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a  b  s  t  r  a  c  t

Self-assembled  amphiphilic  N-(2,3-dihydroxypropyl)–chitosan–cholic  acid  (DHP–CS–CHO)  micelle  was
prepared  as  a carrier  for paclitaxel.  DHP–CS–CHO  was  synthesized  by grafted  small  molecules  cholic
acid  and  glycidol  onto  primary  amine  group  of  chitosan,  respectively.  The  DHP–CS–CHO  formed  uni-
form micelles  (size  =  212.4  ± 3.1 nm)  with  a low  critical  micelle  concentration  (0.024  mg/ml)  in PBS.
Hydrophobic  anticancer  drug,  paclitaxel  (PTX),  was  easily  encapsulated  into  chitosan  derivative  micelles
eywords:
-(2,3-Dihydroxypropyl)–chitosan–cholic
cid
icelles

aclitaxel

by a  dialysis  method  with  loading  efficiency  up to  80%.  The  PTX loaded  micelles  released  the  drug  in a
sustained  manner  more  than  a week  in  PBS containing  0.1%  (w/v)  Tween  80 at 37 ◦C.  In vitro antitumor
experiment  demonstrated  that  PTX  loaded  chitosan  derivative  micelles  could  inhibit  MCF-7  cell  growth
and induce  its  apoptosis.  These  results  suggested  that  DHP–CS–CHO  may  be a promising  carrier  for  the
anticancer  drug  PTX.
rug delivery
ntitumor

. Introduction

Chitosan, the N-deacetylated derivative of chitin, is the only
ne natural cationic polysaccharide composed of d-glucosamine
nits and N-acetyl-d-glucosamine units (Kim et al., 2007; Kumar,
uzzarelli, Muzzarelli, Sashiwa, & Domb, 2004). For its biocom-

atible, non-toxic and biodegradable characteristics, chitosan and
ts derivatives have received much attention in biomedical mate-
ials, such as tissue engineering and scaffolds (Muzzarelli, 2009;
uzzarelli, Boudrant, et al., 2012; Muzzarelli, Greco, Busilacchi,

ollazzo, & Gigante, 2012), drug delivery system (Chiu et al.,
009; Huang et al., 2011; Li, Wang, Peng, She, & Kong, 2011;
ark, Saravanakumar, Kim, & Kwon, 2010; Trapani, Sitterberg,
akowsky, & Kissel, 2009; Yao, Zhang, Ping, & Yu, 2007; Zheng
t al., 2011). Chitosan is soluble in acidic aqueous solution, but
annot form micelles in biological or neutral solution. Therefore,
ifferent amphiphilic chitosan derivatives with good solubility in
eutral solution, such as, N-lauryl–carboxymethyl–chitosan (Miwa
t al., 1998), N-octyl–O-sulfate chitosan (Zhang, Ping, Zhang, &
ian, 2003; Zhang et al., 2008), cholesterol–modified glycol chi-
osan (Yu, Li, Qiu, & Jin, 2008), cholic acid–chitosan–g-mPEG

Ngawhirunpat et al., 2009), mPEG-g–chitosan (Liang et al., 2011),
-diethylaminopropyl–bearing glycol chitosan (Oh et al., 2010),
lycol chitosan–cholanic acid (Hwang, Kim, Kwon, & Kim, 2008;
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Min  et al., 2008; Nam et al., 2010), glycol chitosan–deoxycholic acid
(Kim et al., 2005), palmitoyl glycol chitosan (Wang, McConaghy,
Tetley, & Uchegbu, 2001), cholesterol–modified O-carboxymethyl
chitosan (Wang, Liu, Weng, & Zhang, 2007), deoxycholic acid
modified carboxymethyl chitosan (Jin et al., 2012), deoxycholic
acid–O-carboxmymethylated chitosan–folic acid (Wang et al.,
2011, 2012), and so on, have been synthesized so as to deliver
different drugs.

In this study, we utilized a simple chemical modification of chi-
tosan based on the primary amine in d-glucosamine units reacted
with carboxyl of hydrophobic molecule cholic acid under the catal-
ysis of EDC and with glycidol under the catalysis of hydrogen
ion, respectively, to get a new amphiphilic chitosan derivative,
DHP–CS–CHO and prepared its micelles based on self-assembly.
Furthermore, paclitaxel (PTX), an anticancer drug which has been
used in clinical treatment of several solid tumor such as ovarian
cancer, breast cancer and lung cancer, was loaded in DHP–CS–CHO
micelles by dialysis. Both the PTX release profile from the PTX
loaded micelles and the antitumor efficiency of the PTX loaded
micelles in vitro were investigated.

2. Experimental

2.1. Materials
Chitosan (MW = 20 kDa) was provided by the Zhejiang golden-
shell biochemical Co. Ltd. (China) with deacetylation degrees
of 97%. PTX was obtained by Yunnan HanDe biotechnology

ghts reserved.
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o. Ltd. (China). 1-Ethyl-3-(3-dimethylaminopropyl) carbodimide
ydrochloride (EDC·HCl) was purchased from Y-Y (Shanghai)
hemical reagent Co. Ltd. (China). Cholic acid, glycidol, 3-[4,5-
imethylthiazoly-2]-2,5-diphenyl tetrazolium bromide (MTT),
yrene and methanol (HPLC grade) were purchased from Acros
rganics. All other chemicals were of analytical grade and were
sed without further purification.

.2. Synthesis of DHP–CS–CHO

The modified chitosan was prepared as follow. First, chitosan
2.000 g) was dissolved in 100 ml  water with the pH at 5. Then the

ixture cholic acid (1.464 g) and EDC (0.824 g) in 50 ml  methanol
olution was added dropwise into chitosan solution. The reaction
as allowed to proceed at room temperature for 24 h. After that,

he reaction mixture was poured into 200 ml  methanol and the
H of mixture solution was adjusted above 7 with NaOH (2 M)
olution. The precipitate was filtered and washed with methanol,
ater and ethanol respectively more than three times until unre-

cted cholic acid and other impurities were removed. Then, the
roduct chitosan–cholic acid was dried under vacuum at 40 ◦C.
hitosan–cholic acid (1.0 g) was suspended in 50 ml  distilled water
ith 1% (v/v) acetic acid and stirred overnight. Then, 1.6 g glycidol
as dropped into chitosan–cholic acid suspension. The reaction
ixture was stirred for 24 h at 50 ◦C prior to termination upon

he addition of NaOH (2 M)  until the pH of solution above 7.
inally, the filtered solution was dialyzed against distilled water
nd lyophilized to yield a final product, DHP–CS–CHO (Fig. 1).

The chemical structure of DHP–CS–CHO and the degree of sub-
titution of hydrophobic molecular cholic acid and hydrophilic
olecular glycidol were characterized by FTIR (MagnaIR550II,
icolet, USA), elemental analysis (CE440, Exter Analytical, USA) and
MR spectroscopy (Avance500, Bruker, Switzerland).

.3. Preparation of DHP–CS–CHO micelles

DHP–CS–CHO self-assembled micelles were prepared by son-
cation. Briefly, DHP–CS–CHO was dissolved in PBS (pH 7.4) at the
oncentration of 1 mg/ml. Then, the solution was sonicated with

 probe sonicator at 40 W for 2 min. To prevent the temperature
f sample solution increased, the pulse of sonication was  turn on

 s with interval of 2 s. The sample solution was  then filtered with
.45 �m syringe filter.

.4. Critical micelle concentration (CMC)

The critical micelle concentration (CMC) of DHP–CS–CHO
n PBS was estimated by fluorescence spectroscopy using
yrene as hydrophobic fluorescence probe. The pyrene solutions

6.0 × 10−5 M)  in methanol were added into the test tubes and evap-
rated under a stream of nitrogen gas to remove the methanol.

 serial of DHP–CS–CHO solutions with different concentrations
anging from 1 × 10−4 to 1 mg/ml  were prepared and then left to

Fig. 1. Chemical structure of DHP–CS–CHO.
mers 94 (2013) 394– 399 395

equilibrate with a constant pyrene concentration of 6.0 × 10−7 M
for 24 h at 37 ◦C. Fluorescence spectra of pyrene were recorded
with a RF5301PC spectrofluorophotometer (Shimadzu, Japan) at
room temperature. The emission spectra were recorded from 350 to
450 nm at the excitation wavelength of 337 nm.  Both excitation and
emission brandwidths were 2.5 nm.  The peak height intensity ratio
(I1/I3) of the first peak (I1 at 373 nm)  to the third peak (I3 at 383 nm)
was plotted against the logarithm of polymer concentration. The
intersection of the tangent to the curve at the inflection with the
horizontal tangent through the points at low polymer concentra-
tions was  taken as the CMC  value (Kalyanasundaram & Thomas,
1977).

2.5. Size and morphology of DHP–CS–CHO micelles

The sizes of DHP–CS–CHO micelles (1 mg/ml) and PTX-loaded
micelles were measured by dynamic light scattering using a Zeta-
sizer Nano ZS90 (Malvern Instruments, Malvern, U.K.). The sample
measurement was repeated 5 times and an average value was
obtained. The morphologies of DHP–CS–CHO micelles and PTX-
loaded micelles were analyzed by TEM (FEI Tecnai20). Briefly,
prepared sample solution was dropped onto the carbon-coated 300
mesh copper grids. Then, the grids were air dried at room temper-
ature and imaged with an electron kinetic energy of 200 keV.

2.6. Drug loading and in vitro release

PTX was loaded into the cores of the DHP–CS–CHO micelles via
membrane dialysis. Briefly, 20 mg  of DHP–CS–CHO was mixed with
a certain amount of PTX in 5 ml  of DMSO. The resultant mixture was
dialyzed against 1000 ml  of deionized water using a dialysis mem-
brane with MWCO  of 3500 Da at room temperature. In the first 8 h,
the external deionized water was replaced every 2 h, then the exter-
nal deionized water was replaced every 8 h for 2 days. After dialysis,
the solution in the dialysis bag was centrifuged at 3000 rpm for
5 min  at room temperature in order to remove unloaded PTX. The
supernatant was  filtered through 0.8 �m membrane. Then, the drug
loaded micelles in supernatant were obtained by freeze drying.

The concentration of PTX loaded DHP–CS–CHO micelles was
analyzed by high performance liquid chromatography (HPLC). The
HPLC system consisted of a Waters Binary1525 separation mod-
ule fitted with a waters 2996 photodiode array detector and
DimaohilTM C18 (4.6 mm × 250 mm)  column. The mobile phase was
the mixture of methanol and water (70:30, v/v) with the elution rate
at 0.8 ml/min and the PTX detection wavelength was  set at 227 nm.
The column was  maintained at 25 ◦C.

PTX release from the PTX loaded micelles was  investigated.
2 mg  of PTX loaded micelles was  dispersed in 2 ml PBS (pH 7.4).
The solution was then filled into dialysis bag (MWCO = 3500 Da)
and submerged fully into a sealed container with 50 ml  PBS con-
taining 0.1% (w/v) Tween 80 with stirring at 100 rpm at 37 ◦C. At
predetermined times, 5 ml  external medium was taken outside for
HPLC analysis of its PTX content and the same volume of fresh
medium was  replenished.

2.7. In vitro cytotoxicity assay of paclitaxel loaded micelles

200 �l of MCF-7 cells in RPMI 1640 containing 10% FBS with
a cellular density of 1.0 × 104 cells/well was added to each well
in a 96-well plate. After incubation for 24 h in incubator (37 ◦C,
5% CO2), the culture medium was  replaced by 200 �l of RPMI
1640 containing the chitosan derivative and PTX load DHP–CS–CHO

micelles with particular concentration, respectively. The cell plate
was then returned to the incubator and incubated for 48 h. Then,
RPMI 1640 containing polymers were replaced by 180 �l fresh
RPMI 1640 and 20 �l of MTT  solution (5 mg/ml), followed by
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Fig. 2. FTIR of chitosan (a), chitosan–cholic acid (b) and DHP–CS–CHO (c).

ncubation for 4 h. After that the culture medium was  removed
nd 200 �l of DMSO was then added and shaken at room temper-
ture. A test wavelength of 550 nm and a reference wavelength
f 690 nm were used. The intensity of each well was  then given
y: (absorbance550 nm − absorbance690 nm). The relative cell viabil-

ty was calculated as cell viability (%) = (ODsample/ODcontrol) × 100,
here ODcontrol was obtained in the absence of polymers, and
Dsample was obtained in the presence of polymers. Results were
xpressed as mean ± SD for five replicates.

. Results and discussion

.1. Synthesis of DHP–CS–CHO

Based on amidation reaction which was used frequently in
hitosan modification (Jin et al., 2012; Nam et al., 2010; Wang
t al., 2011), small hydrophobic molecule cholic acid was  grafted
n chitosan which was evidenced in the FTIR of chitosan and its
erivatives (Fig. 2). The band of amide I at 1650 cm−1 (C O stretch
f acetyl group) observably increased while the band of primary
mine at 1600 cm−1 (N H bending vibration) decreased, which
onfirmed the formation of amide linkage between the carboxyl
roups of cholic acid and the primary amino groups of chitosan.
mphiphilic chitosan–cholic acid would aggregate together to form
icelles in acetic D2O and cholic acid moiety formed the inner

ydrophobic core. The hydrogen affiliated to cholic acid moiety
annot be exchanged freely with D2O, thus the degree of substi-
ution (DS) of cholic acid could not exactly determined by 1H NMR.
n this study, the DS of cholic acid, which was defined as the num-
er of cholic acid per 100 sugar residues of chitosan, was  calculated
sing the Eq. (1) as follows based on elemental analysis results (C,
 and N), the DS of cholic acid in chitosan–cholic acid was  3.0.

S = (14.00 × (C/N) − 72.79)
288.25

(1)

Fig. 3. 1H NMR  spectra of (a) DHP–CS–CHO in D2O, (b) N-(2,3-dihydroxypropy
mers 94 (2013) 394– 399

As shown in Fig. 2, the peak at 1600 cm−1 almost disap-
peared in DHP–CS–CHO evidenced that small hydrophilic glycidol
molecule reacted with primary amine in chitosan–cholic acid via
nucleophilic ring-opening reaction under the catalysis of hydrogen
ions. The 1H NMR  spectra (Fig. 3) of chitosan and its deriva-
tives further demonstrated the formation of amphiphilic chitosan
derivatives, DHP–CS–CHO. The assignments of proton NMR  sig-
nals were made by comparison with 1H NMR  spectra of chitosan
and its derivatives. The broad peak at 2.87–2.98 ppm and peak
at 2.50 ppm were attributed to proton of NH-CH2 in N-(2,3-
dihydroxypropyl) moieties. The peak at 2.61–2.79 ppm was from
proton at C-2 in saccharide units. The peaks range from 0.66 to
1.90 ppm were ascribed to the protons in cholic acid and also proved
the presence of cholic acid moieties in DHP–CS–CHO. The DS of N-
(2,3-dihydroxypropyl) grafted on chitosan backbone was  50. It was
calculated based on the comparison half peak area of NH-CH2
in N-(2,3-dihydroxypropyl) moieties with that of proton at C-2 in
saccharide units.

3.2. Critical micelle concentration (CMC)

The self-aggregation behavior of DHP–CS–CHO and its CMC
was determined by pyrene fluorescence probe technique. Fig. 4a
showed the increased emission spectra of pyrene in the presence
of DHP–CS–CHO with a series of concentrations. It suggested that
amphiphilic polymer DHP–CS–CHO supplied pyrene with much
more hydrophobic micro-environment when the concentration of
polymer increased in PBS. The CMC  curves of DHP–CS–CHO deter-
mined from emission spectra of pyrene in DHP–CS–CHO aqueous
solutions were shown in Fig. 4b. The CMC  of DHP–CS–CHO was
0.024 mg/ml in PBS (pH 7.4), which was much lower than that of low
molecular weight surfactant, such as SDS with CMC  of 2.3 mg/ml.
The CMC  value also demonstrated that DHP–CS–CHO could form
very stable micelles at low concentration in aqueous medium or
blood circulation system post administration.

3.3. Size and morphology of DHP–CS–CHO micelles

CMC  of DHP–CS–CHO established that this amphiphilic chi-
tosan derivative could self-aggregate in aqueous solution. In the
process of DHP–CS–CHO self-aggregated in aqueous medium, sev-
eral forces influenced the aggregation behavior of amphiphilic
chitosan derivative, namely the hydrophobic–hydrophobic asso-
ciations between cholic acid segments, the hydrogen bonding of
hydrophilic segments and water molecules, and the hydrogen
bonding among hydrophilic segments. These forces did not only
drive the self-aggregation of amphiphilic DHP–CS–CHO polymer

but also determined size and morphology of the aggregates. The
limpid micellar solution with DHP–CS–CHO at the concentration of
1 mg/ml  in PBS was obtained by the sonication. The size and size
distribution of the micelles in PBS were determined by dynamic

l)–chitosan in D2O and (c) chitosan in mixture of D2O/CD3COOD at 70 ◦C.
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Fig. 4. (a) The fluorescence emission spectra of pyrene against DHP–CS–CHO concentra
emission spectra as a function of log C.
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ig. 5. Size distribution and TEM of DHP–CS–CHO micelles (a) and PTX loaded
HP–CS–CHO micelles (b).

ight scattering (DLS). Fig. 5a showed that the size of DHP–CS–CHO
icelles was 212.4 ± 3.1 nm with uniform distribution (PDI = 0.147)

n PBS. TEM studies also demonstrated that DHP–CS–CHO aggre-
ates were spherical in shape and dispersed well without any
ggregation.

.4. Drug loading and in vitro release

Drug loading and release are important factors investigated in
rug delivery system. In the present study, an anticancer drug, PTX
as used as model drug to be encapsulated into DHP–CS–CHO
icelles by dialysis. Several factors may  affect drug loading into

he polymeric nanoaggregates and physicochemical properties

f polymeric nanoaggregates after drug loading, (1) the affin-
ty of the loaded drug with the core-forming polymer, (2) the
ontent of the hydrophobic core, (3) hydrophobicity of drug,
nd (4) drug-to-drug interaction (Lee et al., 2010; Zhang et al.,

able 1
haracteristics of PTX loaded DHP–CS–CHO micelles.

Sample Initial amount of PTX (%) 

Sample 1 1 

Sample  2 5 

Sample  3 10 

Sample  4 15 
tion (excited at 337 nm), (b) plot of the ratio of intensities (I373/I383) from pyrene

2004). Table 1 showed that drug loading content increased with
increase of feed weight ratio of PTX to polymer while load-
ing efficiency increased first, then decreased. This phenomenon
may  suggest that some PTX molecules have taken part in form-
ing a new hydrophobic core actively and played as a part
of segments constructed hydrophobic reservoir for other PTX
molecules, therefore the loading efficiency increased first, then
decreased when the PTX molecules which formed hydrophobic
core actively reached its saturation value. DLS and TEM of PTX
loaded DHP–CS–CHO micelles in Fig. 5b demonstrated that the
size of micelles (337.8 ± 2.7 nm,  PDI = 0.215) increased when PTX
was encapsulated into DHP–CS–CHO micelles and the drug loaded
micelles changed its structure but still maintained its spherical
shape.

PTX is an anticancer drug which has been used in clinic for sev-
eral years, however, the narrow therapeutic window of PTX and
water insoluble physicochemical characteristic limited its appli-
cation. Therefore, sustained release profile had been proposed in
nano-drug delivery system that could reduce the side-effect of PTX.
To assess the potential of DHP–CS–CHO micelle as a nano-sized
drug carrier, release tests were performed at 37 ◦C in PBS. Fig. 6a
showed that in vitro release profile of PTX from PTX loaded chi-
tosan derivative micelles. PTX keep a sustained release manner
from micelles without any burst release nomatter how much PTX
was loaded in micelles. It indicated that the release rate of PTX
might be controlled by diffusion mechanism as a result of parti-
tioning between micelles and surrounded aqueous phase. In ten
days, 40–60% of PTX had been released from PTX loaded micelles
with different drug loading content. Fig. 5b showed that when
the pH of PBS decreased, the release rate increased because the
protonation of primary amine and secondary amine on chitosan
backbone chains would increase the repulsive force between inter
and intra-chains, then reduced condensity of hydrophobic core.
This phenomenon might imply that PTX loaded micelles could
easily escape from endosome once entered into cancer cell and

release PTX. Among the different PTX loaded chitosan deriva-
tive micelles with different loading content of PTX, PTX loaded
micelles (loading content = 10.4%) was  chosen for further in vitro
experiments.

Loading content of PTX (%) Loading efficiency (%)

0.82 ± 0.07 75.9 ± 7.2
4.15 ± 0.60 81.2 ± 5.6
8.63 ± 0.71 88.6 ± 7.5

10.38 ± 0.67 68.3 ± 6.9
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Fig. 6. (a) PTX release profile from PTX loaded amphiphilic chitosan derivatives micelles with different drug loading at 37 ◦C in PBS (pH 7.4) containing 0.1% Tween 80 (w/v),
micelle 1 (loading content = 10.4%), micelle 2 (loading content = 8.6%), micelle 3 (loading content = 4.2%); (b) PTX release profile from PTX loaded micelle 3 at 37 ◦C in PBS
with  different pH. Data represent mean ± S.D. (n = 3).
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ig. 7. (a) Cytotoxicity of PTX and PTX-loaded micelles (LD = 10.4%), (b) cytotoxicity
epresent mean ± S.D. (n = 5).

.5. In vitro cytotoxicity assay of paclitaxel loaded micelles

The cytotoxicity of the PTX dissolved in Cremophor EL/ethanol
ixture (50/50, v/v) and the PTX-loaded chitosan derivative
icelles in PBS was evaluated through an MTT  assay. As shown in

ig. 7, the blank chitosan derivative was tested as a control group
nd almost did not show any cytotoxicity to MCF-7 cells, however,
he viability of MCF-7 cells decreased with increase of PTX concen-
ration when the cells cultured with PTX or PTX loaded chitosan
erivative micelles for 48 h. PTX dissolved in Cremophor EL/ethanol
ixture showed higher cytotoxicity than that of PTX loaded in chi-

osan derivative micelles. This phenomenon may  be ascribed to that
TX loaded in micelles had to be released from micelles before it
orked.

. Conclusion

In the present study, we have synthesized a new kind of
mphiphilic chitosan derivative DHP–CS–CHO via simple amida-
ion reaction and nucleophilic ring-opening reaction to prepare

icelle for delivery of water-insoluble drug, PTX based on self-
ssembly. DHP–CS–CHO could form stable spherical micelles
CMC = 0.024 mg/ml) with a narrow and unimodal size distribu-
ion in aqueous media even after PTX was loaded in DHP–CS–CHO

icelles. The PTX loaded DHP–CS–CHO micelles not only showed
ustained release profile of PTX but also displayed significant
ntitumor activity in vitro while the blank amphiphilic chi-

osan derivatives micelles demonstrated good biocompatibility.
t suggested that DHP–CS–CHO had high potential as a new
rug carrier of poorly water soluble anticancer drug, such
s PTX.
tosan derivatives, cell viability of each sample was measured using MTT  assay, data
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