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ABSTRACT

Purpose The objective of the work was to evaluate the potential
of hyaluronan-based nanoparticles as tumor-targeting nano-
systems for CD44-overexpressed cancer therapy.

Methods The synthesized amphiphilic cholesteryl succinoyl
hyaluronan (Chol-Suc-HA) conjugates self-assembled into doce-
taxel(DTX)-loaded nanoparticles in the aqueous environment.
The physiochemical properties of Chol-Suc-HA-DTX NPs were
characterized. The in vitro cytotoxicity of Chol-Suc-HA-DTX NPs
against MCF-7, 4T 1, A549 and L929 cells was evaluated using
MTTand LDH assays. Moreover, the cellular uptake mechanism
was investigated using the CLSM and flow cytometry. The in vivo
animal experiments of Chol-Suc-HA-DTX NPs including phar-
macokinetic evaluation, bio-distribution observed by EX vivo NIRF
imaging and antitumor efficacy were also carried out in SD rats or
4T | tumor-bearing BALB/c mice.

Results The self-assembled Chol-Suc-HA-DTX NPs with differ-
ent degree of substitution (DS) of hydrophobic moiety exhibited
high drug loading, uniform particle size distribution and excellent
in vitro stability. However, the plasma stability of Chol-Suc-HA-
DTX NPs was significantly influenced by the DS of hydrophobic
moiety. The higher the DS was, the more stable the NPs were.
Cellular uptake demonstrated that Chol-Suc-HA-DTX NPs were
internalized into cancer cells via CD44 receptor-mediated endo-
cytosis. Compared with Taxotere®, Chol-Suc-HA-DTX NPs
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displayed remarkably higher cytotoxicity to CD44-positive cancer
cells (MCF-7, 4T 1, A549 cells). In vivo animal experiments con-
firmed that Chol-Suc-HA-D TX NPs with relatively high DS values
exhibited prolonged circulation time, excellent tumor-targeting
properties and efficient antitumor effects with extremely low
systemic toxicity. In addition, blank Chol-Suc-HA NPs also slightly
suppressed the tumor growth.

Conclusions Chol-Suc-HA NPs with a suitable DS value por-
tend to be promising drug vehicles for systemic targeting of
CD44-overexpressed cancers.

KEY WORDS CD44-mediated endocytosis - hyaluronan -
interference with endogenous HA-CD44 interaction -
tumor-targeting

ABBREVIATIONS

4TI Mice mammary cancer cells
A549 Non-small lung cancer cells
Cé Coumarin-6

CHEMS Cholesteryl hemisuccinate
CLSM Confocal laser scanning microscope
DCC N,N'"-dicyclohexylcarbodiimide
DCM Dichloromethane

DL Drug loading

DLS Dynamic light scattering
DMAP 4-dimethylaminopyridine
DMEM Dulbecco’s modified eagle medium
DS Degree of substitution

DTX Docetaxel

ECM Extracellular matrix

EE Entrapment efficiency

HA Hyaluronan

HAS HA synthase

Hyals Hyaluronidases

L929 Mice fibroblasts

LDH Lactate dehydrogenase
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MCF-7 Human breast cancer cells

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

NIRF Near infrared fluorescence

RAW 264.7  Murine macrophage cells

TEM Transmission electron microscopy

TIR Tumor inhibition rate

INTRODUCTION

Assignificant obstacle that needs to be overcome for improving
therapeutic index of anticancer chemotherapy is the lack of
site-specific accumulation in tumor sites, which results in
severe side effects and therefore restricts the clinical applica-
tion for the treatment of various cancers (1—4). Such nonse-
lective distribution of antitumor drugs in the whole body has
promoted the development of tumor-targeted nano-scale
drug delivery system which could improve the selective cyto-
toxicity of anticancer drugs to the tumor tissues and reduce
drug exposure to the normal tissues. During the last decades,
increasing efforts have been placed on the self-assembled
polymeric nanoparticles functionalized with a variety of
tumor-targeting ligands, such as transferrin (5), folate (6),
peptides (7), antibody fragments (8) and so on, due to their
powerful advantage in targeting drugs to the tumor sites via
passive as well as active mechanisms (9—11).

Hyaluronan (HA), also called Hyaluronic acid, is a linear
and negatively charged glycosaminoglycan polymer composed
of repeating disaccharide units of glucuronic acid and N-
acetylglucosamine (12,13). HA with variable polymer length is
synthesized by transmembrane HA synthases (HAS1, HAS2
and HAS3) on the inner surface of cell membrane and secreted
into the extracellular matrix (ECM) (14,15). High-molecular-
size HA polymers existing in ECM are degraded into the
smaller-size fragments mainly by two types of hyaluronidases
(Hyal-1 and Hyal-2) after binding to CD44 receptors on the
surface of cells. (16-18). CD44 is a transmembrane glycopro-
tein which is over-expressed in many types of cancerous cells
such as breast, lung, colorectal, and melanoma cancer cells and
all CD44 isoforms contain a HA-binding site in their extracel-
lular region. Therefore, CD44 is the major receptor for extra-
cellular HA (19). Interestingly, a number of recent studies have
associated CD44-HA interaction with tumor progression and
metastasis (20-23). Interfering with CD44-HA interaction by
exogenous HA or anti-CD44 antibody can impair the tumor
growth and metastasis (24,25). Consequently, HA and CD44
are both potential therapeutic targets for the treatment of
cancers. Yoshihara S et al. reported that the HAS inhibitor, 4-
methylumbelliferone, inhibited growth of melanoma cells and
metastasis to other organs (26). The study performed by Zeng
C et al. indicated that subcutaneous administration of

exogenous HA oligomers markedly inhibited local tumor
growth (27). Other strategies including inhibition of CD44-
HA interaction with soluble recombinant CD44 and
application of Hyals to reduce interstitial fluid pressure caused
by HA layers have also achieved good anticancer efficacy
(28,29). Therefore, disruption of endogenous HA-CD44 inter-
action may be a potentially useful adjuvant therapy for con-
ventional anticancer drugs. In recent years, combination of
chemotherapeutic drugs with HA-based nanocarriers for selec-
tively targeting CD44-overexpressed cancer cells has received
increasing attention. HA-based nano-particulate systems with
various structure such as HA-drug conjugates (30,31), self-
assembled HA nanoparticles (32—35), and HA—decorated
nanoparticles (36,37) have been extensively investigated owing
to their efficient drug loading, excellent colloidal stability and
prolonged circulation in blood, and preferential drug accumu-
lation in the tumor sites. In our previous study, we successfully
developed a hyaluronic acid-coated docetaxel-loaded
cholesteryl hemisuccinate vesicles (HA-CHEMS vesicles) (38).
Compared to commercial Taxotere®, HA-CHEMS vesicles
significantly enhanced the antitumor efficacy and reduced the
systemic toxicity of docetaxel. However, the mechanism of HA
coating on CHEMS vesicles was electrostatic interaction
between the negatively charged HA and positively charged
CHEMS vesicles, so the issue of whether part of the HA might
dissociate from the surface of CHEMS vesicles and cleared from
the blood after systemic administration remains to be proved.

In order to eliminate the concern, in the current work, we
have synthesized a novel amphiphilic HA derivative, in which
hydrophilic HA was grafted with cholesteryl hemisuccinate
(CHEMS). The hydrophobically modified HA could self-
assemble into unique nanoparticles with a hydrophobic inner-
core and a hydrophilic outer-shell in the aqueous environment.
On the one hand, once HA-based nanoparticles carried the
anticancer drugs to the CD44-overexpressed tumor sites, the
nanoparticles would bind to the CD44 receptor, forming cave-
olac. As the caveolae became endosomes and finally fused with
lysosomes, the HA outer-shell was degraded mainly by Hyal-1,
resulting in drug release. On the other hand, HA outer-shell of
nanoparticles as exogenous HA could interfere with endoge-
nous HA-CD44 interaction, leading to a better tumor response
as a potential adjuvant therapy (Scheme 1).

MATERIALS AND METHODS
Materials

HA with an average molecular weight of 7.62 kDa was provided
by Shandong Freda Biopharm Co. Ltd. (Shandong, China).
Succinic anhydride were kindly supplied by China National
Medicine Corporation LTD. (Shanghai, China). 3-(4,5-dimeth-
yl-thiazol-2-y1)-2,5-diphenyl-tetrazoliumbromide (MTT), N,N'-
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Scheme | Schematic illustration
of the self-assembly, accumulation at
the tumor site and internalization
into the cancer cells of Chol-Suc-
HA-DTX NPs.

Chol-Suc-HA-DTX NPs

HA hydrophilic outer-shell

DTX

Self-assembly in water
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dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), pyridine, cholesterol and coumarin-6 were obtained
from Sigma—Aldrich Co. (St. Louis, MO, USA). Hoechst 33342
was purchased from Molecular Probes (Eugene, OR). DiR was
purchased from Beyotime® Biotechnology Co. Ltd (Jiangsu,
China). Docetaxel (DTX) was offered by Jiangsu Hengrui Phar-
maceutical Co. Ltd. (Jiangsu, China). Commercial docetaxel
solution (Taxotere®) was purchased from Sanofi Aventis
(France). All other chemicals and reagents used were of analytical
grade, obtained commercially.

Synthesis of Chol-Suc-HA Conjugates

The Chol-Suc-HA conjugates were synthesized by the follow-
ing two-step procedure as illustrated in Scheme 2.

Synthesis of Cholesteryl Hemisuccinate (CHEMS)

CHEMS was synthesized according to the previously de-
scribed method with a slight modification (39). Briefly,
7.732 g of cholesterol (20 mmol) and 2.006 g of succinic
anhydride (20 mmol) were dissolved in 40 ml of anhydrous
dichloromethane (DCM) in a three-necked flask equipped
with a reflux condenser. Then, 10 ml of pyridine was added
and the reaction mixture was stirred magnetically in an oil
bath at 65°C for 3 days under reflux. Thereafter, the DCM
was removed by a rotary evaporator under vacuum. The
obtained residues were dissolved in 50 ml of acetone at
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55°C, followed by filtration to remove the insoluble matter.
The filtrate was stored at —20°C overnight. The resultant
precipitate was re-dissolved in 20 ml of chloroform to further
remove the insoluble matter, followed by filtration and rotary
evaluation. The procedure was repeated twice. The final
product was further purified by silica gel column chromatog-
raphy (For detailed purification procedure, please see the
supplementary material). After the purification process, the
product CHEMS resulted as a white solid. Yield: 60-65%
(gravimetric). The molecular weight of CHEMS determined
by ESI-MS was 486.3. The "H-NMR spectra of CHEMS was
recorded on a Bruker AV-400 MHz spectrometer using
CDClj as the solvent.

Synthesis of Cholesteryl Hemisuccinate-Grafted
Hyaluronan (Chol-Suc-HA Conjugates)

The hydrophobic CHEMS was covalently conjugated to the
HA backbone by esterification reaction. In brief, various
amounts of CHEMS together with DMAP (1.2 mol/mol
CHEMS) and DCC (1.2 mol/mol CHEMS) were dissolved
in 10 ml of DMSO at 65°C and stirred for 4 h to activate the
carboxyl groups. One hundred milligrams of HA (0.26 mmol,
the number of moles of C6'-OH as shown in Fig. lc) were
added to 10 ml of formamide and completely dissolved by mild
stirring at 65°C. Then, the HA solution was slowly added into
the above solution, followed by reaction for 48 h at 65°C under
argon gas. After 48 h, the mixture was filtered and the resultant
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Scheme 2 Synthetic scheme of
Chol-Suc-HA conjugate.
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filtrate was dialyzed against excess amount of ethanol/distilled
water solution (85:15, v/v), ethanol/distilled water solution
(50:50, v/v) and distilled water, each for 2 days. The medium
was exchanged frequently. Finally, the dialyzed solution was
centrifuged at 2000 rpm for 15 min to remove other impurities.
The supernatant was lyophilized to obtain the white product.
The binding of CHEMS to hydrophilic HA backbone was
confirmed by the characteristic peaks of CHEMS appearing
in the "H-NMR spectra of Chol-Suc-HA using DyO as the
solvent. The degree of substitution (DS) of CHEMS was 8.2%
(Chol-Suc-HA), 18.3% (Chol-Suc-HA?2) and 25.6% (Chol-
Suc-HAS3), respectively, determined by "H-NMR. The three
kinds of synthesized Chol-Suc-HA conjugates were subsequent-
ly used to prepare Chol-Suc-HA nanoparticles.

Preparation and Characterization
of Chol-Suc-HA-DTX NPs

Three kinds of DTX-loaded polymeric nanoparticles com-
posed of Chol-Suc-HA conjugates were prepared using a
previously described membrane dialysis method (40). Briefly,
accurately weighed amounts of D'TX and Chol-Suc-HA con-
jugates with a mass ratio of 1/8 was dissolved in 1 ml of
DMSO and then was injected dropwise into 5 ml of phos-
phate buffer saline (PBS, pH 7.4) under mild stirring at room
temperature. The obtained mixture was further dialyzed

o NH
“\CH;

n

against PBS (pH 7.4) for 24 h using a dialysis bag (MWCO:
8-10 kDa). Thereafter, the self-assembled D'TX-loaded Chol-
Suc-HA nanoparticles (Chol-Suc-HA-DTX NPs) dispersion
was condensed to 5 ml, where the concentration of Chol-Suc-
HA conjugates was 0.8% wt, in a water bath at 65°C and
subsequently sonicated with a ultrasonic cell crusher at 100 W
for 5 min (I s pulse and 2 s rest). In order to completely remove
the non-encapsulated drug, the nanoparticles dispersion was
centrifuged at 3000 rpm for 15 min, and filtered using the
0.45 pm microfiltration membrane. The theoretical drug
concentration should be 1 mg/ml. However, the un-
entrapped drug was removed via filtration, so the final drug
concentration in the dispersion measured using HPLC was
0.88, 0.94 and 0.96 mg/ml for Chol-Suc-HAI-DTX NPs,
Chol-Suc-HA2-DTX NPs and Chol-Suc-HA3-DTX NPs,
respectively. The three kinds of Chol-Suc-HA-DTX NPs
dispersions were directly used for subsequent experiments.
In order to store the NPs for a long time, the Chol-Suc-HA-
DTX NPs dispersion could be lyophilized using 3% mannitol
as lyoprotectants (For the detailed conditions of freeze drying,
please see the supplementary material).

The particle size and zeta potential of Chol-Suc-HA-DTX
NPs were measured by dynamic light scattering (DLS) analysis
using a Zetasizer Nano ZS90 instrument (Malvern, UK) with
a scattering angle of 90° at 25°C.. The morphology of NPs was
observed by the transmission electron microscopy (TEM)
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(JEM-1200EX, JEOL, Japan) after negative staining (The
detailed process was in the supplementary material). In addi-
tion, the stability of Chol-Suc-HA-DTX NPs dispersion at
room temperature and 4°C was monitored by measuring
the change of particle size.

For the measurement of entrapment efficiency (EE) and
drug loading (DL), 0.2 ml of Chol-Suc-HA-DTX NPs
dispersion prepared as described above was mixed with
9.8 ml of DMSO, followed by sonication disruption for
15 min and centrifugation for 10 min at 8000 rpm. The
DTX content in the supernatant was assayed by HPLC as
described previously (38). The EE and DL was calculated
using the following formulas:

amount of DTX in NPs

EE(%) = x 100
(%) amount of the feeding DTX

amount of DTX i NPs
DL(%) = x 100
(%) amoumt of NPs

@ Springer

In Vitro Release of CHOL-SUC-HA-DTX NPs

In vitro release of DTX from Taxotere® and Chol-Suc-HA
NPs was performed using the dialysis bag method. In brief]
1 ml of different DTX dispersions (the drug concentration in
Chol-Suc-HA1 NPs, Chol-Suc-HA2 NPs, Chol-Suc-HA3 NPs
and Taxotere® was 0.88, 0.94, 0.96 and 1.01 mg/ml, respec-
tively) was sealed in a dialysis bag (MWCO: 8-10 kDa) and
immersed into 30 ml of PBS (pH 7.4) containing 0.5%
Tween80. The entire system was kept at 37°C under continu-
ous shaking (100 rpm). At predetermined time points, 100 pl of
release medium was withdrawn and replenished with an equiv-
alent volume of fresh medium. The medium was centrifuged at
8000 rpm for 10 min and the DTX content in the supernatant
was determined by HPLC (see supplementary material). The
release profile was plotted as a function of time. In order to
investigate if Hyal-1 has an effect on the release behavior of
Chol-Suc-HA-DTX NPs, the drug release from Chol-Suc-
HA3 NPs was performed in acetate buffer (pH 4.2) containing
0.5% Tween80 and different enzyme activity of Hyal-1.
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The Integrity and Stability Studies
of Chol-Suc-HA-DTX NPs in Plasma

The integrity of Chol-Suc-HA-DTX NPs during incubation
with rat plasma for 24 h was evaluated by determining the
content of D'TX retained in the NPs. In brief, 1 ml of different
Chol-Suc-HA-DTX NPs dispersions (the drug concentration
in Chol-Suc-HA1 NPs, Chol-Suc-HA2 NPs and Chol-Suc-
HA3 NPs was 0.88, 0.94 and 0.96 mg/ml, respectively) was
mixed with a certain volume of rat plasma which had been
filtered through 0.22 pm microfiltration membrane and incu-
bated at 37°C for 24 h. At designed time points, 100 pl of
mixture was taken out and centrifuged at 3000 rpm for 10 min
to remove the leaked DTX. The supernatant was mixed with
300 pl of acetonitrile, then vortexed for 10 min and finally
centrifuged at 10000 rpm for 10 min. The amount of DTX
retained in the NPs was measured by the HPLC (see the
supplementary material). Moreover, the colloidal stability of
NPs when dispersed in rat plasma was also estimated. After
the NPs dispersion was centrifuged at 3000 rpm for 10 min,
the time-dependent change in particle size was measured by

DLS.
Cell Culture

RAW 264.7 murine macrophage cells, MCF-7 human breast
cancer cells, 4T1 mice mammary cancer cells, A549 non-
small lung cancer cells and 1.929 mice fibroblasts were pur-
chased from Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM or RPMI
1640 medium supplemented with 10% fetal bovine serum,
100 U/ml streptomycin, and 100 U/ml penicillin G in a
humidified atmosphere of 5% COy at 37°C. The expression
level of CD44 on the surface of MCF-7, 4T1 and A549 cells
was significantly higher than that on the surface of .929 (data
not shown).

In Vitro Cytotoxicity

A comparison of cytotoxicity of Chol-Suc-HA-DTX NPs
and Taxotere® was performed in MCF-7, 4T1, A549
and L1929 cell lines. Two hundred microliters of cell
suspension at a density of 4x10% cell/ml was sceded
into a 96-well plate and grew for 24 h before treatment.
Then, the medium was removed and the cells were
washed three times. Following exposure to different
DTX formulations diluted to various drug concentra-
tions with culture medium for 72 h, the supernatant was
aspirated and centrifuged at 500 rpm for 10 min. The
activity of LDH was assayed using a standard LDH release kit
(Sigma, TOX7-1KT). The LDH release was presented as
percentage of control values which were obtained by measuring
the LDH activity releasing from the untreated cells. Meanwhile,

180 pl of culture medium and 20 pl of MT'T solution (5 mg/ml)
was added to the 96-well plate and incubated for another 4 h.
After that, the medium was removed and 200 pl of DMSO was
added for dissolving the formazan crystals. Absorbance was
measured at 570 nm using a BioRed microplate reader (Model
500, USA). Cell viability was expressed as a percentage relative
to the absorbance of untreated cells. Moreover, the growth
inhibitory concentration for 50% of the cell population (ICs)
was calculated by regression of the cell viability data.

In Vitro Cell Uptake
Cellular Internalization

Confocal Microscopy. In order to track the i vitro cellular
uptake, hydrophobic fluorescence dye coumarin-6 (C6) in-
stead of DTX was encapsulated into the Chol-Suc-HA NPs.
The entrapment efficiency of three kinds of C6-loaded Chol-
Suc-HA (Chol-Suc-HA-C6) NPs was 99.24+0.7%, 99.5+
0.5% and 99.8%1.1%, respectively. The final C6 concentra-
tion in three kinds of Chol-Suc-HA-C6 NPs dispersions was
39.7, 39.8 and 39.9 pg/ml. Cellular internalization property
of Chol-Suc-HA-C6 NPs was observed by a confocal laser
scanning microscope (CLSM). MCF-7, 4T1 or A549 cells ata
density of 2x 10°/well were seeded onto a 6-well plate with a
sterile coverslip and cultured for 24 h. Thereafter, the medium
was replaced with serum-free culture medium containing free
C6 or Chol-Suc-HA-C6 NPs (2 pg/ml). After 2 h incubation
period, the cells were washed three times with cold PBS
(pH 7.4) and fixed with 4% paraformaldehyde in PBS
(pH 7.4) for 10 min. Then, the cells were washed three times
and the nuclei were stained with Hoechst 33342 at 37°C for
30 min in the darkness. Finally, the fixed cell monolayer was
washed thrice with PBS and mounted using glycerol. The
coverslip was observed using a CLSM (LSM 710, Carl Zeiss,
Germany).

Flow Cytometry. The flow cytometry was employed to quanti-
tatively measure the fluorescence intensity in the cancer cells
treated with free C6 and Chol-Suc-HA-C6 NPs (2 pg/ml).
After incubation with above formulations for 2 h, the cells
were washed three times with PBS (pH 7.4) and re-dispersed
in PBS for flow cytometry analysis (Becton Dickinson, Ger-
many). 10,000 events were collected for all samples.

Investigation on Mechanism of Cellular Uptake

The cellular uptake mechanism was investigated by cell up-
take experiment at 4°C, the competitive inhibition study using
free HA (10 mg/ml), and negative control of 1.929 cells. For
the competitive inhibition study, the cells were treated with
HA solution for 30 min prior to incubation with Chol-Suc-
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HA-C6 NPs. Other experimental procedures were performed
as described above.

The Impact of HA as Hydrophilic Outer-Shell on the Opsonization
and Macrophage Uptake

To explore whether the HA hydrophilic outer-shell can impair
the opsonization in the bloodstream and uptake of Chol-Suc-
HA NPs by macrophages, the extent of nanoparticles uptake
by RAW 264.7 cells was quantified by flow cytometry. Briefly,
an aliquot of Chol-Suc-HA-C6 NPs was directly incubated
with RAW 264.7 cells or first incubated with rat plasma (10 or
30 min) before being exposed to the RAW 264.7 cells. After
2 h incubation, the cells were washed three times with PBS
(pH 7.4) and re-dispersed in PBS. The percentage of
fluorescence cells was determined by flow cytometry analysis.
As a positive control, the same protocol was applied for the
nude GHEMS vesicles with a hydrophobic and positively
charged surface as prepared in our previous study (38).

In Vivo Study
Animals and Tumor Model

Male pathogen-free Sprague—Dawley (SD) rats (250£10 g)
and female BALB/c mice (20-25 g) were kindly provided by
Experimental Animal Center of Shenyang Pharmaceutical
University. The animals were allowed for free access to food
and water and acclimatized for at least 7 days before the
experiments. The i vivo animal experiments were conducted
under the guideline approved by the Animal Care Committee
at Shenyang Pharmaceutical University and followed the
principles of Laboratory Animal Care (People’s Republic of
China). The tumor xenograft mouse model was established by
injecting 1 X 10°4T1 cells in 200 pl of physiological saline into
the armpit region of BALB/c mice.

In Vivo Pharmacokinetic Evaluation

SD rats were randomly divided into four groups with three in
each and injected with Taxotere®, DTX-loaded Chol-Suc-
HAI, Chol-Suc-HA2 and Chol-Suc-HA3 NPs via tail vein at
a dose of 12.5 mg DTX/kg. At designated time points, 0.5 ml
of blood samples was collected into a heparinized tube from
the suborbital vein and immediately centrifuged for 10 min at
4000 rpm. The drug in the harvested plasma was extracted by
deproteinization using acetonitrile, followed by centrifugation
for 15 min at 12,000 rpm. The supernatant was dried under
reduced pressure and re-dissolved with 100 pl of acetonitrile.
The drug content was determined by HPLC (see the supple-
mentary material).

@ Springer

Bio-Distribution of Chol-Suc-HA NPs Observed by Ex Vivo NIRF
Imaging

The bio-distribution and tumor-targeting properties of Chol-
Suc-HA NPs in 4T'1 tumor-bearing BALB/c mice were eval-
uated using the non-invasive near-infrared optical imaging
approach. The BALB/c mice with 300400 mm® of tumor
were subjected to NIRF imaging. 0.2 ml of DIR (near infrared
fluorescence dye)-loaded Chol-Suc-HA NPs with different DS
values was injected intravenously into the tumor-bearing mice
at the dose of 1.5 mg DIR/kg (n=3). At different time points
post-injection, the mice were sacrificed and the tumors and
major organs were excised, washed with physiological saline
and imaged using the Kodak  viwo imaging system FX PRO
(Carestream Health, Inc., USA) with an excitation bandpass
filter at 710 nm and an emission at 790 nm. The fluorescence
intensity of tumors and livers were quantified by the Kodak
Molecular Imaging Software using operator-defined regions
of interest (ROI).

In Vivo Antitumor Efficacy

After approximately 1-week post-inoculation, BALB/c mice
bearing 50-100 mm® of 4T1 tumors were selected for the
study on in viwo antitumor efficacy. The tumor-bearing
BALB/ ¢ mice were randomly divided into nine groups receiv-
ing different injections (z=6 in the first 6 groups and =10 in
the last 3 groups) as follows: (1) 1.v. injection, saline (the control
group); (2) 1.v. injection, Taxotere® at 10 mg DTX/kg; (3) 1.v.
mjection, Chol-Suc-HA1-DTX NPs at 10 mg DTX/kg; (4) 1.v.
mjection, Chol-Suc-HA2-DTX NPs at 10 mg DTX/kg; (5) 1.v.
mjection, Chol-Suc-HA3-DTX NPs at 10 mg DTX/kg; (6) 1.v.
injection, blank Chol-Suc-HA3 NPs at 80 mg Chol-Suc-HA3/
kg; (7) intratumoral injection, blank Chol-Suc-HA3 NPs at
80 mg Chol-Suc-HAS3/kg; (8) i.v. injection, free HA solution
at 80 mg HA/kg; (9) intratumoral injection, free HA solution at
80 mg HA/kg. Each group was injected every 3 days and the
therapeutic effect was evaluated by measuring the tumor vol-
ume and body weight from first injection. After 24-day treat-
ment, the mice were sacrificed and then the tumors were
excised. The obtained tumors were weighed and the tumor
inhibition rate (TIR) was calculated using the following formula:

Wmntml - WVHJH])ZP

TIR( % o) =
Wswrgb[e

x 100

Statistical Analysis

All Data were expressed as mean £ S.D.. Student’s two-
sample -test and one-way ANOVA for multiple groups were
used for statistical evaluation. P<0.05 was considered statisti-
cally significant.
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RESULTS AND DISCUSSION

Characterization of CHEMS and Chol-Suc-HA
Conjugates

To synthesize Chol-Suc-HA conjugates, the hydroxyl group
at C3 position of cholesterol was initially reacted with succinic
anhydride to provide terminal carboxyl group. Cholesterol
was selected as the hydrophobic group because of'its excellent
biocompatibility and non-toxicity. The assighment of chemi-
cal shifts of mainly characteristic peak was as follows (CDCl;,
ppm): 0.70 (3H, C18-Hs), 2.34 (2H, C4-Hy), 2.63 (2H, succi-
nyl -CO-CHy), 2.69 (2H, succinyl -CH,-CO), 4.64 (1H, C3-
H)), 5.39 (1H, C6-H,). The peaks of adjacent methylene
protons appearing at 2.63 and 2.69 ppm and the change in
chemical shift of the proton at C3 position from original 3.55
to 4.64 ppm confirmed the synthesis of CHEMS.

Novel amphiphilic derivatives regarded as fishbone-like
polymers have been synthesized by chemical conjugation of
CHEMS to HA in the presence of DCC as a coupling agent
and DMAP as a catalyst. The successful grafting of CHEMS
onto HA backbone was confirmed by 'H-NMR as presented
in Fig. 1. The proton assignment of HA was as follows (D,O,
ppm): 1.90 (3H, NHOCHj3), 3.0-4.0 (10H, glucosidic H), 4.34
(1H, anomeric H,), 4.44 (1H, anomeric H;:). Compared to
HA, in the spectrum of Chol-Suc-HA, the occurrence of the
characteristic peak at & (ppm)=0.5-2.0, 2.34, 5.39 ppm
assigned to steroid rings of the cholesterol fragment and
2.70, 2.76 ppm which belong to the succinyl segment con-
firmed the formation of Chol-Suc-HA conjugates.

Preparation and Characterization
of Chol-Suc-HA-DTX NPs

Developing novel, versatile, non-toxic and biodegradable
polymeric nanoparticles that exhibit advantageous properties
such as ease of preparation, high stability, prolonged circula-
tion in bloodstream and selectively delivery of anticancer
drugs to tumor tissues is urgently needed for improving ther-
apeutic efficacy of conventional chemotherapy. In the present
study, three kinds of amphiphilic Chol-Suc-HA conjugates
successfully self-assembled into nanoparticles via hydrophobic
interaction between the grafted CHEMS in the aqueous
solution, with the particle size ranging from 93+ 11 to 204+

28 nm as determined by DLS analysis (Table I). The particle
size of Chol-Suc-HA-D'TX NPs decreased with the increase of
DS values of hydrophobic moiety. This is mainly attributed, if
not entirely, to stronger hydrophobic attractive force and
more compact conformation of inner core packing. The for-
mation of Chol-Suc-HA NPs could be further confirmed by
TEM imaging, where the nanoparticles were all morpholog-
ically spherical (Fig. 2a). As summarized in Table I, the zeta
potentials of Chol-Suc-HA-DTX NPs were negative, indicat-
ing that hydrophilic HA outer-shells were exposed to water
interface. All Chol-Suc-HA-D'TX NPs displayed high encap-
sulation and drug loading. Especially for Chol-Suc-HA3-
DTX NPs, the entrapment efficiency and drug loading were
up to 96.3£3.4% and 10.7£0.1%, respectively. Moreover, it
can be seen that the entrapment efficiency of Chol-Suc-HA-
DTX NPs increased as the DS values increased, indicating
that increased chemical conjugation of hydrophobic group to
the HA fragment favorably facilitated the entrapment of
DTX because of enhanced binding affinity between hydro-
phobic drug and hydrophobic inner core. As shown in Fig. 2b,
the Chol-Suc-HA-DTX NPs dispersions were highly stable
with no significant particle size change and visible precipitates
when stored at room temperature for 15 days and at 4°C for
several months (data not shown).

In Vitro Drug Release

In vitro release behavior of Taxotere® and Chol-Suc-HA-
DTX NPs was performed in PBS (pH 7.4) containing 0.5%
Tween80 at 37°C for 96 h. As shown in Fig. 3a, the release of
DTX from Chol-Suc-HA NPs was much slower than that
from Taxotere®. DTX from Taxotere® was completely re-
leased after 24 h, whereas Chol-Suc-HA1, Chol-Suc-HA2
and Chol-Suc-HA3 NPs only released 40.4, 28.7 and 25.2%
of DTX, respectively, showing a sustained release behavior.
Especially for Chol-Suc-HA3-DTX NPs, only 33.1% of DTX
was released after 96 h, which fully guaranteed Chol-Suc-HA
NPs could carrier the majority of drug to tumor sites. Fur-
thermore, with the increase of DS of hydrophobic group, the
release rate of DTX from Chol-Suc-HA NPs slowed. This
may be attributed to the compact hydrophobic core and the
enhanced hydrophobic interaction between DTX and
hydrophobic group (41).

Table I The Physicochemical Properties and DTX Loading Parameters of Chol-Suc-HA-DTX NPs

Formulations Feed ratio® DS (%) Particle size (nm) Zeta potential (mV) EE (%) DL (%)

Chol-Suc-HAI I3 8.2 20428 —31%3 852+2.38 9.6+03
Chol-Suc-HA2 [ 18.3 13215 —25=| 935+1.2 10.5+0.3
Chol-Suc-HA3 53 25.6 93=11 —18+4 96.3+3.4 10.7=0.1

#Molar feed ratio of cholesteryl hemisuccinate to C6'-OH of HA polymer (CHEMS)
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Fig. 2 (a) The TEM image of 500
Chol-Suc-HA3-DTX NPs. (b) b
stability of Chol-Suc-HA-DTX NPs 400
at room temperature evaluated by - Chol-Suc-HA1
measuring the change in particle E Chol-Suc-HA2
. = Chol-Suc-HA3]
size of NPs. Insert: photographs of g 300
Chol-Suc-HA-DTX NPs after »
stored at room temperature for ﬁ
I'5 days. S 200
o
I
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The release pattern of Chol-Suc-HA3-DTX NPs was also
evaluated in acetate buffer (pH 4.2) containing different en-
zyme activity of Hyal-1 which is involved predominantly in
degrading HA in lysosomes (42—47). As seen in Fig. 3b, the
release rate of DTX from Chol-Suc-HA3 NPs accelerated
with the enhancement of the enzyme activity. When the
enzyme activity in acetate buffer (pH 4.2) was up to 100 U/
ml, the Chol-Suc-HA3-DTX NPs displayed a significantly
rapid release behavior. About 92.1% of DTX from Chol-
Suc-HA3 NPs was released in 12 h, while the release of drug
reached only about 23.7% in the absence of Hyal-1. This
suggested that once the Chol-Suc-HA-D'TX NPs were inter-
nalized into tumor cells and finally fused with lysosomes, the
HA backbone could be degraded by Hyal-1, resulting in rapid
drug release.

The Integrity and Stability Studies
of Chol-Suc-HA-DTX NPs in Plasma

Maintaining the integrity and stability of self-assembled nano-
particles for a long time in plasma is the essential prerequisite
for drug’s reaching the tumor tissues and subsequently gener-
ating the antitumor efficacy. Therefore, the integrity and
stability of Chol-Suc-HA-DTX NPs in rat plasma were inves-
tigated by measuring the content of DTX retained in the
nanoparticles and change in particle size over time. As shown

120

in Fig. 4a, the content of DTX retained in Chol-Suc-HA2
NPs and Chol-Suc-HA3 NPs was 67.4 and 70.5% after 24 h
incubation, respectively. Given that the amounts of leaked
DTX from Chol-Suc-HA2 NPs and Chol-Suc-HA3 NPs were
similar to i vitro release amounts (28.7 and 25.2%), we spec-
ulated that the content of DTX retained in NPs reduced
probably due to the DTX release from the nanoparticles
instead of agglomeration and sedimentation of NPs in plasma.
Thus, taking into account DTX release from the nanoparti-
cles, the obtained results indicated that almost all of the
nanoparticles kept their integrity in the presence of rat plasma.
However, as for the Chol-Suc-HA1 NPs, only 4.3% of DTX
retained in the nanoparticles after incubated with rat plasma
for 4 h. After 12 h incubation, the content of DTX retained in
Chol-Suc-HA1 NPs could not be detected. Given that the
structure of Chol-Suc-HA1 NPs was similar to that of Chol-
Suc-HA2 NPs and Chol-Suc-HA3 NPs, the only difference
was that hydrophobic interaction between hydrophobic
groups (CHEMS) was different, so the significantly reduced
content may be ascribed to the fast disassembly of Chol-Suc-
HAI1 NPs in rat plasma. The similar observation was also
reported by Chen et al. (48), in which the core-loaded mole-
cules rapidly released from PEG-PDLLA micelles due to the
loss of integrity of micelles i vivo. As illustrated in Fig. 4b and
¢, no significant change in particle size of Chol-Suc-HA2 NPs
and Chol-Suc-HA3 NPs was observed during 24 h incubation

Fig. 3 () In vitro drug release
profile of Taxotere® and Chol-Suc-
HA-DTX NPs in PBS (pH 7.4). (b)
In vitro release of DTX from

100

—o— Taxotere®
—#—Chol-Suc-HA1

120

b

100 1

2 8

[} B
Chol-Suc-HA3 NPs in acetate ° 8 Chok-Suc-HA2 % 8o
buffer (pH 4.2) containing different £ 60 orsue 2 60
enzyme activity of Hyal-1 (0 U/ml, o »—Chol-Suc-HA3 b
0.15U/ml, 1.5U/ml, 15 U/ml, and -% 0 .% 201
100 U/ml). Data represented é E
mean + S.D. (h=3). 3 20 3 20 —%—100U/ml  ——15U/ml
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Fig. 4 (a) The percentage of DTX 120
retained in Chol-Suc-HA NPs

incubated with rat plasma at 1/3.5 100 B
volume ratio for different time.
Insert: photographs of Chol-Suc-
HA-DTX NPs after incubation with
rat plasma at 37°C for 24 h. (b)
Time-dependent colloidal stability of
Chol-Suc-HA-DTX NPs in rat
plasma at 1/3.5 volume ratio. The
ratio of diameter was the ratio 20
between the time-dependent
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with rat plasma, implying no remarkable protein absorption
and aggregate formation. The particle size of Chol-Suc-HA3
NPs increased with the decrease of volume ratio of nanopar-
ticle dispersion to rat plasma ranging from 1/1 to 1/3.5 (v/0).
In the case of Chol-Suc-HA1 NPs, the size change was ex-
tremely significant. It is interested to note that following cen-
trifugation, the particle size was not detectable after 4 h incu-
bation, further confirming that Chol-Suc-HAI NPs encoun-
tered the structure disruption in rat plasma. From Fig. 4d, we
can observe that the zeta potential of blank plasma was about
—8.3 mV, which helped to reduce the protein absorption to
the negatively charged Chol-Suc-HA NPs as confirmed by
slight change in particle size and zeta potential. In our
previous study (38), the particle size of nude CHEMS vesicles
was about 4-fold higher than original particle size and the zeta
potential was converted from +12.1 to —6.2 mV. The changes
might be attributed to the plasma protein absorption to the
positively charged surface of vesicles. Our data demonstrated
that by increasing the DS values of hydrophobic moiety, the
stability of self-assembled nanoparticles in plasma was signif-
icantly improved; on the other hand, HA hydrophilic outer-
shell could reduce the protein absorption, hence prolonging
the circulation time.

In Vitro Cytotoxicity

The LDH leakage assay based on the activity of lactate dehy-
drogenase releasing into the culture medium due to the cell

o E
10 15 20 25 Blank plasma Chol-Suc-HA2 Chol-Suc-HA3

Time (h)

membrane damage is widely used as an indicator of cytotox-
icity. And MTT assay is another cell viability assay that could
indirectly reflect the cytotoxicity following exposure to toxic
substances. In this paper, the cytotoxicity induced by
Taxotere® and Chol-Suc-HA-DTX NPs was evaluated in
MCF-7, 4T1, A549 and L929 cells using the LDH and
MTT assays. Figure 5 presents the dose-responsed histogram
for the two assays. It can be seen that the results obtained from
the LDH assay were well coordinated with the MTT assay.
And cell viability and LDH release after exposure to
Taxotere® and Chol-Suc-HA-DTX NPs displayed a dose-
dependent manner. The cytotoxicity induced by Chol-Suc-
HA-DTX NPs was significantly higher in comparison with
Taxotere® at all concentrations (0.0016—1 pg/ml) tested
(P<0.05), which may be attributed to enhanced intracellular
drug levels after internalization of Chol-Suc-HA NPs. The
internalization mechanism would be investigated in the fol-
lowing experiment. In addition, we can also find that with the
increase of DS of hydrophobic group, the gradually enhanced
cytotoxicity to MCF-7, 4T1 and A549 cells induced by
Chol-Suc-HA-DTX NPs was observed as described by
the Ref (41). As a result, more drugs would be delivered
into cancer cells by the Chol-Suc-HA NPs with a higher
DS value, resulting in significant cytotoxicity. The ICj5q
values obtained by MTT assay were recorded in
Table II. It is apparent that the IC;q values of Chol-
Suc-HA3-DTX NPs for MCF-7, 4T1 and A549 cells
were about 42.5-, 38.9- and 19.2-fold less than that of
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Fig. 5 (a-c) cell viability and (d-f) a d
LDH release of MCF-7, 4TI and 120 120
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Concentrationof DTX (pg/ml)

Taxotere®, respectively, suggesting that the encapsula-
tion of DTX into Chol-Suc-HA NPs induced a potent
anticancer activity. Furthermore, it can be clearly ob-
served that the cytotoxicity of Chol-Suc-HA-DTX NPs
to cancer cells was far stronger than that to normal cells
(L929), indicating a high selectivity to carcinomatous
cell lines.

In Vitro Cellular Uptake

In order to compare the extent of cellular internalization and
investigate the mechanism of cellular uptake, CLSM and flow
cytometry were used to qualitatively and quantitatively eval-
uate the cellular uptake of Chol-Suc-HA-C6 NPs and free C6.

0.0016 0.008 0.04 0.2 1
Concentration of DTX (pg/ml)

0.2 1

Cellular Internalization

As shown in CLSM (Fig. 6a), the fluorescence images obtain-
ed from the FITC channel represent the green fluorescence of
C6 and the images obtained from the Hoechst channel exhibit
the red fluorescence of nuclei stained by Hoechst 33342. In
the merged channel of FITC and Hoechst, it is apparent that
intracellular fluorescence intensity of Chol-Suc-HA-C6 NPs
in three classes of cancer cells was significantly higher than
that of free C6. Additionally, the intracellular fluorescence
levels of Chol-Suc-HA-C6 NPs were gradually increased with
the DS values of hydrophobic moiety increasing. The fluores-
cence intensity of cells treated with Chol-Suc-HA-C6 NPs or
free C6 was also quantitatively determined by flow cytometry.

Table Il ICy; Values of Different DTX Formulations Against Carcinomatous and Normal Cell Lines

Cell line Taxotere® (ng/ml) Chol-Suc-HAI (ng/ml) Chol-Suc-HA2 (ng/ml) Chol-Suc-HA3 (ng/ml)
MCF-7 72426 +2.56 2561 £2.33 1921 £1.89 17.04=1.99
4TI 63173331 23.17+1.92 18.93+£3.03 16.25+2.45
A549 328.18+3.0l 28.05+3.76 17.89+£233 17.05+1.43
L929 480.57+£3.23 21032+3.23 205.14+2.98 21437+40l
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Fig. 6 (a) The confocal
microscope images (20 and (b) a
Fluorescence intensity of 4T 1, ©
MCF-7 and A549 cells incubated °
with free Cé and Chol-Suc-HA-Cé
NPs for 2 h at 37°C. "P<0.05.
"P<0.01."7P<0.001.

Hoechst

Merged

The obtained results were in accord with above CLSM ob-
servation (Fig. 6b). For example, for 4T'1 cells, the intracellular
fluorescence intensity was significantly increased from
690.81+92.1 to 1445.91+204.4 with increasing DS values
from 8.2 to 25.6%. Combining the results of CLSM
and flow cytometry, we could conclude that the higher
hydrophobic modification of HA with CHEMS did not
affect the binding of HA to CD44 but enhanced the
cellular uptake. The amount of C6 encapsulated into
three kinds of NPs was almost the same, so the en-
hanced cellular uptake may be due to the smaller par-
ticle size. As evidenced by CLSM, there was notable
difference in the intracellular fluorescence intensity of
Chol-Suc-HA-C6 NPs and free C6 (P<0.001). Particu-
larly for Chol-Suc-HA3-C6 NPs, the intracellular fluo-
rescence level was about 5.4-, 9.7- and 6.1-fold higher
than that of free C6 for MCF-7, 4T1 and A549 cells,
respectively. Overall, the results obtained from the
CLSM and flow cytometry indicated that Chol-Suc-
HA NPs with higher DS values would largely enhance
the cellular uptake of DTX. The enhancement of cellu-
lar uptake may be due to the CD44 receptor-mediated
endocytosis.

Investigation on Mechanism of Cellular Uptake

The internalization mechanism was also investigated by
performing the following experiments including the

4T1 Free C6 Chol-Suc-HA1 Chol-Suc-HA2 Chol-Suc-HA3 MCF-7

2000

¥ Free C6

uChol-Suc-HA1
1600 4 uChol-Suc-HA2
w Chol-Suc-HA3

Fluorescence intensity

A549 4T1

competitive inhibition study using HA solution (10 mg/ml),
negative control of 1929 cells (relatively low level of CD44
expression) and cellular uptake at 4°C. As seen by CLSM and
flow cytometry (Fig. 7), pre-treating the CD44" cancer cells
(MCF-7, 4T1 and A549) with free HA, the concentration of
which in culture medium was markedly higher than that of
Chol-Suc-HA conjugates, significantly reduced the internali-
zation of Chol-Suc-HA3-C6 NPs. Only a weak fluorescence
signal was observed, indicating that the free HA competitively
bound to CD44 and inhibited the uptake of Chol-Suc-HA
NPs. In contrast, after the CD44-overexpressed cancer cells
were incubated with Chol-Suc-HA3-C6 NPs at 4°C for 2 h,
the fluorescence signal was still strong. And as shown in
Fig. 7b, d and f, the fluorescence intensity profile at 4°C
slightly shifted to the left-side compared with that at 37°C,
suggesting there existed significant surface binding. This oc-
curs on non-recyclable receptors (49). In the case of negative
control test, no visible difference was observed in the fluores-
cence intensity of L1929 cells treated with single Chol-Suc-
HAS3-C6 NPs or mixture of free HA solution and NPs, and
both of the fluorescence intensity were remarkably lower than
that of CD44" cancer cells, indicating a nonspecific cell up-
take. Moreover, almost no signals were observed when the
L1929 cells were incubated with Chol-Suc-HA3-C6 NPs at
4°C. All of above results fully demonstrated that the Chol-
Suc-HA NPs could selectively bind to CD44 receptor and
efficiently internalize into the three types of cancer cells via
CD44 receptor-mediated endocytosis.
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Fig. 7 The confocal microscope
images (20 and flow cytometric
curves of 4T (a and b), MCF-7 (c
and d), A549 (e and f) and L929 (g
and h) cells obtained from the
experiments of cell uptake
mechanism including the
competitive inhibition study using
HA solution (10 mg/ml), negative
control of L929 cells and cellular
uptake at 4°C. In the flow
cytometric curves, the cells without
any treatment were as a negative
control.
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The Impact of HA as Hydrophilic Outer-Shell
on the Opsonization and M-acrophage Uptake

It was reported that engineering the surface of NPs with
hydrophilic polymer including poly(ethylene glycol), poly(N-
vinylpyrrolidone), poly(acrylamide) and polysaccharides could
reduce the opsonization in the bloodstream and subsequent
uptake by mononuclear phagocytic system (MPS). Therefore,
the uptake capacity of RAW 264.7 cells for nude CHEMS
vesicles as a positive control and Chol-Suc-HA-C6 NPs was
investigated by determining the percentage of fluorescence
cells using flow cytometry. From the Fig. 8a, it can be seen
that there was no significant difference between the uptake
level of Chol-Suc-HA NPs by macrophages in the presence or
absence of rat plasma (P>0.05). Conversely, for the positive
control, nude CHEMS vesicles, macrophages uptake was
significantly increased after opsonization in rat plasma
(P<0.01). The percentage of fluorescence cells was up to
82.3% after opsonizing in rat plasma for 30 min, possibly
due to electrostatic and hydrophobic interaction between the
nude CHEMS vesicles and plasma component. The reduced
uptake of Chol-Suc-HA NPs may be in virtue of the HA
hydrophilic outer-shell, which could protect the NPs from
the opsonization in the bloodstream and the following uptake
by MPS, hence resulting in the prolonged circulation time.

In Vivo Pharmacokinetic Evaluation

Surface modification of nanoparticles with hydrophilic poly-
mers, most notably PEG, can provide protection from
opsonization and consequently result in increased circulation
half-life (50). In order to investigate if the Chol-Suc-HA NPs
possess long-circulation property in the blood after systemic
administration, the pharmacokinetic evaluation was carried
out in SD rats. The mean plasma concentration-time curves
as a function of time were presented in Fig. 8b. and corre-
sponding pharmacokinetic parameters were summarized in

Fig. 8 (a) The effect of HA as

Table III. As shown in Fig. 8b, there existed significant differ-
ence in pharmacokinetic behavior for Taxotere® and Chol-
Suc-HA-DTX NPs. DTX from Taxotere® was rapidly elim-
inated from the circulation system, with less than 200 ng/ml in
plasma at 2 h post intravenous injection, whereas encapsula-
tion of DTX into Chol-Suc-HA NPs extended residence time
in the blood. Especially for CHOL-SUC-HA3-DTX NPs, the
drug concentration in plasma was still more than 1 pg/ml at
12 h post-injection. Formulating DTX in Chol-Suc-HA NPs
significantly extended the mean retention time and elimina-
tion half-life, increased area under the plasma concentration
versus time curve and reduced total clearance in comparison
with Taxotere® (Table III). Particularly, the AUC(_s,
MRTy., and t;,9 for Chol-Suc-HA3-DTX NPs were
47.13 h*mg/L, 9.82 h and 5.56 h, which were 23.9-,; 20.9-
and 12.6-fold higher than those of Taxotere®, respectively,
while the CL for Chol-Suc-HA3 NPs was 22.1-fold lower than
that of Taxotere®. The obtained results indicated that Chol-
Suc-HA NPs indeed displayed a long-circulation property.
The possible explanation could be that HA exposed on the
surface of Chol-Suc-HA NPs; similar to PEG, could provide
steric stabilization and reduce protein absorption, therefore
resulting in the decreased opsonization and prolonged blood
circulation time. It is worthy to note that for Chol-Suc-HA1-
DTX NPs, the pharmacokinetic parameters were obviously
different from those of Chol-Suc-HA2-DTX and Chol-Suc-
HA3-DTX NPs. The AUCq.., MRT(_, and t;,5 were only
14.09 h*mg/L, 3.30 h and 2.87 h, which were distinctly lower
than those of Chol-Suc-HA2-DTX and Chol-Suc-HA3-D'TX
NPs. However, the CL value was as high as 0.75 L/h/kg,
which was 3-fold higher than that of Chol-Suc-HA3-DTX
NPs. The phenomenon that Chol-Suc-HAI-DTX NPs with
8.2% of DS presented a decreased blood circulation time in
comparison with other NPs groups could be due to the weak
hydrophobic interaction in the hydrophobic inner core, lead-
ing to relatively weak stability i viwvo upon the injection of
Chol-Suc-HA1-DTX NPs.

a Positive control Chol-Suc-HA2 Chol-Suc-HA3 b
hydrophilic outer-shell on the — 100 - — — — 12
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Table Il The Mean Pharmacoki-

netic Parameters of DTX in SD Rats Parameters Taxotere® Chol-Suc-HAI Chol-Suc-HA2 Chol-Suc-HA3

After Intravenous Administration of

Different DTX Formulations tip (h) 0.44+0.08 2.87+0.36 537+ 1.66 556+ 1.05
AUC) 24 (h*mg/L) [.92+£0.46 13.42+3.88 38011045 45.53%12.97
AUCy ., (W*mg/L) .97 047 14.09+3.40 40.99 = 13.81 47.13x15.19
CL (L/hkg) 531%=1.38 0.75+0.22 0.26+=0.08 0.24=0.10
MRTo 24 (h) 0.35+0.02 2.75%=0.13 6.71x0.16 6.80=1.19
MRTo... (h) 0.47=0.10 3.30%0.15 9.69x0.76 9.82+2.80

Bio-Distribution of Chol-Suc-HA NPs Observed
by Ex Vivo NIRF Imaging

Ex vwo NIRF optical imaging was employed to monitor the
tissue distribution and evaluate the tumor-targeting properties
of Chol-Suc-HA NPs. From the fluorescence images of dissect-
ed tumors and major organs obtained after 24 h post-injection
(Fig. 9a), it can be seen that for Chol-Suc-HA2 and Chol-Suc-
HA3 NPs, the tumor sites exhibited the strongest fluorescence
signal among all the organs (74231625 and 85271701, re-
spectively). Compared with Chol-Suc-HAINPs, the Chol-Suc-
HAZ2 and Chol-Suc-HA3 NPs significantly decreased the DIR
accumulation in liver and spleen (P<0.05). This might be
explained by the fact that the hydrophilic HA outer-shell
protected the NPs from the uptake by the RES. The majority
of DIR accumulated in tumors and livers after intravenous
injection of Chol-Suc-HA NPs, so the NIRF images and

Fig. 9 (a) Ex vivo fluorescence

images of dissected tumors and

major organs collected from the

tumor-bearing BALB/c mice at 24 h a
post-injection of different Chol-Suc-
HA-DIR NPs. (b) The NIRF images
of tumors and livers excised from
the tumor-bearing BALB/c mice at
different time points after
intravenous administration of
different Chol-Suc-HA-DIR NPs. (c)
Quantitative fluorescence intensity b
of tumors from ex vivo images. (d)
Quantitative fluorescence intensity
of livers from ex vivo images. (e) The
fluorescence intensity ratio of
tumors to livers at different time
points after intravenous
administration of Chol-Suc-HA-DIR
NPs.

Chol-Suc-HA3

Chol-Suc-HA2

Chol-Suc-HA1

Chol-Suc-HA3

Chol-Suc-HA2
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fluorescence intensity of dissected tumors and livers at different
time points were shown in Fig. 9b—e. It was clear that the
distribution of Chol-Suc-HA NPs in the two tissues was signif-
icantly affected by the DS values. For Chol-Suc -HA1 NPs, the
fluorescence signal in tumor tissues was extremely lower but
significantly higher in livers compared with other two groups
(P<0.05). The highest mean fluorescence intensity (MTT) of the
tumors was only 4678.5 + 160, which was 2-fold lower than that
of Chol-Suc-HA3 NPs. This may be because the stability of
Chol-Suc-HA1 NPs compromised in the bloodstream as evi-
denced in the experiment of integrity and stability, hence
resulting in the lack of long-circulation property and tumor-
targeting ability. As for the Chol-Suc-HA2 and Chol-Suc-HA3
NPs, the fluorescence intensity at the tumor sites gradually
increased for the first 8 h and slowly decreased over the follow-
ing 40 h period, possibly due to the long-circulation of Chol-
Suc-HA NPs in the bloodstream. From Fig. 9¢ and d, we can
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find that after 8 h post-injection, the accumulation of Chol-Suc-
HA2 and Chol-Suc-HA3 NPs in the tumor tissues was higher
than that in livers as indicated by the ratio of fluorescence
mtensity between tumors and livers (Fig. 9¢). The excellent
tumor-targeting ability of Chol-Suc-HA2 and Chol-Suc-HA3
NPs could be due to the following reasons: (1) high stability in
bloodstream, (2) prolonged blood circulation time, (3) EPR
effect, (4) CD44-mediated endocytosis.

In Vivo Antitumor Efficacy

In order to evaluate the antitumor efficacy and systemic
toxicity, the tumor volume and body weight of 4T1 tumor-

bearing BALB/c mice after intravenous administration of
different DTX formulations at the dose of 10 mg DTX/kg
were monitored. The dosing schedule was illustrated in
Fig. 10a. As shown in Fig. 10b, the Chol-Suc-HA3-DTX
NPs group exhibited the highest tumor growth inhibition
compared with the saline group (P<0.001). After 15-day
treatment, the tumor growth rate of Taxotere® group mark-
edly accelerated and was significantly faster compared with
Chol-Suc-HA2-DTX and Chol-Suc-HA3-DTX group
(P<0.001). At the end of the experiment, the tumor was
excised and weighed. The tumor inhibition rate (TIR) was
calculated. From the Fig. 10e, it was found that the TIR of
Chol-Suc-HA2-DTX and Chol-Suc-HA3-DTX group was

a Treatment ,
Tumor measurement of tumor volume and body weight Tumor
inoculation [ A 1 dissection
) VIR SR R 2R TR TR 2R 2 2N
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Fig. 10 (a) Antitumor activities of Taxotere® and Chol-Suc-HA-DTX NPs in 4T tumor-bearing BALB/c mice (n = 6). (b) Body weight change of 4T | tumor-
bearing BALB/c mice after intravenous administration of saline, Taxotere® and Chol-Suc-HA-DTX NPs (n = 6). (€) Changes of tumor volume after injection of
blank Chol-Suc-HA3 NPs (i.v.), free HA solution (i.v.), blank Chol-Suc-HA3 NPs (s.c.) and free HA solution (s.c.) (n = 10). (d) Tumor weight and tumor inhibition

rate (TIR) at the end of tests. P<0.05. " P<0.01. P<0.001.
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1.70- and 1.96-fold higher than that of Taxotere® group,
respectively. In contrast, the TIR of Chol-Suc-HA1-DTX
NPs group was only 37.6%, which was even lower than that
of Taxotere® group. The poor therapeutic effect could be due
to the loss of NPs integrity after encountering the various
plasma components.

Figure 10c presents the variation in body weight of tumor-
bearing mice. It can be seen that the Taxotere®-treated mice
showed a severe weight loss with the slow decrease during the
initial 12 days and then fast reduction. The decrease in body
weight was up to 7.5 g. Furthermore, on the 24th day’s obser-
vation, all of the mice were dead, indicating a serious toxicity to
the normal tissue due to drug itself and high concentration of
Tween80 formulated in the commercial Taxotere®. More-
over, the body weight of mice treated with Chol-Suc-HAI-
DTX NPs also significantly decreased. This may be because
the lack of stability and tumor-targeting ability led to the
systemic toxicity. However, no significant weight loss was ob-
served after administration of Chol-Suc-HA2-DTX and Chol-
Suc-HA3-DTX NPs, indicating that encapsulation of DTX
mto Chol-Suc -HA NPs with a relatively high DS value could
significantly reduce the toxicity to the normal tissue.

The influence of blank Chol-Suc-HA NPs and free HA
solution on the tumor growth was also preliminarily investigat-
ed. As shown in Fig. 10d, after blank Chol-Suc-HA3 NPs were
injected intravenously or intratumorally, there both exhibited a
slight inhibition on tumor growth. The TIR was 6.0% for
intravenous injection and 10.6% for intratumoral injection.
The free HA group after intravenous administration showed
no inhibitory effect on the tumor growth, while free HA after
mtratumoral injection exhibited the similar tumor growth sup-
pression to the blank Chol-Suc-HA3 group. The tumor growth
mbhibition induced by blank Chol-Suc-HA NPs may be due to
many reasons. One of the reasons could be that blank Chol-
Suc-HA NPs as exogenous HA interfered with the endogenous
CD44-HA interaction which was involved in the tumor growth
as reported by Zeng e al. (24). However, further investigation
on their mechanism of action needs to be pursued.

CONCLUSION

In this study, we successtully prepared the Chol-Suc-HA NPs for
targeting delivery of DTX, which exhibited high drug loading,
uniform particle size distribution and excellent  vitro stability.
The DS values of hydrophobic moiety significantly influenced
the stability of Chol-Suc-HA NPs in rat plasma. Cellular uptake
demonstrated that Chol-Suc-HA NPs would largely enhance the
mternalization of DTX via CD44 receptor-mediated endocyto-
sis. Compared with Taxotere®, Chol-Suc-HA-DTX NPs
displayed remarkably higher cytotoxicity to CD44-positive can-
cer cells. In viwo animal experiments confirmed that Chol-Suc-
HA-DTX NPs with relatively high DS values possessed

@ Springer

prolonged circulation time, excellent tumor-targeting properties
and eflicient antitumor effects with extremely low systemic tox-
icity. In addition, blank Chol-Suc-HA NPs also slightly sup-
pressed the tumor growth. The antitumor mechanism will need
to be further investigated. However, a major drawback of CD44
receptor is that it is slowly regenerated on the surface of cells (24—
48 h) after being internalized. This drawback will reduce the
CD44-mediated uptake of NPs (49,51,52). In the future studies,
we will work on solving the problem.
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