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ABSTRACT

Purpose The objective of this work was to develop a multifunc-
tional tumor-targeting nanocarrier based on the mechanism of
CD44-mediated endocytosis and pH-induced drug release to
improve the therapeutic efficacy of docetaxel (DTX).

Methods Hyaluronic acid-coated docetaxel-loaded cholesteryl
hemisuccinate vesicles (HA-CHEMS vesicles) were prepared.
The physiochemical properties and pH-dependent drug release
of HA-CHEMS vesicles were evaluated. The HA-CHEMS vesicles
were investigated for CD44-mediated intemalization and in vitro
cell viability using MCF-7,A549 and 929 cells.In addition,tissue
distribution as well as antitumor efficacy was also evaluated in
MCF-7 tumor-bearing mouse model.

Results The particle size and zeta potential of HA-CHEMS vesides
were 1314262 nmand — 13.3 £0.04 mVrespectively. The in vitro
drug release resutts demonstrated a pH-responsive drug release under
diferent pH conditions. In vitro cell viability tests suggested that the
encapsulation of DTX in HA-CHEMS vesidles led to more than 51.6-
fold and 46.3-fold improved growth inhibition in MCF-7 and A549 cell
lines,respectively compared to Taxotere®. From the cell uptake stud-
ies,the coumarin 6-loaded HA-CHEMS vesides enhanced intracellular
fluorescent intensity in the CD44-overexpressing cell line (MCF-7).
Biodistribution studies revealed selective accumulation of HA-CHEMS
vesicles in the MCF-7 bearing BalB/c nude mice as a result of passive
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accumulation and active targeting (CD44-mediated endocytosis).
Compared to Taxotere®,HA-CHEMS vesides exhibited higher anti-
tumor activity by reducing tumor volume (P < 0.05) and drug toxicity,
demonstrating the success of the multifunctional targeting delivery.
Conclusions This work corresponds to the preparation of a
multifunctional tumor-targeted delivery system. Our investigation
shows that hyaluronan-bearing docetaxel-loaded cholesteryl
hemisuccinate vesicles (HA-CHEMS vesicles) is a highly promising
therapeutic system,leading to tumor regression after intravenous
administration without visible toxicity.

KEY WORDS CD44 - docetaxel - hyaluronic acid -
multifunctional targeting - pH-sensitivity

ABBREVIATIONS

A549 Non small-cell lung cancer

Cé coumarin-6

CHEMS  cholesteryl hemisuccinate

CLSM confocal laser scanning microscopy
DDAB  dimethyl dioctadecyl ammonium bromide

DL drug loading
DLS dynamic light scattering

DMEM  dulbecco’s modified Eagle’s medium

DTX docetaxel

EPR enhanced permeability and retention

EE encapsulation efficiency

HA hyaluronic acid hyaluronan

1Csp the growth inhibitory concentration for 50% of the
cell population

L929 mice fibroblasts

LYVE-1  the lymphatic vessel endothelial HA receptor-|

MCF-7  human breast cancer cells

MTT 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide

MW molecular weight

PBS phosphate buffered saline
Pl propidium iodide
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RHMM  receptor for hyaluronate-mediated motility
RPMI roswell park memorial institute

TEM transmission electron microscopy

TIR tumor inhibition rate
INTRODUCTION

Delivering anticancer agents specifically, effectively, and safely to
solid tumor remains a significant challenge in recent years. The
indiscriminate distribution of anticancer drugs results in poten-
tially toxicity to both normal cells and tumor cells (1,2). The poor
clinical outcomes of chemotherapy have promoted the develop-
ment of targeted drug delivery systems, which increase the
delivery of antitumor drugs to the tumor sites and reduce deliv-
ery to the normal cells. Hence, an improved therapeutic index
can be obtained, contributing to minimizing the severe
side effects caused by nonspecific delivery and enhanc-
ing tumor-targeting efficacy. Varieties of tumor-targeting
mechanisms such as passive targeting via EPR effect
(3,4), receptor-mediated active targeting (5,6), and
environment-sensitive drug controlled release (7,8) have
been reported. However, a single targeting strategy is limited
to eradicate the tumor because of highly complicated tumor
micro-environments (9). Therefore, in this paper, a novel
nano drug delivery system was developed for enhancing anti-
tumor efficacy based on a multifunctional targeting strategy:
(1) passive targeting by EPR effect, (2) CD44-mediated active
targeting, and (3) acidic microenvironment in tumor induced
pH-dependent drug release (Scheme 1).

Hyaluronic acid (hyaluronan,HA) is a naturally line polysac-
charide composed of repeating disaccharide units of (8,1-4-)-D-
glucuronic acid and (f,1-3)-N-acetyl-D-glucosamine, existing in
the extracellular matrix and synovial fluids (10,11). HA plays an
important role in many biological processes such as prolifera-
tion, migration, inflammation and tumor invasion (12,13). HA
is potentially very useful in the food, biomedical and cosmetic
industries due to its biocompatibility, biodegradability, non-
toxicity, and non-immunogenicity (14). In the case of biomed-
ical application, HA has been intensively investigated for site-
specific drug delivery to tumor because it has high affinity
towards CD44 (the cell adhesion protein family), RHMM
(Receptor for hyaluronate-mediated motility) and LYVE-
I(the lymphatic vessel endothelial HA receptor-1) (15,16),
which are over-expressed in various carcinoma, whereas pre-
senting at lower levels on normal cells. The internalization of
HA by cancer cells through CD44 receptors enhances intracel-
lular delivery of drugs vz conjugation to HA or entrapment in
HA modified nanoparticles or micelles (17-20), exhibiting
higher therapeutic efficacy compared to the conventional anti-
cancer agents. Thus, HA is a very attractive material as target-
specific drug delivery vehicles.

Cholesteryl hemisuccinate (CHEMS) synthesized by
succinic acid esterified to the L-hydroxyl group of cholesterol
is an acidic cholesterol ester that self-assembles into bilayers in
neutral or basic medium. In acidic condition, CHEMS un-
dergoes a phase transformation from stable lamellar phase in
neutral pH to the unstable inverted hexagonal phase due to
protonation of its acidic head group (21,22). CHEMS is
widely applied in the mixtures with surfactants or phospho-
lipids to form pH sensitive vesicles, which are stable in neutral
or slight alkaline media, whereas unstable in acidic environ-
ment, leading to drug release (23).

Docetaxel (DTX) derived from 10-deacetyl baccatin III
(24) 1s an antineoplastic agent with a broad range of human
malignancies. Docetaxel disrupts microtubule dynamics
through directly binding to the tubulin, leading to mitotic
arrest and eventual apoptosis (25). It is widely used for the
treatment of non-small cell lung cancer, locally advanced and
metastatic breast cancer, head and neck cancer, prostate
cancer and other cancers (26). Docetaxel has a low aqueous
solubility of ~6-7 png/ml. Hence, high concentration of
Tween®80 was used to increase solubility of docetaxel (27).
Administration of commercial micellar formulation of doce-
taxel (z.e. Taxotere®) is associated with a number of serious
side effects due to either the drug itself or the solvent system
such as neurotoxicity, hypersensitivity, fluid retention, neutro-
penia and nail toxicity (28), thus hindering their medical utility
for intravenous applications. Furthermore, like most of other
conventional chemotherapeutic agents, docetaxel in
Taxotere® distributes throughout the body in a nonspecific
manner, resulting in a low antitumor activity.

Herein, we hypothesized that the encapsulation of doce-
taxel into HA-modified CHEMS vesicles as the tumor-
targeting delivery system could enhance therapeutic efficacy
and reduce the side effects. Upon reaching the tumor tissue by
passive and active targeting, HA-modified DTX-loaded
CHEMS vesicles would be internalized through interaction
between HA and CD44, followed by releasing the drug rap-
idly in responsive to the lower pH of endosomal/lysosomal
compartments (pH 5-6) (29). In this work, the efficacy of HA-
modified DTX-loaded CHEMS vesicles as a multifunctional
tumor- targeting nano system was investigated both n vitro
and  vwo.

MATERIALS AND METHODS
Reagents and Cell Lines

Docetaxel (DTX) was offered by Jiangsu Hengrui
Pharmceutical Co. Ltd. (Jiangsu, China). Sodium hyaluronate
(MW =290 kDa) was purchased from Shandong Freda
Biopharm Co. Ltd. (Shandong, China). Cholesteryl
hemisuccinate (CHEMS) was synthesized by our own
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Scheme | Schematic representation of accumulation at tumor tissue and intracellular delivery of HA-CHEMS vesicles.

laboratory. Cholesterol, and succinic anhydride were kindly
supplied by China National Medicine Corporation LTD.
(Shanghai, China). Coumarin-6, 3-(4, 5-dimethyl-thiazol-2-
yl)-2, 5-diphenyl-tetrazolium bromide (M'T'T) and propidium
iodide (PI) were supplied by Sigma—Aldrich Co. (St. Louis,
MO, USA). Tween®80 was kindly supplied by AMRESCO
LLC(USA). Dimethyl dioctadecyl ammonium bromide
(DDAB) was purchased from Tianjin Damao Chemical Re-
agent Co. (Tianjin, China). Commercial docetaxel solution
(Taxotere®) was purchased from Sanofi Aventis (France). All
other chemicals and reagents used were of analytical purity
grade or higher, obtained commercially.

Dulbecco’s modified Eagle’s medium (DMEM) and
RPMI-1640 were purchased from Gibco (BRL, MD, USA).
Human breast cancer cells (MCF-7), non small-cell lung can-
cer (A549), and mice fibroblasts (1.929) were obtained from
Chinese Academy of Sciences (Shanghai, China).

Preparation of CHEMS Vesicles Encapsulating DTX
(DTX-CHEMS Vesicles)

The DTX-loaded CHEMS vesicles were prepared by a sol-
vent injection method. Briefly, Tween®80 (25 mg), CHEMS
(58 mg), DDAB (6.8 mg) and D'TX (3.5 mg) were dissolved in
6 ml of chloroform—methanol solvent mixture (2:1, v/v) and
added by a micro-syringe into 10 ml of distilled water under
vigorous stirring. After injection, the suspension was kept for
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30 min at 75°C to evaporate the organic solvent. The residual
solvent remaining in the suspension was removed under vac-
uum at room temperature overnight. The obtained suspen-
sion was sonicated at 400 W for 3 min (1 s pulses and 1 s rest,
ultrasonic cell crasher). The final concentration of the resul-
tant suspension was 1 mg/ml.

Preparation of Hyaluronic Acid-Coated DTX-CHEMS
Vesicles (HA-CHEMS Vesicles)

One milliliter of DTX-loaded CHEMS vesicle suspension was
slowly added into an appropriate portion of hyaluronic acid
solution at different concentration followed by magnetic agi-
tation at 25°C for 1 h. The effect of the molecular weight of
HA, the volume ratio of DTX-loaded CHEMS vesicle sus-
pension to HA solution, the HA concentration on physico-
chemical properties of HA-CHEMS vesicles was investigated.

Measurement of Drug Loading Content (DL)
and Encapsulation Efficiency (EE)

DTX-CHEMS or HA-CHEMS vesicles were separated from
the unentrapped drug using a Sephadex G-50 column
(2.5 ecmX 1.0 cm). Briefly, Sephadex G-50 soaked in 100°C
distilled water for a few hours was loaded into a 2.5 ml syringe
and then centrifugated at 2,000 rpm for 2 min to obtain a
dehydrated column. Subsequently, 0.2 ml of vesicle
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suspension was added onto the column and centrifugated (2,
000 rpm, 2 min). Afterwards, the column was washed 4 times
with 0.2 ml of distilled water each time. After centrifugation,
the eluant was collected and destroyed using a mixed solvent
of methanol and acetonitrile (1:3). The amount of encapsulat-
ed DTX was determined by HPLC. HPLC conditions were as
follows: a Diamasil® C18 column (200 mm X 4.6 mm, 5 pm,
Dikma, China) was used. The mobile phase consisted of
acetonitrile and water (62:38, v/v). The flow rate was
1.0 ml/min.

The wavelength was set at 228 nm. In order to determine
the total amount of DTX initially added, 0.2 ml of vesicle
suspension was destroyed with methanol and acetonitrile and
assessed by HPLC. EE and DL were calculated according to
the following equations:

Weight of the drug in vesicles

EE(%) =
(%) Weight of the feeding drug

x 100

Weight of the drug in vesicles

DL(%) =
(%) Weight of the vesicles

x 100

Characterization of DTX-CHEMS and HA-CHEMS
Vesicles

Transmission Electron Microscopy (TEM)

The microstructure of DTX-CHEMS and HA-CHEMS ves-
icles was observed under the TEM (JEM-1200EX, JEOL,
Tokyo, Japan). A drop of vesicle suspension which was diluted
50 fold with double-distilled water was placed onto a carbon
film covered with a copper grid and was stained with a drop of
1% (w/v) phosphotungstic acid. Then the sample was dried in
the air before TEM observation.

Particle Size and Zeta Potential

The particle size, distribution and zeta potential were deter-
mined by dynamic light scattering (DLS) analysis using a zeta
potential/particle size analyzer (Malvern Instruments,
Malvern, UK). The vesicles were diluted with distilled water
prior to analysis, and each experimental result was an average
of at least three independent measurements.

Colloidal Stability of DTX-CHEMS and HA-CHEMS Vesicles
in PBS and Plasma

The stability of DTX-CHEMS and HA-CHEMS vesicles
when dispersed in PBS (pH 7.4) or rat plasma was evaluated
by measuring the time-dependent changes in particle size of
vesicle suspension. Briefly, 1 ml of vesicle suspension was
added to 5 ml of PBS (pH 7.4) or rat plasma and the samples
were incubated at 37°C with gentle stirring for 24 h. At

different time points, the particle size of vesicles was measured
using a zeta potential/particle size analyzer.

In Vitro Drug Release and Evaluation of pH Sensitivity

The dialysis bag diffusion method was applied to investigate
the i vitro release of DTX from different DTX formulations
(30). 3 ml of each of different DTX formulations was placed
into a pretreated dialysis bag (MWCO: 8-10 kDa) and incu-
bated in 100 ml of phosphate buffered saline (PBS) of varying
pH values ranging from 7.4 to 5.0 containing 0.5% (w/v)
Tween®80 at 371+0.5°C with gentle shaking. At
predetermined time intervals, 100 pl aliquots of release medi-
um was withdrawn and replaced with an equivalent volume of
fresh medium. The samples were centrifugated at 8,000 rpm
for 10 min. The concentration of DTX was determined by
HPLC as described above. In order to measure the total
concentration (corresponding to 100% release), 1 ml of ace-
tonitrile was added into 10 pl of vesicle suspension followed by
votex and centrifugation. The obtained supernatant was ana-
lyzed by HPLC. The cumulative drug release (%) was plotted
as a function of time. Data obtained in triplicate were ana-

lyzed graphically.
In Vitro Biological Characterization
Cell Culture

MCF-7, A549 cell lines (high CD44 expression) and 1.929 cell
lines (low CD44 expression) were cultured in DMEM (MCF-
7and 1.929) or RPMI 1640 (A549) medium supplemented
with 10% (v/v) fetal bovine serum,100 IU/ml penicillin and
100 g/ml streptomycin at 37°C in a humidified 5% CO?
atmosphere.

In Vitro Cell Viability

MTT assay was used to evaluate the cell viability of MCF-7,
A549 cancer cells and 1929 normal cells incubated with
different DTX formulations and blank CHEMS vesicles. .
Briefly, MCF-7, A549 and 1929 cells were seeded in a
multiwell-96 plate at the density of 1 X 10 cells per well. After
24 h, the medium was removed and the wells were washed
twice with cold PBS. Following that, the cells were incubated
with various concentrations of DTX formulations and blank
vesicles for 72 h. Four wells for untreated cells and medium
were prepared as controls. Then 20 pl of MTT solution
(5 mg/ml) was added to each well and incubated for another
4 h at 37°C. Finally, MTT in medium was removed and
200 pl of DMSO was added into each well to dissolve the
formazan crystals. Absorbance was measured at 570 nm using
a BioRed microplate reader (Model 500, USA). Cell viability
was determined by the following formula:
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Ab I
Cell viability(%) = % % 100

The growth inhibitory concentration for 50% of the cell
population (IC5;) which can indirectly reflect the cytotoxicity
of different DTX formulations was calculated by regression
(curve fitting) of the cell viability data. Furthermore, the
morphology of cells incubated with different D'TX formula-
tions were observed using a microscope system.

Cellular Uptake Studies

The cellular uptake efficiency of different DTX formulations was
evaluated by CLSM. The insoluble fluorescent dye coumarin-6
(C6) was loaded into CHEMS vesicles with the same DTX
loading method. MCF-7 cells or 1.929 cells were seeded onto
glass coverslips, placed into a 6-well plate, and grown overnight
at 37°C in a humidified 5% CO? atmosphere. After cell attach-
ment, the medium was replaced with serum-free culture medium
containing the free C6 and C6-loaded vesicles (the C6 concen-
tration was 10 pg/ml), respectively, followed by incubation for
2 h. After that, the cells were washed thrice with cold PBS and
fixed with 4% paraformaldehyde solution for 10 min. Then, the
cells were washed twice with cold PBS. The nuclei were stained
by propidium iodide (PI, Sigma) for another 30 min. The fixed
cell monolayer was finally washed thrice with PBS. The cover-
slips were placed onto the glass microscope slides and visualized
by a confocal laser scanning microscopy (CLSM, LSM780,Carl
Zeiss,Germany). In addition, the cellular uptake mechanism was
mvestigated by the blocking test using free HA (10 mg/ml),
negative control of .929 cells, and cell uptake experiment at 4°C.

In Vivo Biological Evaluation
Chromatography

HPLC system was applied to analyze drug concentration of
tissue samples. A Promosil C18 column (250 mmX4.6 mm,
5 pum, Agilent, China) was used. The mobile phase was
acetonitrile and water (55:45, v/v). The wavelength was
230 nm and the flow rate was set at 1 ml/min.

Tissue Distribution

All animal experiments were carried out under Shenyang Phar-
maceutical University Bioethics Committee Rules and in com-
pliance with Principles of Laboratory Animal Care of national
laws. BalB/c nude mice weighing 26-28 g, at the age of 6—
8 weeks were used for the study. The MCF-7 cell suspension (2 X
10° cells in 0.2 ml of cell culture medium) was injected subcuta-
neously into the armpit region to generate the tumor xenograft
mouse model. The tumor size was measured by a vernier caliper,
and the tumor volume (mm®”) was calculated using the formula

@ Springer

V=0.5 x longest diameter X shortest diameter”. When the
tumor volume reached about 500 mm® MCF-7-bearing mice
were randomly and equally divided into three groups of 9 mice
cach: (1) the Taxotere® group, (2) the DTX-CHEMS group,
and (3) the HA-CHEMS group. Each group was injected intra-
venously with the above formulations at a dose of 12 mg/kg
through the tail vein. The mice (2 =3 per time point) were
euthanized by cervical dislocation at predetermined time points
(0.5, 2, 6 h), and then the tumor, heart, liver, spleen, lung and
kidney were collected, washed, weighed and homogenized in
physiological saline at a concentration of 1 g/ml. Afterwards,
tissue homogenate was stored at —20°C untl further analysis.
DTX was extracted from the tissue homogenate by
deproteinization using acetonitrile. Briefly, 10 pl of paclitaxel
solution (40 pg/ml) as the internal standard was added to
200 pl of tissue sample, and the mixture was extracted with
1 ml of acetonitrile for 10 min followed by centrifugation for
15 min at 12,000 rpm. The supernatant was dried under re-
duced pressure and redissolved with 100 pl of acetonitrile for
HPLC analysis as described above.

In Vivo Antitumor Efficacy

When the tumor volume reached 50-100 mm® (24), BalB/c
nude mice (r=6/group) bearing subcutaneous MCF-7 tumor
were administrated intravenously every 3 days with saline, blank
vesicles, Taxotere® with or without DTX, DTX-CHEMS ves-
icles and HA-CHEMS vesicles for 3 weeks at a dose of 12 mg
DTX/kg, respectively. Meanwhile, the tumor volumes and body
weights were monitored. After 20 days’ observation, tumors were
excised from the sacrificed BalB/c nude mice and weighed.
Tumor inhibitory rate (TIR) was calculated using the following
formula:
W(‘nnr_rol - M/sampl(t

TIR (%) = —57 =5 100
sample

Statistical Analysis

Results were given as mean * standard deviation (S.D). Both
ANOVA and Student’s two-sample ¢-test were utilized for sta-
tistical evaluation. Differences were considered significant at a
level of P<0.05.

RESULTS AND DISCUSSION

Preparation and Characterization of DTX-CHEMS
and HA-CHEMS Vesicles

CHEMS vesicles entrapping DTX were successfully prepared
and morphologically spherical vesicles with a smooth surface
as revealed by TEM study (Fig. 1a). The existence of HA coating
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Fig. I Transmission electron
micrographs of DTX-CHEMS
vesicles (a) and HA-CHEMS
vesicles (b).

layer on the surface of CHEMS vesicles was confirmed by the
changes in particle size, zeta potential and morphology observed
by TEM (Fig. 1b). As shown in Table I, the encapsulation
efficiency was determined to be 92.5£1.4% and 91.4%1.7%
i DTX-CHEMS vesicles and HA-CHEMS vesicles, respective-
ly, which suggested the existence of coating layers had no effect
on encapsulation efficiency. The mean particle size of vesicles
was 65.9%£3.2 nm and 131.4£6.2 nm for DTX-CHEMS vesi-
cles and HA- CHEMS vesicles with distinct difference in particle
size. DTX-CHEMS vesicles showed a positive zeta potential.
However, the coating of vesicles by hyaluronic acid converted the
zeta potential from positive to negative values.

The colloidal stability in plasma conferred increased im-
portance to the preclinical study of nanoenabled drug delivery
systerms. Therefore the i vitro colloidal stability of vesicles was
evaluated in PBS (pH 7.4) and rat plasma (Fig. 2). In PBS,
both of the vesicles were stable with no significant size change
for HA-CHEMS vesicles and a slight increase in particle size
for D'TX-CHEMS vesicles. When incubated in human plas-
ma, the particle size of HA-CHEMS vesicles increased to
about 1.3-fold of the original size, while the particle size for
the DTX-CHEMS vesicles rapidly increased to 4.2-fold over
the 24 h incubation. From the incubation picture, it can be
seen that HA-CHEMS vesicle dispersion was clear with the
absence of any precipitate at different incubation time. How-
ever, in the case of DTX-CHEMS vesicles, there appeared
visible floccule after 24 h incubation. Our results highlighted
the enhanced stability of HA-CHEMS vesicles in rat plasma
compared to uncoated DTX-CHEMS vesicles. Since the
experiment in the present work was not able to ascertain
whether all of the vesicles were intact upon incubation with
plasma, further investigation will be needed.

Effects of HA Coating on Characteristics
of DTX-CHEMS Vesicles

The particle size and zeta potential are the important param-
eter for HA-coated vesicles from pharmaceutical viewpoint.
HA-coated vesicles with proper particle size and zeta potential
will contribute to improve the i vitro stability and the i viwo
targeting. As a result, we investigated the effects of HA con-
centration, volume ratio of vesicle suspension to HA solution
and molecular weight of HA on the physicochemical proper-
ties of HA- CHEMS vesicles.

Effect of HA Concentration

A series of DTX-CHEMS vesicles coated with different con-
centration of HA was prepared at the fixed volume ratio (1/1,
1/2) and molecular weight of HA (290 kDa). HA concentration
was found to have a significant effect on the particle size and
zeta potential of HA-CHEMS vesicles (Fig. 3). When the
volume ratio was fixed at 1/1, the particle size and zeta poten-
tial of HA- CHEMS vesicles significantly decreased (P<0.05)
from 1020.1 to 185.2 nm and from +0.2 to —10.5 mV for the
particle size and zeta potential, respectively, with HA concen-
tration increasing from 0.1% to 0.2% (w/v). However, further
increase in HA concentration from 0.2% to 0.3% showed an
increase in particle size. This might be explained that as the
increase of HA concentration, more and more HA molecular
anchored on the surface of vesicles, which led to sufficient
negative charge needed to stabilize vesicles. At HA concentra-
tion <0.1%, bridging or depletion flocculation occurred
amongyvesicles, resulting in the larger particle size. As the HA
concentration increased to 0.3%, there was no significant

Table I The Physicochemical

Characterization and Drug Loading Formulations Particle size (nm)  Polydispersity index ~ Zeta potential (mV) DL (%) EE (%)

Parameters of DTX-CHEMS Vesi-

cles and HA-CHEMS Vesicles DTX-CHEMS 65.9+3.2 0.132+0.021 [1.8+0.2 3.38+0.05 925+ 1.4
HA-CHEMS [31.4+6.2 0.232+0.036 —133=04 344007  914=17
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difference in terms of particle size and zeta potential compared
with thoseof 0.25% HA-coated vesicles. This might be due to
the fact that saturation of the coating layer had reached in the
presence of 0.25% of HA solution and hence further increase in
HA concentration would not change the coating strength and
zeta potential of HA- CHEMS vesicles (31). This leads to the
assumption that the surface of vesicles could be attached a
certain amount of HA but to a maximum limit after which
any increase in HA concentration would not significantly influ-
ence the physicochemical properties of HA-CHEMS vesicles.
Comparing Fig. 3a with Fig. 3b, it could be found that when
the total amount of HA was equivalent, the particle size and
zeta potential of HA- CHEMS vesicles in the volume ratio of
1/2 were superior to those in the volume ratio of 1:1, suggesting
that HA coating on the surface of CHEMS vesicles in low
concentration and large volume excelled that in high concen-
tration and small volume at the same amount of HA.

Effect of Molecular Weight of HA

The effect of molecular weight of HA in the range of 35-1,
490 kDa on the particle size and zeta potential of HA-
CHEMS vesicles was profiled in Fig. 4. The volume ratio
and HA concentration were fixed at 1/2 and 0.1%, respec-
tively. Increasing molecular weight from 35 to 1,490 kDa led
to asignificant increase in the particle size of HA- CHEMS
vesicles and significant decrease in the zeta potential (P<
0.05). This might be attributed to the fact that with the
increase of molecular weight of HA, the coating layer on the
DTX-CHEMS vesicles is more and more thicker, resulting in
the larger vesicles. Moreover, the larger the molecular weight
of HA is, the more the number of =COQO" group attached to
the backbone of HA is, and hence, the more negative charge is
obtained.
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potential. The molecular weight was 35, 290, 840, and 1,490 kDa,
respectively.
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Fig. 5 The effect of volume ratio of vesicle suspension to HA solution on
particle size and zeta potential. The volume ratio was setat /1, 2/3, 1/2, 2/5
and |/3, respectively.

HA solution increased, the zeta potential continued to de-
crease; with respect to the particle size, it initially reduced
from 986.4 to 131.4 nm and subsequently increased to
312.4 nm.

In Vitro Drug Release and Preliminary Assessment
of pH Sensitivity

In vitro release behavior of Taxotere®, D TX-CHEMS vesicles
and HA-CHEMS vesicles was carried out in PBS (pH7.4)
containing 0.5%Tween®80 which could improve the solubil-
ity of DTX and reach the sink condition. As shown in Fig. 6,
both DTX-CHEMS vesicles and HA-CHEMS vesicles
showed an initial fast release followed by a plateau and a
second release stage. It was obvious that DTX release from
DTX-CHEMS vesicles and HA-CHEMS vesicles was much
slower than Taxotere® (P<0.05). Approximately 100% of
DTX from Taxotere® was released within 24 h, whereas the
percentage of DTX released from DTX-CHEMS vesicles
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Fig. 6 Invitro drug release profiles of Taxotere®, DTX-CHEMS vesicles and
HA-CHEMS vesicles. Data were expressed as mean = S.D. (n =3).
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Fig. 7 Invitro drug release of DTX-CHEMS vesicles coated with hyaluronic
acid (290 kDa) at different pH. Data represented mean = S.D. (n =3).

and HA-CHEMS vesicles was 69.4% and 62.9%, respective-
ly. From Fig. 6, we could also observe that there was a
significant (P <0.05) decrease in the i vitro drug release from
HA-coated CHEMS vesicles compared with uncoated
CHEMS vesicles (DTX-CHEMS). The slower release rate
of HA-CHEMS vesicles might be caused by the coating layer
surrounding the vesicles, which blocked the drug release from
the interior of vesicles.

Different DTX formulations were subjected to the changes
in pH. The extent of DTX release in PBS with different pH
was determined. Results were summarized in Figs. 7 and 8.
The in vitro cumulative release of DTX from HA-coated
CHEMS vesicles increased dramatically when lowering the
pH. About 71.1%, 57.9% and 39.5% of D'TX was released at
pH 5.0, 5.8 and 6.5 after 5 h, respectively, while the percent-
age of release was 29.5% at pH 7.4. Furthermore, most of the
encapsulated drug was released from HA-coated CHEMS
vesicles within 12 h at pH 5.0 and 5.8. It can be seen in
Fig. 8 that the accumulative release of free drug solution and

EpH5

EpH5.8
MpHB6.5
EpH74

=
o
o

Cumulative drug release (%)
B [o2] o]
o o o

N
o

Taxotere® DTX-CHEMS HA-CHEMS

freedrug

Fig. 8 The cumulative release pencentage of free drug in 50% ethanol,
Taxotere®, DTX-CHEMS vesicles and HA-CHEMS vesicles at different pH
after 5 h. Data were expressed as mean = S.D. (n =3).
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Fig. 9 In vitro cell viability of blank CHEMS vesicles and blank HA-CHEMS
vesicles against MCF-7 cells (mean = S.D., n =3).

Taxotere® had no significant difference at all pH tested (P>0.1).
However, nude CHEMS vesicles and HA-coated CHEMS ves-
icles displayed distinct pH-dependence (P<0.05). So we can
conclude that indeed, it is CHEMS that triggers the leakage of
encapsulated DTX through the vesicle membrane. In neutral or
alkaline aqueous media, CHEMS adopts a lamellar organization
in vesicles, whereas at acidic pH, because of protonation of the —
COOQO" group of CHEMS, it displays a hexagonal phase (32).
This structure is unstable, contributing to the pH sensitive fusion
of vesicles, and hence resulting in fast leakage of DTX. The
results suggested that the property of sustained release in the
normal physiological media and accelerating release in the acidic
environment would be useful for improving the anticancer
activity.

In Vitro Biological Characterization

In Vitro Cell Viability

MTT assay used in this paper is a cell viability assay often used
to determine cytotoxicity following exposure to toxic sub-
stances. The cell viability of blank vesicles and various DTX
formulations against MCF-7, A549 and 1929 cell lines were
evaluated. The results of cell viability after addition of blank
vesicles were shown in Fig. 9. The viabilities (%) were over 80%
at all concentrations (1-20 pg/ml) tested in the three cell lines
(the data of A549 and 1.929 cell lines not shown). According to
the relationship between the relative growth rate and the

cytotoxicity grade, the cytotoxicity of blank vesicles at all con-
centrations were all grade 0 and 1(33,34). This indicated that
blank vesicles displayed no significant cytotoxicity to carcino-
matous or normal cells. We could also find that blank HA-
CHEMS vesicles showed a better cell viabilities, implying that
the coating of HA on the surface of vesicles reduced the contact
of Tween®80 with cell membrane. The values of IC 5y of D'TX
entrapped in HA-coated CHEMS vesicles, naked CHEMS
vesicles and Taxotere® were summarized in Table II. It was
found that the DTX-loaded vesicles induced cell growth inhi-
bition more forcefully compared with commercial Taxotere®
in an equivalent drug concentration level applied. The IC5( of
HA-coated CHEMS vesicles was 14.33+2.55 ng/ml to MCF-
7 cells and 7.23£0.25 ng/ml to A549 cells, which was 51.6-fold
and 46.3-fold higher than that of Taxotere®, respectively. That
1s to say, the HA-coated D'TX-loaded CHEMS vesicles caused
a potent anticancer activity already at lower DTX dosages.
The value of potentiating factor (PF) was defined as the ratio of
the IC5q of DTX entrapped in vesicles to the IC5q of
Taxotere® (35). The obtained data showed that the PF values
of DTX-CHEMS vesicles and HA-CHEMS vesicles were both
higher than 1.0 in the cancer cell lines used for the tests,
indicating that DTX-loaded vesicles potentiated the growth
mbhibition induced by Taxotere®. Furthermore, we observed
that the IC5qof HA-CHEMS vesicles to cancer cell lines was far
lower than that to normal cells compared with Taxotere® and
DTX-CHEMS vesicles, implying that HA-CHEMS vesicles
exhibited a higher selectivity and cytotoxicity to carcinomatous
cell lines. The morphology of cells exposed to different DTX
formulations for 72 h was also observed (Fig. 10). It can be seen
that most of MCF-7 and A549 cells treated with HA-CHEMS
vesicles exhibited the apoptotic morphology.

Cell Uptake Studies

To investigate the cellular uptake mechanism of CHEMS
vesiclesMCF-7 cells and L1929 cells incubated with C6-
loaded vesicles were observed by CLSM. Because of the
similar results in MCF-7 and A549 cell lines, we only
displayed the images of MCF-7 cells. In order to better com-
pare the intensity of fluorescence among the cells treated with
C6 solution and C6-loaded vesicles, the images were taken
under the same imaging parameters throughout the cell im-
aging process. As presented in Fig. 11, the images obtained
from the FITC channel showed the green fluorescence of C6

Table Il Cytotoxicity of DTX

Formulations Against Carcinoma- Cell lines Taxotere® (ng/ml) DTX-CHEMS (ng/ml) PF HA-CHEMS (ng/ml) PF

tous and Normal Cell Lines,

Expressed as ICsq Values MCF-7 723.66+3.68 248.14+4.89 29 14.33£2.55 51.6
A549 32433+6.03 237.33+5.03 I.4 7.23+0.25 46.3
L929 479.00+3.27 366.04+3.32 - 17533 +3.68 -
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Fig. 10 The pictures of MCF-7, Normal HA-CHEMS DTX-CHEMS Taxotere®
A549 and 1929 cells incubated with :

different DTX formulations at DTX
concentration of 0.04 ug/mL for

72 h. The magnification was |0 X 1929
25.

MCF-7

A549

and the images obtained from the PI channel exhibited the ~ MCF-7 cells incubated with C6 solution and C6-loaded ves-
red fluorescence of nuclei. It can be observed that in the  icles at 37°C were all visualized in the cytoplasm. However,

merged channel of FITC and PI, fluorescent signals of  fluorescent intensity of MCF-7 cells treated with C6-loaded

Fig. 11 CLSM of MCF-7 cells and HA-C6 (MCF- 7) C6-CHEMS MCF 7

1929 cells incubated with free

coumarin-6, coumarin-6-loaded

CHEMS vesidles (C6-CHEMS

vesicles) and coumarin-6-loaded

HA-CHEMS vesicles (C6-HA 4

vesicles) (20X). .

C6 (MCF-7) C6 ‘L929| C6-CHEMS  HA-C6

Pl

Merge
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Fig. 12 The mean concentrations of DTX in different tissues of MCF-7
tumor-bearing mice after intravenous administration of Taxotere®, DTX-
CHEMS vesicles and HA-CHEMS vesicles at 0.25 h (@), 2 h (b) and 6 h

(€ (n=3)

HA-CHEMS vesicles (HA-C6 vesicles) was significantly
higher than that treated with nude CG6- CHEMS vesicles
and C6 solution. As expected, the green fluorescence of Ci6
solution showed a sparse and asymmetrical accumulation in
the cytoplasm; in contrast, the green fluorescence in the MCF-
7 cells treated with HA-C6 vesicles was bright and symmetri-
cal. Moreover, cells treated with HA-C6 vesicles showed the
obviously increased nuclear and perinuclear fluorescence ac-
cumulation compared with C6 solution and nude C6-
CHEMS vesicles. When the MCF-7 cells were simultaneously

@ Springer

incubated with HA solution (10 mg/ml) and C6-loaded
vesicles, the intracellular fluorescent intensity of HA-C6
vesicles was substantially reduced compared to that of
HA-C6 vesicles in the HA-free medium; whereas as for
the C6-CHEMS vesicles, there was no significant differ-
ence in fluorescent intensity. The difference may be
explained by the fact that the CD44 receptor was
blocked by the HA solution, leading to the decreased
cell uptake of HA-C6 vesicles. In 1929 cells (low ex-
pression of CD44), as for HA-C6 vesicles, the fluores-
cent signal was weaker than that of MCF-7 cells treated
with HA-C6 vesicles due to low CD44 expression; how-
ever, the fluorescent intensity of C6 solution and C6-
CHEMS vesicles in MCF-7 cells and 1929 cells was no
significant difference. In addition, we can also find that
the cell uptake of C6-CHEMS vesicles and HA-C6
vesicles was an energy-dependent process, as evidenced
by the reduction in fluorescent intensity at 4°C. The
fluorescent signal was hardly observed for the C6-
CHEMS vesicles. In contrast, the fluorescent intensity
of C6 solution was not largely inhibited possibly because
of passive diffusion. These results demonstrated that
HA-CHEMS vesicles can specifically bind to CD44
and internalize into cancer cells via CD44 receptor-
mediated endocytosis.

In Vivo Biological Evaluation
Tissue Distribution

To verify specifically target of HA-CHEMS vesicles to carci-
noma xenografts i viwo, the tissue distribution of DTX in
different formulations was evaluated in the MCF-7 tumor-
bearing mouse model. The biodistribution patterns of HA-
CHEMS vesicles, DTX-CHEMS vesicles and Taxotere® in
main organs and tumors were presented in Fig. 12. The
obtained results showed that the concentration of DTX from

25¢ )
mliver

Etumor

= = N
o ol o

DTX concentration ((1g/g)

al

0.25h 2h 6h

Fig. 13 The distribution of DTX in liver and tumor after i.v. of HA-CHEMS
vesicles to MCF-7 tumor-bearing mice at 0.25, 2 and 6 h. The data were
presented as mean + S.D. (n =3).
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Taxotere® in heart and kidney was higher than that from
DTX-CHEMS vesicles and HA-CHEMS vesicles. This indi-
cated Taxotere® had higher toxicity to heart and faster elim-
ination in kidney. It is worthy to note that DTX from DTX-
CHEMS vesicles accumulated significantly in liver, lung and
spleen. However, It is interesting that there exhibited a de-
creased accumulation for the HA-CHEMS vesicles in lung
and spleen and an increased accumulation in liver compared
to DTX-CHEMS vesicles. This may be explained by two
reasons (1) the hydroxyl-rich hyaluronan is similar to PEG,
contributing to steric stabilization of the vesicles and providing
protection from the opsonization, (36,37). (2) It was reported
that liver sinusoidal endothelial cells expressed the HARE
receptor (38—40), consequently resulting in a higher accumu-
lation in liver compared to DTX-CHEMS vesicles. The tu-
mor accumulation of DTX in different formulations was in
the following order at three time points: HA-CHEMS vesicles
>DTX-CHEMS vesicles >Taxotere®. Interestingly, com-
pared with DTX-CHEMS vesicles and Taxotere®, HA-
CHEMS vesicles increased DTX accumulation in the tumor
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by 4.8-fold and 8.5-fold, respectively at 6 h post-injection, this
may be due to the success of combination of active targeting
and passive targeting. In addition, we can also find that the
concentration change trend of DTX in liver was consistent
with that in tumor (Fig. 13), fully suggesting that receptor-
mediated endocytosis played an important role on DTX
accumulation in tumor and liver.

In Vivo Antitumor Efficacy

The m vivo antitumor activity was evaluated in BalB/c nude
mice bearing MCF-7 tumor. In order to investigate the anti-
tumor activity and systemic toxicity of different DTX formu-
lations, the variation in tumor volume and body weight was
monitored (Fig. 14). From the Fig. 14a, it can be seen that HA-
CHEMS vesicles exhibited the highest tumor growth suppres-
sion among all DTX formulations. Blank CHEMS vesicles
and blank Taxotere® had no effect on tumor growth, whereas
intersetingly, blank HA-CHEMS vesicles showed a slight tu-
mor inhibition, which could further enhance the antitumor
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Fig. 14 (a) Changes of tumor volume after intravenous injection of saline, blank vesicles, Taxotere® with or without DTX, DTX-CHEMS vesicles and HA-
CHEMS vesicles in MCF-7 tumor-bearing nude mice. (b) Body weight change of MCF-7-bearing nude mice treated with saline, blank vesicles, Taxotere® with or
with DTX, DTX-CHEMS vesicles and HA-CHEMS vesicles. (€) Tumor weight and TIR of saline-, Taxotere®-, DTX-CHEMS vesicles- and HA-CHEMS vesicles-
treated MCF-7-bearing nude mice at day 21 after the mice were euthanized. (d) Photograph of tumors stripped from mice administrated intravenously with
saline, Taxotere®, DTX-CHEMS vesicles and HA-CHEMS vesicles. The results were shown as the mean = S.D. (n = 6). *P <0.05. **P <0.01. ***P <0.001.
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effect of DTX-loaded HA-CHEMS vesicles. The tumor
volumeof mice treated with Taxotere®, DTX-CHEMS ves-
icles and HA-CHEMS vesicles was 74.8%, 62.5% and 25.3%
of the saline-treated mice, respectively after 20 days. As pre-
sented in Fig. 14b, the TIR value of HA-CHEMS vesicles was
calculated to be 76.4%, which was 1.28-fold and 2.65-fold
higher than that of DTX-CHEMS vesicles and Taxotere®,
respectively. This indicated that CD44-mediated endocytosis
enhanced the therapeutic efficacy of HA-CHEMS vesicles. In
the case of variation of body weights (Fig. 14c), the body
weight of blank Taxotere®-treated mice decreased signifi-
cantly. This might be due to repeated injection of high con-
centration of Tween®80 which induced the toxicity to normal
tissue. The increase in body weight of blank HA-CHEMS
vesicles-treated mice was higher than that of blank CHEMS
vesicles-treated mice, indicating that repeated injection of
blank CHEMS vesicles had toxicity to the body possibly
because non-selectivity of blank CHEMS vesicles caused ac-
cumulation of Tween®80 in normal tissue. the decrease of
body weightof mice treated with Taxotere® and DTX-
CHEMS vesicles at the end of experiment was up to 21.6%
and 10.6% of original weight, respectively, while no significant
body weight loss was observed after the administration of HA-
CHEMS vesicles, indicating that entrapping DTX into HA-
coated CHEMS vesicles could reduce effectively the side
effects and toxicity induced by free DTX and Tween®80 .
In addition, the tumor image (Fig. 14d) and weight obtained
from the sacrificed mice treated with different D'TX formula-
tion also demonstrated that HA-CHEMS vesicles showed
excellent antitumor activity. The obtained results suggest that
the CHEMS vesicles modified with HA have promising po-
tential as targeting carriers for efficient tumor therapy.

CONCLUSIONS

In this study, we successfully prepared hyaluronic acid-coated
docetaxel-loaded CHEMS vesicles. And their @ vitro and
in vwo performances were evaluated. Compared to commer-
cial Taxotere®, HA-CHEMS vesicles exhibited several ad-
vantages including the high selectivity to CD44over-
expressing tumor cells, the pH-triggered rapid release of
DTX, passive targeting wza EPR, and the extremely low
cytotoxicity to the normal cells or tissues. As a result, the
HA-CHEMS vesicles significantly improved the therapeutic
efficacy of DTX i wvitro by at least 51.6-fold and 46.3-fold in
MCF-7 and A549 cell lines, respectively compared with com-
mercial Taxotere®. In vwo biodistribution studies showed that
HA-CHEMS vesicles exhibited 8.5-fold higher accumulation
in tumor than Taxorere® at 6 h post-injection. In vivo antitu-
mor efficacy confirmed that HA-CHEMS vesicles possessed
much higher tumor-targeting capacity than Taxorere® and
exhibited enhanced antitumoreflicacy and decreased systemic

@ Springer

toxicity. These studies provide a proof of principle that
hyaluronic acid-coated docetaxel-loaded CHEMS vesicles
may be an attractive drug delivery system for anti-tumor
therapy, combining efficacy against the tumor with the lowest
possible side effects on normal tissues and organs after system-
ic administration.
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