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a b s t r a c t

In this study, cross-linked hyaluronan-styrylpyridinium (HA-SbQ) micelles were prepared to be used as
a novel carrier for paclitaxel (PTX). PTX was successfully encapsulated into the hydrophobic cores of the
cross-linked micelles using the dialysis method. The resultant PTX-loaded cross-linked HA-SbQ micelles
were about 113 nm in diameter with spherical shape and high encapsulation efficiency. Fluorescence
microscopy and high-performance liquid chromatography studies showed that PTX-loaded cross-linked
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HA-SbQ micelles had excellent cellular uptake ability by bone marrow derived macrophages (BMM) and
human glioma U87 cells. Cellular uptake of cross-linked HA-SbQ micelles was found to be higher than
that of un-cross-linked ones due to smaller size and more stable structure. In vitro cytotoxicity studies
also revealed that the PTX-loaded cross-linked micelles were more potent than those of PTX-loaded un-
cross-linked micelles and free PTX. These results suggested that cross-linked HA-SbQ micelles could be

liverim
co
aclitaxel a potential vehicle for de

. Introduction

Polymeric micelles formed by self-assembly of amphiphilic
lock copolymers in aqueous solution have received widespread
ttention in the past decade (Deng, Li, Yao, He, & Huang, 2010; Guo
Jiang, 2009; Harada & Kataoka, 1999; Jenekhe & Chen, 1998; Liu

t al., 2011; Matsumura & Kataoka, 2009; Nishiyama & Kataoka,
006; O’Reilly, Hawker, & Wooley, 2006; Tao et al., 2009; Wang
t al., 2011). Polymeric micelles have a unique core–shell structure
hich not only enables the system to incorporate poorly soluble
rugs but also protects drugs from inactivation in biological media.
ue to their small particle size, these systems exhibit many advan-

ages such as targeting ability, long circulation and easy production
f effective delivery systems (Chan et al., 2009; Huo, Zhang, Zhou,
ou, & Li, 2011; Li et al., 2011; Torchilin, 2001; Valencia et al.,
011). Polymeric micelles are therefore considered to be an excel-

ent delivery system for hydrophobic anti-cancer drugs. However,
ne remaining practical challenge for micellar drugs is their infe-
ior in vivo stability (Bae & Yin, 2008). In the past several years,
arious cross-linking approaches have been adopted to improve
icellar stability (O’Reilly et al., 2006; Rijcken, Soga, Hennink, &

www.sp
ostrum, 2007). The cross-linking of micelles could take place on
he hydrophilic shell (Cheng, Khoshdel, & Wooley, 2007), within
he hydrophobic core (Li et al., 2009; Talelli et al., 2010), or at the
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E-mail address: lxy@jiangnan.edu.cn (X. Liu).

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
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ng hydrophobic chemotherapeutic drugs to tumors.
© 2011 Elsevier Ltd. All rights reserved.

core–shell interface (Xu, Meng, Cheng, & Zhong, 2009). However,
there are only a few reports on the development of cross-linked
micelles for anticancer drug delivery (Abdullah Al, Lee, Lee, Lee, &
Park, 2011; Talelli et al., 2011; Tao, Liu, Chen, Yang, & Liu, 2012;
Xiong et al., 2011).

Hyaluronan (also named hyaluronate, hyaluronic acid or
HA) is a naturally occurring polysaccharide originally extracted
from bovine vitreous humour, rooster combs or umbilical cords
(Rinaudo, 2011), and now has been successfully produced on
a large scale by Streptococcus bacteria in high purity and good
yield (Gao, Du, & Chen, 2006; Ogrodowski, Hokka, & Santana,
2005). It consists of repeating �-(1 → 4)-d-glucuronic acid �-
(1 → 3)-N-acetyl-d-glucosamine disaccharide units (Chytil, Strand,
Christensen, & Pekar, 2011; Chytil & Pekar, 2009) (Fig. 1a). Since it
is a biopolymer, much current interest focuses on its applications in
biomedicine and pharmaceutics (Lee, Lee, & Park, 2008; Lee, Ahn, &
Park, 2009; Pitarresi, Pierro, Palumbo, Tripodo, & Giammona, 2006).

Paclitaxel is known to have highly effective activity against
various tumors and has been used clinically in the treatment
of metastatic breast cancer, ovarian cancer and several other
malignancies. Because the water solubility of PTX is very low,
the commercial preparation of PTX is formulated in a solution
composed of a 50:50 (v/v) mixture of Cremophor EL (polyethoxy-
lated castor oil) and dehydrated alcohol, which is diluted 5–20

.

fold in normal saline or dextrose solution (5%) before adminis-
tration. However, the use of Cremophor EL causes serious side
effects such as nephrotoxicity, neurotoxicity and cardiotoxicity.
These serious side effects have limited the clinical application

dx.doi.org/10.1016/j.carbpol.2011.11.075
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:lxy@jiangnan.edu.cn
dx.doi.org/10.1016/j.carbpol.2011.11.075
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Fig. 1. (A) Chemical structure of HA and SbQ. (B) Schematic illustration of micelle formation, cross-linking and drug loading.
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f Taxol® and caused lots of inconvenience when it was clinical
pplied. Therefore, it is emergent to find a drug delivery system
or paclitaxel without Cremophor EL. In recent years, several drug
elivery systems, such as polymeric micelles (Yao, Zhang, Ping, &
u, 2007; Zhang et al., 2005; Zhang et al., 2008), liposomes and
mphiphilic nanoparticles (Bilensoy, Gurkaynak, Dogan, & Hincal,

008), have been studied to increase solubility of paclitaxel and
o minimize the side effects of the formulation, among these new
elivery vehicles, polymeric micelles have attracted an increasing

nterest.
We have previously reported the complex micelles formation
between a negatively charged hyaluronan (HA) and an oppositely
charged styrylpyridinium (SbQ) in aqueous solution (Xu et al.,
2011). Cross-linking of the hydrophobic core via dimerization reac-
tion of the SbQ molecules induced by UV light ultimately produces
crosslinked micelles. The purposes of present work were: (1) to

encapsulate the hydrophobic anticancer drug paclitaxel into the
hydrophobic cores of the cross-linked HA-SbQ micelles, (2) to eval-
uate the cellular uptake ability of the micelles by bone marrow
derived macrophages (BMM) and human glioma U87 cells, (3) to
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valuate the cytotoxicity of both blank micelles and PTX-loaded
icelles against BMM and U87 cells and (4) to compare the stability,

ellular uptake and cytotoxicity of cross-linked HA-SbQ micelles
nd un-cross-linked ones and to show the potential of cross-linked
A-SbQ micelles as a novel carrier for anticancer drug.

. Materials and methods

.1. Materials

1-Methyl-4-[2-(4-formylphenyl)-ethenyl]-
yridiniummethosulphate (SbQ) was provided by SHOWA KAKO
o. Ltd. (Japan). Sodium hyaluronate (HA), with a viscosity average
olecular weight of 22 kDa, was purchased from Bio Chemicals

USA). All other chemicals and solvents were of analytical grade
nd were used without further purification.

.2. Preparation of PTX-loaded cross-linked HA-SbQ micelles

HA-SbQ polymeric complex micelles were prepared as
escribed earlier (Xu et al., 2011). Briefly, a HA solution was pre-
ared by dissolving sodium hyaluronate in water, and stirring
vernight at room temperature to ensure complete dispersion.
tock solutions of SbQ were prepared by dissolving SbQ in water.
he HA solutions were then mixed with SbQ solutions, ensuring the
olar ratio of the positively charged SbQ and negatively charged

arboxylate groups of HA was equal. To obtain cross-linked parti-
les, the micelle solutions were irradiated under a POWER ARC UV
00 Lamp for 45 min.

PTX-loaded cross-linked HA-SbQ micelles were prepared by
ialysis technique (Kim et al., 2006; Wang et al., 2008). Briefly,
.17 mg PTX dissolved in 5 ml methanol were slowly added to
0 ml crosslinked-HA-SbQ micelles solutions (0.1 mg/ml) under
tirring, and then the methanol solvent was removed by dialy-
is (Millipore dialysis tube, molecular weight cutoff 12–14 kDa,
SA) to obtain PTX-loaded cross-linked HA-SbQ micelles. The
ust and impurity in the sample solution were removed by pass-

ng through a filter (0.45 �m, Millipore). Lissamine rhodamine B
,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethy-

ammonium salt (rDHPE; Invitrogen) was used to label cross-linked
A-SbQ micelles and appeared as red fluorescence.

.3. Characterization of PTX-loaded cross-linked HA-SbQ micelles

Average particle size and size distribution of the micelles were
easured by Malvern Zetasizer Naso ZS (Malvern, UK). The shape

nd surface morphology of the micelles were investigated by
tomic force microscopy (AFM), 100 �l of HA-SbQ micelle solution
as placed on a clean mica surface and then air-dried overnight.

he image was obtained with a Benyuan CSPM 4000 AFM system.

.4. Determination of drug loading capability

Drug loading capability of the cross-linked HA-SbQ micelles
as determined using high-performance liquid chromatography

HPLC). PTX-loaded micelles solution (50 �l) was transferred into
0 ml volumetric flask and diluted with methanol to the mark.
he solution was centrifuged at 10,000 rpm for 10 min, 20 �l of
upernatant was injected into the chromatographic system. The
PLC system (LC-2010C, Shimadzu, Japan) was equipped with a
ichrospher C18 column (4.6 mm × 250 mm, 5 �m) with a mobile

www.sp
hase of methanol and water (75:25), the flow rate and column
emperature was set at 1 ml/min and 30 ◦C, respectively. The sig-
als were recorded by UV detector at 227 nm. A calibration line
as conducted to determination PTX concentration in the range of
Fig. 2. AFM image (A) and the size distribution (B) of PTX-loaded cross-linked HA-
SbQ micelles with a PTX-loading content of 30.1% in distilled water.

0.5–25 mg/l, and the r2-value of peak area against PTX concentra-
tion was at least 0.999. The encapsulation efficiency (EE, %) and the
drug loading coefficient (DL, wt.%) were calculated based on the
following formulations:

EE (%) = weight of PTX in micelles
weight of the feeding PTX

× 100

DL (wt%) = weight of PTX in micelles
weight of the feeding micelles and PTX

× 100

2.5. PTX releases from cross-linked HA-SbQ micelles in vitro

PTX release behavior was studied in vitro in phosphate buffered
saline (PBS) solution. Briefly, the solutions of PTX-loaded cross-
linked HA-SbQ micelles were respectively placed into visking
dialysis tubing (molecular weight cutoff 12–14 kDa, Millipore, USA)
and dialyzed against 50 ml PBS solutions with 1% Tween 80 at
37 ◦C in an air-bath shaker at 50 rpm. Then, 0.5 ml of the release
media was collected and replaced with an equal volume of the fresh
release media at predefined time intervals. The release amounts of
PTX were determined by HPLC method.

2.6. Cell culture

Mice femur bone marrow was dissociated into single cell
suspensions. Bone marrow cells and bone marrow derived

.

macrophages (BMM) were cultured with DMEM with fetal
bovine serum, 1% glutamine, 10 mg/ml ciprofloxacin, and 500 U/ml
macrophage colony stimulating factor (MCSF). Human glioma
U87 cells labeled with green fluorescence were obtained from

zhk
线条
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Fig. 5. HA-SbQ micelles uptake by BMM cell. (A) Fluorescent microscopy of BMM
cell treated with 100 �M rDHPE-labeled cross-linked HA-SbQ micelles. (B) To con-
firm intracellular drug levels, cell lysates of cultured BMM treated with 100 �M of
micelles were collected at specified times and assayed by HPLC.m.co

m.cn

ig. 3. PTX-loaded HA-SbQ micelles storage stability. (A) Micelles size as a function
f time. (B) PTX encapsulation ratio as a function of time.

merican Type Culture Collection (ATCC). For the MTT assay, cells
ere plated on 96-well plates to confluence and were allowed to

dhere overnight.

.7. Fluorescence microscopy .sp
The rDHPE-labeled HA-SbQ micelles exhibited a red fluores-
ence. Images were captured using a Nikon TE2000-U (Nikon
nstruments Inc., Melville, NY) with a swept-field confocal

ig. 4. PTX release profiles in PBS solutions with 1% Tween 80 at 37 ◦C. The micelles
oncentration was 0.1 mg/mL.

Fig. 6. HA-SbQ micelles uptake by U87 cell. (A) Fluorescent microscopy of U87 cell
treated with 100 �M rDHPE-labeled cross-linked HA-SbQ micelles. (B) To confirm
intracellular drug levels, cell lysates of cultured U87 treated with 100 �M of micelles
were collected at specified times and assayed by HPLC.

www
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Fig. 7. Cell viability of BMM and U87 incubated with blank and PTX-loaded HA-
SbQ micelles. (A) MTT cytotoxicity assay were shown no toxicity to BMM at higher
c
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oncentration of blank and PTX-loaded HA-SbQ micelles. (B) In vitro cytotoxicity of
arious formulations of PTX against U87 cell. 12 h incubation then washout following
resh medium, MTT analysis of chemosensitivities was performed at day 3.

icroscope, 488 nm (green) and 568 nm (red) laser excitations, and
20× objective.

.8. Cell viability assays

U87 and BMM cell viability was determined using the MTT assay.
TT reduction was measured in U87 and BMM with PTX con-

entration ranging from 0.001 to 1000 �g/ml for 12 h and then
ashed out by fresh media. The assay was based on the ability

f active mitochondrial dehydrogenase to convert dissolved MTT
o water-insoluble purple formazan crystals. To each BMM or U87
ontaining well in a 96-well plate, 100 �l of MTT solution [5 mg/ml
olution in 10% fetal bovine serum (FBS) in phosphate buffered
aline (PBS)] was added and incubated for 4 h at 37 ◦C. At the end
f the incubation period, the media was replaced with 100 �l of
imethyl sphingosine (DMSO) for 15 min at room temperature and
bsorbance at 490 nm was determined using an ELISA plate reader.

. Results

.1. Preparation and characterization of PTX-loaded cross-linked

www.sp
A-SbQ micelles

Our previous work showed that negatively charged hyaluro-
an (HA) and an oppositely charged styrylpyridinium species (SbQ)
mers 88 (2012) 118–124

could form nano-sized micelles with a core–shell structure com-
posed of a hydrophobic SbQ core and a hydrophilic HA shell
layer (Xu et al., 2011). Cross-linking of the hydrophobic core via
dimerization reaction of the SbQ molecules induced by UV light
ultimately produces crosslinked micelles (Fig. 1). The anticancer
drug, paclitaxel (PTX), is known to have the highly hydrophobic
property, so that we hope to use cross-linked HA-SbQ micelles
as a carrier for PTX to increase its aqueous solubility. The dialy-
sis method was used to prepare PTX-loaded cross-linked HA-SbQ
micelles in this study. PTX dissolved in methanol was first added to
the nanoparticle solution, and then was dialyzed against aqueous
medium. In the dialysis process, methanol was gradually removed,
which resulted that PTX spontaneously transferred from the aque-
ous medium into the hydrophobic cores of the micelles due to the
driving force of hydrophobic interaction. AFM was employed to
visualize micelles morphology. AFM image (Fig. 2a) shows that PTX-
loaded cross-linked HA-SbQ micelles were still spherical in shape.
The size distribution of the micelles was unimodal (Fig. 2b), also
indicating the formation of the expected monodispersed micelles.

The physicochemical characterization and drug-loading param-
eters of PTX-loaded cross-linked HA-SbQ micelles are summarized
in Table 1. The amount of PTX (i.e., 10 mg) was kept constant,
and concentration of HA-SbQ was varied accordingly (i.e., 20, 30,
50 mg). Formulation of 1/3 (drug/carrier) was found to be appro-
priate with particle size of 113 ± 3.5 nm, drug loading coefficient
of 30.1 ± 1.9% and encapsulation ratio of 90.1 ± 1.0%, respectively.
The zeta potential of PTX-loaded cross-linked HA-SbQ micelles also
shown in Table 1 indicated the negative charges on the micelles
surface.

The conventional micelle drug delivery systems based on the
linear amphiphilic copolymers suffer from instability because
micelles tend to disassemble in vivo. Maintaining the dimensional
stability of micelles is crucial for many applications (Kim, Sahay,
Kabanov, & Bronich, 2010; Abdullah Al et al., 2011). Cross-linking
may improve stability of the micelles. Fig. 3 shows the particle size
and drug content of PTX-loaded cross-linked HA-SbQ micelles and
un-cross-linked ones. As shown in Fig. 3, un-cross-linked micelles
showed obvious change on size and drug content in 6 weeks,
exhibiting poor storage stability, whereas the cross-linked micelles
showed insignificant change in 6 weeks, demonstrating that the
cross-linked HA-SbQ-PTX micelles have good storage during this
time period.

3.2. In vitro drug release study

PTX release behavior from cross-linked HA-SbQ-PTX micelles
was studied in vitro in PBS solution with 1% Tween 80 at 37 ◦C.
The cumulative PTX release profiles are shown in Fig. 4. Only 35%
PTX released from cross-linked HA-SbQ-PTX micelles within 24 h,
and approximately 75% PTX was released during 96 h. This result
showed that the micelle carrier can not only solubilize the poorly
soluble drugs, but also sustain PTX release. More interestingly, the
release of PTX from cross-linked HA-SbQ–PTX micelles was signif-
icantly inhibited, compared with those un-cross-linked controls.
The suppression in release of PTX was also attributed to the cross-
linking, which restricted the mobility of PTX, consequently, its
release became slower.

3.3. In vitro cellular uptake of micelles

The cellular uptake of HA-SbQ micelles was examined to
demonstrate the penetration of the micelles into the cells. The

.co
m.cn
micelles were tested for cell uptake at a constant concentration of
100 �M. As shown in Figs. 5A and 6A, representative images reveal
increasing intensity of the fluorescence signal of rDHPE-labeled
cross-linked micelles, demonstrating uptake by BMM and U87 cell
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Table 1
Characteristics of the PTX-loaded cross-linked HA-SbQ micelles: particle size, size distribution, drug loading coefficient and encapsulation efficiency.

Drug/carriera (w/w) Particle sizeb (nm) Polydispersity indexb Zeta potential (mv) Drug loading coefficient (%) Encapsulation ratio (%)

1:5 83 ± 4.1 0.332 ± 0.04 −14.8 ± 0.7 17.8 ± 1.2 94.8 ± 1.2
1:4 96 ± 2.5 0.218 ± 0.03 −13.2 ± 0.4 23.3 ± 0.9 92.3 ± 0.9
1:3 113 ± 3.5 0.206 ± 0.06 −15.1 ± 0.6 30.1 ± 1.9 90.1 ± 1.0
1:2 125 ± 4.8 0.311 ± 0.06 −14.2 ± 0.8 35.1 ± 1.1 72.1 ± 1.1
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a The weight ratio of PTX to HA-SbQ micelles.
b The size and size distribution of PTX-loaded cross-linked HA-SbQ micelles dete

ver the 8-h time period. Cross-linked micelles entered BMM and
87 cell within 1 h of incubation. At 4 h, more than 50% of BMM
nd U87 cell contained varying levels of micelles and increased to
5% by 8 h. HPLC analysis provides quantitative information about
he uptake status of micelles. As shown in Figs. 5B and 6B, the
ptake of HA-SbQ micelles into BMM and U87 cells was also a
ime-dependent process which increased with time. The PTX deliv-
red by cross-linked micelles accumulated within the BMM and
87 cells at a faster rate and to larger extent than that by un-
ross-linked micelles. Taken together, for PTX-loaded cross-linked
A-SbQ micelles, the smaller size and stable structure may facili-

ate the cellular uptake, resulting in higher cellular uptake.

.4. Toxicity

We investigated PTX-loaded micelles toxicity to macrophages
nd tumor cells. BMM (Fig. 7A) and U87 (Fig. 7B) were treated
ith varying concentrations of micelles-blank, micelles-PTX and

ree PTX and cell viability was measured by MTT assay at post
reatment day 3. We found no significant toxicity to BMM for

icelles-blank, micelles-PTX under experimental dosages, no mat-
er whether micelles were cross-linked or not (Fig. 7A). The results
lso suggest that HA-SbQ micelles carrier had limited toxicity to
acrophages as well as lower bio-toxicity.
Furthermore, it is shown from Fig. 7B that free PTX and PTX-

oaded HA-SbQ micelles were specifically toxic to U87 cells at
oncentrations from 10−2 to 10−6 mg/ml. Chemosensitivity of
TX and PTX-loaded un-cross-linked micelles and PTX-loaded
ross-linked micelles was compared. As shown in Fig. 7B, PTX-
oaded un-cross-linked micelles, cross-linked micelles displayed
ncreasing cytotoxicity as the concentration increased, PTX-loaded
ross-linked HA-SbQ micelles exhibited higher cytotoxicity than
n-cross-linked ones and free PTX at identical concentration. The
uperior cytotoxicity of PTX-loaded cross-linked HA-SbQ micelles
ight be attributed to higher cellular uptake.

. Conclusions

In summary, we successfully prepared cross-linked HA-SbQ
icelles filled with PTX, and confirmed sustained release for PTX

rom micelles. Fluorescence microscopy and HPLC studies showed
hat PTX-loaded cross-linked HA-SbQ micelles had excellent cel-
ular uptake ability by BMM and U87 cells. Cellular uptake of
ross-linked HA-SbQ micelles was found to be higher than that of
n-cross-linked ones due to smaller size and more stable struc-
ure. In vitro cytotoxicity studies also revealed that the PTX-loaded
ross-linked micelles were more potent than those of PTX-loaded
n-cross-linked micelles and free PTX. Taken together, cross-linked
A-SbQ micelles seem to be a potential drug delivery system of PTX

or cancer chemotherapy.
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