditions. It
is well known that the monitoring of the scattered light intensity of
micelles is an appropriate technique to estimate the micelle
stability in solutions. The stability of DTX-SSCLM in the serum
solution (50% fetal bovine serum (FBS)) was estimated based on
a literature method [31]. As shown in Fig. 3a, the DTX-SSCLM
maintained long-term stability in the serum-containing solution,
which was determined by observing the scattering light intensity
and constant mean diameter. The loss of scattered light intensity of
the DTX-SSCLM was not to a great extent, and 85% of the initial
intensity was maintained after 2 h.

However, the DTX-NCLM without shell cross-links exhibited
a dramatic loss of scattered light intensity. Within 30 min, the
scattered light intensity decreased to 49% of the initial intensity.
This finding indicates the dissociation of a large portion of polymer
micelles in the serum solution. This tendency is consistent with the
previous report, in which FBS significantly destabilized the
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Fig. 2. Size distributions and morphology of DTX-NCLM (a and c) and DTX-SSCLM (b and d) estimated by dynamic light scattering and TEM. Scale bars =100 nm.
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camptothecin-loaded PEG-b-poly(benzyl aspartate) copolymer
micelles [31]. The constant diameter that was detected for the DTX-
NCLM was probably due to the remaining polymer micelles at the
observation time period.

Monitoring the micellar stability in the presence of SDS has been
established as a general method to evaluate the micellar stability
[7,26,32]. Thus, we also estimated the stability of DTX-SSCLM in the
presence of sodium dodecyl sulfate (SDS), a strong micelle-
disrupting agent. The kinetic stability of the DTX-SSCLM and the
DTX-NCLM was monitored in the presence of SDS. For the DTX-
NCLM, the relative scattering intensity was dramatically
decreased to 50% after 2 h, which indicates the SDS-induced
dissociation of the micelle structure (Fig. 3b). In contrast, the
DTX-SSCLM maintained more than 90% of the initial scattering
intensity after 3 h. This tendency of the DTX-SSCLM was consistent
with the results that were observed with the serum solutions. This
finding indicates that the DTX-SSCLM can remain their assembled
integrity even in the harsh conditions for micelle dissociation
because the shell cross-linkers cause the polymer micelles to be
resistant to the SDS effects. Although the analytical tools to assess
the in vivo stability of the DTX-SSCLM were not developed, we
confirmed the enhanced stability in the serum and SDS solutions.
Due to their thermodynamically frozen assembled structure, the
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DTX-SSCLM may serve as a robust carrier, as compared with the
non-cross-linked DTX-NCLM.

3.4. Redox-responsive controlled drug release from the DTX-SSCLM

To estimate the effect of the disulfide cross-links on the DTX
release, we examined the DTX release from the DTX-SSCLM and the
DTX-NCLM in the PBS solution. As shown in Fig. 4a, the released
amount of entrapped DTX in the PBS solution was greatly reduced
for the DTX-SSCLM, in comparison with the DTX-NCLM. Although
the shell cross-linking did not totally block the release of DTX from
DTX-SSCLM, it effectively inhibited the DTX release. The shell cross-
links of the DTX-SSCLM can act as a diffusion barrier for the DTX
release, thereby resulting in a lower release rate and amount. At

a

DTX-NCLM

DTX-SSCLM

b

DTX-NCLM

DTX-SSCLM

DTX-NCLM

DTX-SSCLM

24 h, 27.0% of the loaded DTX was released from the DTX-NCLM,
whereas 13.2% of DTX was released from the DTX-SSCLM; this
indicated that the shell cross-links led to a 48.9% reduction of the
DTX release. This result may support our assumption that the
diffusion-limited cross-linked layer would minimize the loss of the
entrapped drug in the blood. Next, we were interested in knowing
whether the DTX release is facilitated in response to an intracellular
reducing GSH level. Fig. 4b exhibits the DTX release profiles from
DTX-SSCLM at different GSH concentrations. At the extracellular
GSH level (2 pm), the DTX release rate from DTX-SSCLM was rather
increased. This indicates that the low GSH level in the blood may
induce damage of the disulfide cross-links to a certain degree, but
not to a great extent. Noticeably, as the GSH concentration
increased to the cytoplasm level (10 mm), the DTX release was
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facilitated much more than it was at the blood level GSH concen-
tration. At 24 h, the DTX release from the DTX-SSCLM at 10 mm GSH
was increased by 69.5%, compared with the release at the 2 pm GSH
level. This result indicates that, at a cellular GSH level, the cleavage
of the disulfide linkages is more pronounced to accelerate the
release of DTX. These DTX-SSCLM not only minimize the drug loss
at the extracellular environments, but also they release drugs for
therapeutic effects once they are located within the target cells. In
terms of the therapeutic efficiency, the use of DTX-SSCLM would be
more promising than the use of DTX-NCLM without disulfide cross-
links.

3.5. In vitro cytotoxicity of the DTX-SSCLM

The in vitro cytotoxicities of the DTX-SSCLM and the DTX-NCLM
in MDA-MB231 human breast cells were estimated. As shown in
Fig. 5, the DTX-SSCLM exhibited relatively low toxicity
(IC50 =10.75 pg/mL) in comparison with free DTX (ICs¢ = 0.64 pg/
mL) and DTX-NCLM (ICs9 = 4.52 ug/mL). At an identical incubation
period, the disulfide cross-linked DTX-SSCLM had slightly lower
toxicity than the DTX-NCLM. In the case of non-cross-linked DTX-
NCLM, drug release was initiated immediately upon placement of
the DTX-NCLM in the cell culture media. The DTX release rate from
the DTX-SSCLM was slower than that of the DTX-NCLM, because
the DTX release from the DTX-SSCLM was accelerated after the
breakage of disulfide cross-links by GSH within the cytosol.
Therefore, the lower toxicity of the DTX-SSCLM could be explained.
Using in vitro experiments, we confirmed that the DTX-SSCLM
maintains the cytotoxicity of native DTX-NCLM by releasing DTX
within the cells. The potential for minimizing drug loss to the blood
and for enhanced accumulation in the tumor tissue, due to the
robust nature of the DTX-SSCLM, may enhance its overall thera-
peutic efficacy in vivo, relative to free DTX and non-cross-linked
DTX-NCLM.

3.6. Preparation of the Cy5.5-labeled DTX-SSCLM for in vivo non-
invasive imaging

One of the specific aims of this work is to determine whether the
shell-specific cross-linking of core-shell-corona micelles can
improve the carrier properties of native core-shell-corona micelles
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with a simple assembled structure, in terms of the prolonged
circulation and the enhanced tumor accumulation. To assess the
in vivo distribution, Cy5.5, a NIRF dye was labeled within PLys shell
domains of the DTX-SSCLM. The conjugation ratio of Cy5.5 to the
polymer chain was 0.7:1, as determined by using the extinction
coefficient of Cy5.5 at 675 nm (2.5 x 10° v~ em™") [33]. This low
ratio is systematically considered for the maintenance of large
portions of primary amines for disulfide cross-linking with PLys in
the shell domains. Considering the ratio of Cy5.5 molecules (0.7 per
one polymer chain), the ratio of residual primary amines for
disulfide cross-linking was 18.3 per the polymer chain (96.3% of the
initial primary amines), which is enough for the shell cross-linking
reaction. After the cross-linking reaction, 80.2% of the primary
amines within the PLys shell domains were converted to amide
linkages, as calculated by a fluorescamine assay. This result indi-
cates that a large portion of the Lys units participates in the shell
cross-linking. For micelle assembly, the ratio of Cy5.5-conjugated
polymers to non-conjugated polymers was 1:50. It is known that
the NIRF of Cy5.5 was self-quenched when the Cy5.5 molecules
contacted each other within the localized environments [34].
Therefore, the control of the polymer ratio is to minimize the
number of localized Cy5.5 molecules within the cross-linked PLys
shells and to monitor the tissue distribution by minimizing the
reduction of the NIRF of the Cy5.5 molecules.

3.7. In vivo biodistribution and tumor accumulation of the DTX-
SSCLM

For real-time monitoring of the in vivo biodistribution of the
DTX-SSCLM, Cy5.5-labeled DTX-SSCLM was intravenously injected
into MDA-MB231 human breast tumor-bearing mice, and a time-
dependent biodistribution was observed by using non-invasive
NIRF imaging in live animals. Within 1 h after the i.v. administra-
tion, strong NIRF signals were observed in the whole body within
1 h post-injection, which indicates the rapid circulation of DTX-
NCLM and DTX-SSCLM in the blood stream (Fig. 6a). For the non-
cross-linked DTX-NCLM, the NIRF gradually decreased and
became negligible after 12 h. On the other hand, the DTX-SSCLM
exhibited a strong fluorescence signal in the body for up to 2
days, which was possibly due to the prolonged circulation charac-
teristics of the DTX-SSCLM with stabilized cross-linked structures
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compared with the DTX-NCLM. Within 3 h post-injection, the DTX-
SSCLM was primarily localized in the liver tissue, and some of the
DTX-SSCLM were accumulated in the tumor tissue. After 6 h, the
fluorescence signal in the liver gradually decreased. Fig. 6b shows
the tumor specificity of the DTX-SSCLM compared with that of the
DTX-NCLM. It is noteworthy that the NIRF signal in the tumor tissue
gradually increased up to 1 day and maintained its strong signal up
to 2 days, which resulted from the enhanced tumor accumulation of
the DTX-SSCLM. This enhanced tumor accumulation can be
explained by the excellent serum stability of the DTX-SSCLM. The
total photon counts of the DTX-SSCLM in the tumor tissue gradually
increased for 1 day and maintained a strong signal even at 2 days.
The photon counts from the tumors of DTX-NCLM-treated mice
decreased upon i.v. administration and exhibited weak signals
throughout the observation periods. At 48 h, the photon count of
the DTX-SSCLM in the tumor tissue was 57% higher than that of the
DTX-NCLM-treated mice (Fig. 6¢). This low tumor accumulation of
non-cross-linked DTX-NCLM may be due to their low stability in
the blood stream and the gradual dissociation of the majority of the
DTX-NCLM. For this reason, we could not expect the EPR effect from
the DTX-NCLM for effective tumor targeting. To provide substantial
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SSCLM

free DTX

DTX-NCLM

DTX-SSCLM

evidence of the tumor specificity of the DTX-SSCLM, the major
organs (liver, lung, spleen, kidney, heart, and tumor tissues) were
isolated at 3 days post-injection and ex vivo images of each organ
were observed (Fig. 6d). The strongest NIRF intensity was found on
the tumor tissues; this indicated that the DTX-SSCLM was
predominantly accumulated in the tumor tissue, although a large
portion of the DTX-SSCLM was also localized in the liver and spleen
(Fig. 6e). For the DTX-NCLM, a similar distribution pattern was
found, but the total NIRF signals in the organs were much lower
than those from the DTX-SSCLM, due to the relatively low stability
in blood.

3.8. In vivo antitumor efficacy of the DTX-SSCLM in tumor-bearing
mice

We designed the DTX-SSCLM with an assumption that the
disulfide shell cross-links can reduce the DTX leakage and can be
disrupted to facilitate the DTX release within target tumor cells,
thereby improving the anti-cancer therapeutic efficacy. To evaluate
the antitumor efficacy of the DTX-SSCLM, DTX-SSCLM and DTX-free
or DTX-containing control groups was injected, every three days,

TUNEL

MERGE

Fig. 8. TUNEL immunostain of apoptotic cells in MDA-MB231 human breast tumor xenografts growing in athymic nude mice treated with saline, NCLM, SSCLM, free DTX, DTX-NCLM

(4.0 wt% DTX), and DTX-SSCLM (4.0 wt% DTX), respectively.
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into MDA-MB231 human breast tumor-bearing mice via the lateral
tail vein.

Fig. 7 shows the changes in tumor volumes in the C3H/HeN male
mice after intravenous administration of saline, NCLM, SSCLM, free
DTX, DTX-NCLM, and DTX-SSCLM. Neither saline nor DTX-free
micelle (NCLM and SSCLM) treatments had any substantial effect
on the tumor growth, and the tumor volumes increased rapidly.
The treatment with free DTX was effective in tumor regression to
some extent, but it did not have efficacy that was comparable to the
DTX-NCLM and the DTX-SSCLM. The DTX-SSCLM is significantly
more efficacious in tumor reduction, as compared with non-cross-
linked DTX-NCLM. As shown in Fig. 7, there were no significant
differences in the sizes of the tumors between the DTX-NCLM
treatment group and the DTX-SSCLM-treated group until 10 days
post-injection. However, after the administration for 12 days, the
tumor volume was remarkably more decreased in the DTX-SSCLM-
treated group. At 33 days after injection, the average tumor volume
in the DTX-SSCLM-treated mice had increased relatively slowly and
had reached only 500 mm?, whereas the average tumor volume in
the DTX-NCLM-treated mice had reached 900 mm?; this indicates
that the DTX-SSCLM exhibited enhanced anti-cancer activity over
the DTX-NCLM by 44.4% in terms of tumor volume regression. One
reason for the enhanced in vivo efficacy might be explained by the
enhanced accumulation of the DTX-SSCLM at the tumor site due to
the EPR effect that was positively affected by the prolonged circu-
lation. In addition, the effective protection of DTX within the core
domains against the rapid clearance before tumor targeting and the
subsequent intracellular release of DTX may contribute to the
enhanced antitumor efficacy.

3.9. Histological analysis

The antitumor efficacy of DTX-SSCLM against MDA-MB231
tumors growing in C3H/HeN mice was also evaluated by the
TUNEL immunohistological assay, which visualizes apoptotic cells
in tumor tissues. Fig. 8 shows images of DAPI staining (nuclei),
TUNEL staining (apoptosis), and a merge of the two images for
tumors treated with saline, NCLM, SSCLM, free DTX, DTX-NCLM,
and DTX-SSCLM after 35 days. The apoptotic cell nuclei were
barely detectable in the control animals treated with saline and
DTX-free micelles (NCLM and SSCNM), but apoptotic nuclei were
clearly present in the tumors of mice treated with free DTX, DTX-
NCLM, and DTX-SSCLM. Notably, more apoptotic cells were found
in the tumor tissues treated with DTX-SSCLM than in the tumor
tissues treated with free DTX and DTX-NCLM. This tendency for
apoptotic analysis is consistent with the results of in vivo antitumor
efficacy (Fig. 7).

4. Conclusions

We have demonstrated that the DTX-loaded core-shell-corona
micelles with disulfide shell cross-links (DTX-SSCLM) exhibited
enhanced tumor accumulation and antitumor therapeutic efficacy,
as compared with the non-cross-linked counterpart (DTX-NCLM).
DTX-SSCLM maintained their robust structure in serum and in
strong destabilization conditions (SDS). The introduction of redox-
labile disulfide cross-links into the middle shell of PEG-PLys-PPhe
micelles may meet the major requirements of targeted nano-
carriers with high delivery efficiency and low toxicity: i) high
stability in the blood stream due to the stable disulfide cross-links,
ii) prolonged blood circulation due to the PEG outer corona
(minimized uptake by RES), iii) ability to reduce drug loss before
reaching target tissues by the cross-linked diffusion barrier, iv) the
enhanced EPR effect, v) facilitated drug release within target cells
by dissociation of disulfide cross-links, and vi) the excretion from

the body as non-toxic PEG and amino acids (r-lysine and L-
phenylalanine). The domain-specific cross-linking within the core-
shell-corona micelles may provide useful tools for enhancing the
antitumor efficacy of existing or newly developed micelles such as
polymer micelles and nano-aggregates.
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