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a b s t r a c t

A new series of amphiphilically modified chitosan molecules with long alkyl chains as hydrophobic
moieties and glycol groups as hydrophilic moieties (N-octyl-O-glycol chitosan, OGC) was synthesized
for use as drug carriers. The chemical structure was characterized by Fourier transform infrared, 1H
nuclear magnetic resonance, and elemental analysis. OGC could easily self-assemble to form nanomicelles
in an aqueous environment and exhibited a low critical micellar concentration of 5.3–32.5 mg/L. The
biocompatibility and low toxicity of OGC as excipient for the dosage forms aimed at i.v. administration
were confirmed by hemolysis, acute toxicity and histopathological studies. Furthermore, the possibility of
solubilizing paclitaxel (PTX), a water-insoluble antitumor drug, with OGC micelles was also explored. PTX
was successfully loaded into OGC micelles by using a simple dialysis process. The drug-loading capacity of
OGC and stability of drug-loaded micelles were significantly affected by the degree of substitution of alkyl
chains. Moreover, a series of safety studies including hemolysis, hypersensitivity, maximum tolerated
dose, acute toxicity, and organ toxicity revealed that the PTX-loaded OGC micelles had advantages over

®
the commercially available injectable preparation of PTX (Taxol ), in terms of low toxicity levels and
increased tolerated dose. Additionally, cytotoxicity studies showed that the PTX-loaded OGC micelles
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. Introduction

To deliver poorly water-soluble drugs efficiently has been one
f the most challenging goals for formulation scientists (Fahr and
iu, 2007; Fransson and Green, 2008). Paclitaxel (PTX) is an impor-
ant clinical anticancer drug that exhibits strong cytotoxic activity
gainst a variety of cancer types, especially breast and ovarian can-
er (Wang et al., 2008). However, its clinical applications have been
indered by its extremely low solubility in water (0.3 �g/mL) (Feng
nd Huang, 2001). To enhance its solubility, PTX is currently formu-
ated as a 50:50 mixture of Cremophor EL (a polyethoxylated castor
il) and ethanol (Taxol®). However, the amount of Cremophor
L required to solubilize PTX is considerably high (26 mL of Cre-
ophor EL for an average patient for a single intravenous dose)

Gelderblom et al., 2001), which results in significant side effects

uch as hypersensitivity, neurotoxicity, nephrotoxicity, and car-
iotoxicity. Therefore, a number of alternative formulations have
een investigated aimed at solubilizing PTX: liposome (Marcel
usteata and Pawliszyn, 2006), lipid emulsion (Han et al., 2007),
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ercial formulation, but the blank micelles were far less toxic than the
esults suggest that OGC is a promising carrier for injectable PTX micelles.

© 2010 Elsevier B.V. All rights reserved.

mixed micelle (Wang et al., 2008), cyclodextrin complex (Bouquet
et al., 2007), paclitaxel conjugate (Kakinoki et al., 2008), and poly-
meric micelles (Licciardi et al., 2006). These carriers did not only
solubilize PTX but also may give targeted delivery after intravenous
administration as a result of the enhanced permeability and reten-
tion (EPR) effect.

Recently, polymeric micelles have attracted increasing atten-
tion as promising vehicles for poorly soluble drugs (Kadam et al.,
2009). Polymeric micelles are self-assemblies of amphiphilic block
copolymers in aqueous media. The high potential of polymeric
micelles as drug carriers lies in their unique characteristics such
as nanoscale size, thermodynamic stability and unique core–shell
architecture (Gao et al., 2008; Ye et al., 2009). Hydrophobic drugs
can be solubilized into the hydrophobic core structures of polymer
micelles. The hydrophilic shell surrounding the micellar core can
prevent intermicellar aggregation or precipitation, protein adsorp-
tion, and cell adhesion from happening (Mahmud et al., 2007; Qiu
et al., 2009). It has been reported that highly tumor-specific deliv-
ery of anticancer agents was achieved using polymeric micelles

as carriers, following a passive targeting mechanism (Alexis et
al., 2008; Kawano et al., 2006). Although much effort has been
made to develop novel polymeric amphiphiles, only limited poly-
mer amphiphiles are suitable as drug delivery vehicles because of
the requirement for biocompatibility and biodegradability (Branco
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nd Schneider, 2009). Additionally, low stability has been observed
or drug-loaded polymer micelles in aqueous solution, and stability
ecreased as drug-loading levels increased (Huh et al., 2005).

Chitosan, one of the most plentiful biomaterials prepared from
-deacetylation of chitin, has attracted significant interest in
iotechnology fields because of its well-known low toxicity, excel-

ent biocompatibility and biodegradability (Kumar et al., 2000;
i et al., 2002). To date, several hydrophobically modified chi-

osan derivatives, such as stearic acid-modified chitosan (Hu et
l., 2006c), deoxycholic acid-modified chitosan (Lee et al., 2005),
inolenic acid-modified chitosan (Chen et al., 2003; Liu et al., 2005),
ave been synthesized and confirmed to form micelle-like struc-
ures by self-aggregation in aqueous environment. These micelles
howed good loading capacities for anionic macromolecules, e.g.,
ene (Cheong et al., 2009; Hu et al., 2006c) or protein (Hu et
l., 2006a) and enhanced intracellular delivery abilities because
f their cationic property and special spatial structure with mul-
ihydrophobic cores (Hu et al., 2008b, 2006c). However, only a
mall section of the hydrophobic segment can be conjugated to
hitosan backbone (degree of substitution, DS <10%) because of
he extremely low solubility of chitosan in neutral media (Liu et
l., 2003), which led to low loading capacities of the micelles for
onionic hydrophobic drugs (Du et al., 2009; Hu et al., 2006b).

To overcome the above disadvantages, chitosan can be
mphiphilically modified by attaching both hydrophobic and
ydrophilic segments to the backbone. In our previous studies, we

ound that alkyl chain-modified succinyl chitosan (Xu et al., 2007)
nd carboxymethyl chitosan (Zhang et al., 2009) showed excellent
rug-loading capacities because the alkyl chains had good affini-
ies for hydrophobic drugs. I.C. Kwon’s group synthesized cholanic
cid (Min et al., 2008; Nam et al., 2009), and deoxycholic acid-
odified glycol chitosan (Kim et al., 2005a), and F.Q. Hu’s group

esigned stearic acid-modified chitosan-g-polyethylene glycol (Hu
t al., 2008a). Both groups found that positive charges were favor-
ble to the interaction between micelles and cells (Hu et al., 2008a;
ee et al., 2009; Nam et al., 2009). Therefore, it seemed appropri-
te to explore the possibility of alkyl-modified hydrophilic chitosan
ith positive charges as a potential micellar drug delivery system.

In this study, we designed an amphiphilically modified chi-
osan derivative, N-octyl-O-glycol chitosan (OGC) and tested
he potential of polymeric micelles composed of OGC as intra-
enously injectable carriers of PTX. Firstly, hydrophobic alkyl
hains and hydrophilic glycol groups were conjugated to the chi-
osan backbone, respectively, and the self-assembling abilities and
iocompatibilities of the chitosan amphiphilic derivatives were
valuated. Secondly, the effect of DS of alkyl chains of OGC on
rug-loading capacity, stability, in vitro drug release, and other
hysicochemical properties were investigated in detail. Finally,
he safety and in vitro cytotoxicity of blank OGC micelles and the
TX-loaded OGC micelles were evaluated using the Cremophor-EL-
ased commercial formulation (Taxol) as a control.

. Materials and methods

.1. Materials

Chitosan was purchased from the Zhejiang Yuhuan Biochem-
cal Co. Ltd. (Zhejiang, China) with deacetylation degree of 90%
nd viscosity average molecular weight of 8.7 × 104 Da. Octalde-
yde was purchased from Nanjing Skyrun Golden Harvest Perfume

anu Co. Ltd. (Jiangsu, China). Sodium borohydride and ethy-

ene oxide were purchased from Sinopharm Chemical Reagent Co.,
td. (Shanghai, China). Pyrene was purchased from Fluka Com-
any (>99%). PTX was obtained from Chongqing Meilian Pharm
o., Ltd. (Chongqing, China). Cremophor EL was a kind gift from
armaceutics 394 (2010) 162–173 163

BASF Corp. (Ludwigshafen, Germany). Taxol (Bristol-Myers Squibb,
New York, NY) was purchased in a retail pharmacy. Tween 80 was
obtained from Jiangsu Chenpai Pharmaceutical Co. Ltd. (Jiangsu,
China). 3-(4,5-Dimethylthiazol-2-yl)-2, 5diphenyltetrazolium bro-
mide (MTT) was purchased from Sigma–Aldrich (St. Louis, MO).
All other reagents were analytical grade and used without further
purification. Distilled or deionized water was used in all experi-
ments.

2.2. Animals

Kunming mice (18–22 g) were obtained from New Drug Screen-
ing Center of China Pharmaceutical University, and guinea pigs
(250–300 g) were obtained from the Laboratory Animal Center
of Nanjing General Hospital. All animals were pathogen free
and allowed free to access food and water. The experiments
were carried out in compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals.

2.3. Synthesis of chitosan amphiphiles

2.3.1. Synthesis of N-octyl chitosan
Chitosan was alkyl modified by the method described previously

with slight modification (Liu et al., 2006). In brief, 2 g of chitosan
were dissolved in 200 mL of 1% acetic acid solution. A predeter-
mined amount of octaldehyde was added to the solution, and the
mixture was stirred for 30 min. Hydrogenation was performed with
sodium borohydride (0.64 g) dissolved in 6.4 mL of water. After
a further 12 h of continuous stirring, the mixture was neutral-
ized with 2 M sodium hydroxide. The precipitate was filtered and
washed with methanol/water (80:20 and 90:10, v/v), methanol,
hexane, and acetone, respectively. The product, N-octyl-chitosan
(OC), was dried in vacuum.

2.3.2. Synthesis of OGC
OGC was synthesized by conjugating glycol groups to OC. Briefly,

1 g of OC was suspended in 15 mL of 1% acetic acid solution,
then 10 mL of 12.5 M sodium hydroxide was added, and the mix-
ture was stirred at 40 ◦C for 12 h. The flask was then equipped
with a reflux condenser, and the reaction mixture was cooled in
an ice bath with the subsequent addition of 10 mL of ethylene
oxide. After continuously stirring the mixture for 4 h, the ice bath
was removed, and the mixture was stirred for an additional 5 h
at 40 ◦C. The supernatant was discarded, and 40 mL of distilled
water were added. The pH of the solution was adjusted to pH 7.0
with 5 M sodium hydroxide solution, and the solution was dia-
lyzed against distilled water by using a dialysis membrane with
a molecular weight cut-off of 14,000 Da. OGC was obtained by
lyophilization.

2.4. Structure characterization of OGC

Fourier transform infrared (FT-IR) spectra were recorded with
KBr pellets on a Nicolet Impact 410 spectrometer (Nicolet Analyti-
cal Instruments, Madison, WI). 1H nuclear magnetic resonance (1H
NMR) spectra were recorded with a Bruker Avance spectrometer
(AV-500; Bruker, Karlsruhe, Germany) spectrometer operating at
500 MHz. Chitosan and OC were dissolved in the mixture of D2O

and DCl, respectively. OGC was dissolved in D2O. Degree of substi-
tution (DS), defined as the number of glycol groups or octyl chains
per 100 glucosamine units of chitosan, was determined by ele-
mental analysis by using a Vario EL III analyzer (Elementar, Hanau,
Germany).
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.5. Determination of the critical micellar concentration

The critical micellar concentration (CMC) of OGC in distilled
ater was estimated by fluorescence spectroscopy by using pyrene

s a hydrophobic fluorescence probe (Wilhelm et al., 1991). Briefly,
mL of pyrene solution (6 × 10−6 M) in acetone was transferred

nto a 10-mL volumetric flask, and then acetone was removed from
he solution by purging with nitrogen gas. Different amounts of
GC micelles were added into the volumetric flasks containing
cetone-free pyrene, and the resulting solutions were diluted with
istilled water to make the final pyrene and OGC concentrations
f 6 × 10−7 M and 1 × 10−4 to 2 mg/mL, respectively. The solutions
ere sonicated for 30 min at 100 W followed by incubation at 40 ◦C

or 1 h and kept from light overnight at room temperature for
2 h. Fluorescence spectra were recorded with an RF-5301 PC flu-
rescence spectrophotometer (Shimadzu, Kyoto, Japan) with the
mission wavelength at 390 nm. The slit widths for emission and
xcitation were set at 3.0 and 1.5 mm, respectively. The peak height
ntensity ratio (I3/I1) of the third peak (I3 at 338 nm) to the first peak
I1 at 333 nm) against the logarithm of micelles concentration was
lotted.

.6. Preparation of PTX-loaded OGC micelles

PTX-loaded OGC micelles were prepared by dialysis. Briefly, OGC
owders (20 mg) were dispersed in 3 mL of distilled water under
ontinuous stirring for 1.5 h at 50 ◦C until all powders were dis-
olved. PTX powders (30 mg) were dissolved in 1 mL of ethanol. The
bove polymer solution and a certain amount of PTX solution were
ixed and sonicated with a probe-type ultrasonicator (JY92-2D;
ingbo Scientz Biotechnology Co., Ltd., Ningbo, China) at 100 W for
0 min in an ice bath. To remove ethanol, the resulting solution was
ialyzed against distilled water overnight at room temperature by
sing a membrane with a molecular weight cut-off of 14,000. To
emove unloaded PTX, the micellar solution was filtered through a
.45-�m filter and then lyophilized in the presence of 2% mannitol
Model LGJ-10, Gongyi Yuhua Instrument Co., Ltd., Gongyi, China).
he lyophilized powders were kept in a refrigerator at 4 ◦C until
se.

.7. Characteristics of PTX-loaded OGC micelles

.7.1. HPLC analysis
A Shimadzu LC-2010C system (Shimadzu, Kyoto, Japan) with

uilt-in UV–vis detector was used to perform all the analyses. Chro-
atographic software Class VP 6.12 was used for data collection

nd processing. A Shimadzu VP-ODS (250 mm × 4.6 mm, 5 �m) col-
mn was used for the separation. Mobile phase was composed of
ethanol and water (75:25); the flow rate and column temperature
ere set at 1 mL/min and 30 ◦C, respectively. The UV absorbance
as determined at 227 nm.

.7.2. Determining drug-loading capability
Drug-loading capability of the OGC micelles was determined

sing HPLC. Twenty microliters of PTX-loaded micelle solution was
ransferred into 10-mL volumetric flasks and diluted to mark with

ethanol. The solution was centrifuged at 10,000 rpm for 10 min,
nd the supernatant was analyzed with a validated HPLC assay.
he drug-loading efficiency (DLE, %) and drug-loading content (DLC,
t.%) were calculated with the following equations:
LE (%) = amount of PTX in micelles
amount of PTX used for micelle preparation

× 100 (1)

LC (wt.%) = amount of PTX in micelles
amount of PTX-loaded OGC micelles

× 100 (2)
armaceutics 394 (2010) 162–173

Because the solubility of free PTX is very low (<1 �g/mL) com-
pared to that of incorporated PTX as shown later (>2 mg/mL), the
amount of free PTX in this preparation was not taken into account
(Miwa et al., 1998; Zhang et al., 2004).

2.7.3. Particle size and zeta potential
The lyophilized powders were reconstituted with 5% dextrose

injection solution. The particle size and zeta potential were mea-
sured using a Malvern Zetasizer 3000 system (Malvern Instruments
Ltd., Malvern, UK). All of the dynamic light scattering (DLS) mea-
surements were performed at 25 ◦C and at a scattering angle of 90◦.
The zeta potential values were calculated using the Smoluchowski
equation.

2.7.4. Morphology
The morphology and particle size distribution were observed

with transmission electron microscopy (TEM) using an H-7000
electron microscope (Hitachi, Tokyo, Japan) electron microscope
operating at an accelerating voltage of 75 kV. Negative staining of
samples was performed as follows: one drop of sample solution was
placed onto a copper grid coated with carbon; the sample droplet
was taped with a filter paper to remove surface water and air-
dried for 5 min followed by an application of 0.01% phosphotungstic
acid to get nanoparticles deposited on the grid. The samples were
air-dried before observation.

2.7.5. Wide angle X-ray diffraction (WAXD) analysis
WAXD was performed using an XD-3A powder diffraction meter

(Shimadzu, Kyoto, Japan) with Cu K� radiation. Samples were
scanned from 2 to 40◦ 2� at a scanning speed of 1◦/min and a step
size of 0.05◦ 2�. The X-ray tube was operated at a potential of 40 kV
and a current of 40 mA.

2.7.6. Stabilities of drug-loaded micelles after reconstitution
The in vitro stability of the micellar samples was determined by

using a Cremophor-EL-based commercial formulation (Taxol) as a
control. Lyophilized PTX-OGC micelle powders containing 0.8 mg
PTX were dispersed in 1 mL of 5% dextrose. The resulting solu-
tion was incubated at 25 ◦C. Samples were taken from the solution
at predetermined time points, and the particle size of PTX-loaded
OGC micelles was measured by DLS. Then the samples were filtered
through a 0.45-�m filter to remove the large particles or precipi-
tants. The resulting solution was diluted with methanol, and the
concentration of PTX was determined by a validated HPLC assay,
according to the method described above.

2.8. Safety of OGC amphiphiles and PTX-loaded OGC micelles

2.8.1. Hemolysis test
The hemolysis of OGC amphiphiles was determined by using

low-molecular-weight surfactants (including Tween 80 and Cre-
mophor EL) as controls. The hemolysis test was performed as
described by Le Garrec D (Le Garrec et al., 2004). Human red blood
cells (RBC) were collected from a healthy donor and kept in vacuum
tubes (Shandong Weigao Orthopedic Device Co. Ltd., Weihai, China)
containing 7.5% (w/v) K3EDTA. The human RBC suspension was cen-
trifuged at 3000 rpm for 10 min. The cells were washed with saline
and the suspension was centrifuged at 3000 rpm for 10 min, and the
supernatant was discarded. The above process was repeated three
times. The RBC suspension was diluted with saline to obtain a 2%
suspension (v/v). RBC suspension (2.5 mL) was added to 2.5 mL of

polymer samples until the ultimate concentrations of OGC, Tween
80, and Cremophore EL ranged from 0.2 to 4 mg/mL. After incu-
bating at 37 ◦C for 3 h, the above suspension was centrifuged at
3000 rpm for 10 min to remove intact RBC. The supernatant was
collected and analyzed for released hemoglobin with a UV-2450
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pectrophotometer (Shimadzu) at 416 nm (n = 3). To obtain 0 and
00% hemolysis, 2.5 mL of saline and 2.5 mL of distilled water was
dded to 2.5 mL of RBC suspension, respectively. The degree of
emolysis was calculated with the following equation (Cheon Lee
t al., 2003):

emolysis (%) = Abs − Abs0

Abs100 − Abs0
× 100 (3)

here Abs, Abs100, and Abs0 are the absorbance of samples, a
olution of 100% hemolysis, and a solution of 0% hemolysis. The tur-
idity of samples was compensated for by using a sample solution
ithout erythrocytes as a blank control.

Additionally, the hemolysis of PTX-loaded OGC micelles and
axol were evaluated. RBC suspension (2.5 mL) was also added to
.5 mL of above formulations, and the ultimate PTX concentrations
anged from 0.05 to 0.2 mg/mL.

.8.2. Hypersensitivity test
Guinea pig model was used to evaluate the hypersensitivity

f PTX-loaded OGC micelles by using Taxol as a control. Guinea
igs (250–300 g) were randomly assigned to the following three
roups (n = 6, 50% male, 50% female): (1) negative control group, (2)
TX-OGC group, and (3) Taxol group. The animals were intramuscu-
arly injected with a 5% dextrose solution for the negative control
roup, PTX-loaded OGC micellar solution (5.0 mg/mL in 5% dex-
rose, dosage 10 mg/kg) for the PTX-OGC group, and Taxol solution
5.0 mg/mL in 5% dextrose, dosage 10 mg/kg) for the Taxol group
very other day. After the third injection, each group was further
ivided into two subgroups (n = 3). The animals in subgroup 1 were

ntraperitoneally injected with 2–3-mL samples 14 days after the
rst injection, and the animals in subgroup 2 were intraperitoneally

njected with 2–3-mL samples 21 days after the first injection. The
naphylactic response was observed after each injection.

.8.3. Maximum tolerated dose (MTD) studies
The MTD for PTX-loaded OGC micelles and Taxol administered

ntravenously was investigated in healthy Kunming mice (18–22 g).
he mice were randomly assigned to nine groups (n = 10, 50% male,
0% female) and received a single dose of Taxol at 20, 25, 30, and
0 mg/kg; PTX-OGC at 80, 90, 100, and 110 mg/kg; and dextrose
% as a control through the tail vein. Drug effects were determined
y closely monitoring weight changes and survival rates. The high-
st nonlethal dose of PTX causing <10% weight loss within 1 week
f ceasing dosing was defined as the MTD. The animals showing
eight loss exceeding 20% were sacrificed, as changes of this mag-
itude often indicate lethal toxicity (Freireich et al., 1966).

.8.4. Acute toxicity
To evaluate the acute toxicity of OGC amphiphiles and PTX-

oaded OGC micelles, their median lethal dose (LD50) of both blank
GC micelles and PTX-loaded OGC micelles was determined by
sing Taxol as a control. Kunming mice (18–22 g) were randomly
ivided into 14 groups (n = 10, 50% male, 50% female) and received a
ingle injection of OGC micellar solution at the dose of 391.5, 460.6,
41.9, 637.5, and 750.0 mg/kg; PTX-loaded OGC micellar solution
t the dose of 88.7, 104.4, 122.8, 144.5, and 170.0 mg/kg; Taxol at
he dose of 39.4, 43.7, 48.6, 54.0, and 60.0 mg/kg; and dextrose 5%
s a control through the tail vein. Mice were observed for 2 weeks
n all groups, and the number of mice surviving was recorded. The
D50 value and 95% confidence limits were calculated using Bliss
ethod (Bliss, 1935).

The histopathological affects of blank OGC and PTX-loaded OGC

icelles on various organs such as heart, liver, spleen, lung, and
idney were investigated after intravenous administration of OGC
r PTX-loaded OGC micellar solution at a half-dose level of LD50.
he histopathological changes in each organ were observed under
armaceutics 394 (2010) 162–173 165

an Olympus BX-40 light microscope (Tokyo, Japan) at day 8 after
the treatment.

2.9. Cytotoxicity

HepG2 cells were obtained from the American Type Culture Col-
lection and were maintained in RPMI-1640 media at 37 ◦C in a 5%
CO2 humidified environment. For the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, cells were plated to
confluence on 96-well plates and were allowed to adhere overnight.

In vitro cytotoxicity of PTX-loaded OGC and blank OGC micelles
were evaluated by MTT assay in human hepatoma HepG2 cell lines
by using Taxol, Taxol blank vehicle or free PTX solution as control
(Diaz et al., 2006). Taxol blank vehicle was prepared as described
previously (Carstens et al., 2008). Briefly, 1.0 mL of ethanol and
1.0 mL of Cremophor EL were mixed and then the mixture was son-
icated for 30 min. PTX-loaded OGC micelles and Taxol were diluted
with culture medium to obtain the desired PTX solution, whose
concentration of PTX ranged from 0.0001 to 100 �g/mL. Blank OGC
micelles and Taxol blank vehicle were diluted the same fold as their
corresponding formulations containing drugs, respectively. Free
PTX solution was prepared by dissolving a certain amount of PTX in
methanol and diluted with culture medium to give a concentration
of 0.0001–1 �g/mL (Cavallaro et al., 2003).

The cultured cells were incubated for 72 h in the presence of var-
ious amounts of the above samples. Then, 10 �L of MTT (5 mg/mL
in PBS) was added, followed by incubating for 4 h. DMSO (100 �L)
was added to each well to dissolve any formazan crystals formed.
The plates were vigorously shaken before the relative color inten-
sity was measured at the analysis wavelength of 570 nm and the
reference wavelength of 630 nm using a microplate reader (Mul-
tiskan Mk3, Thermo Labsystems, Beverly, MA, USA). The toxicity
of PTX formulations was expressed as the inhibitory concentra-
tion at which 50% of cell growth inhibition was obtained (IC50).
The IC50 was calculated using XLFit program using the one-site
dose–response model 205. Each sample was tested in triplicate,
six wells with only culture medium served as a blank, and the rel-
ative cell viability was calculated and presented as a percentage of
control values.

2.10. Statistical analysis

Statistical analysis was performed with Student’s t-test for two
groups and one-way ANOVA for multiple groups. All results were
expressed as mean ± SD unless otherwise noted; P < 0.05 was con-
sidered statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of OGC

A new series of amphiphilically modified chitosan molecules
with long alkyl chains as hydrophobic moieties and glycol groups
as hydrophilic moieties were synthesized for use as drug car-
riers. Detailed schemes for the preparation of OGC are shown
in Scheme 1. Chitosan was alkylated via Schiff bases formed by
the reaction between the primary amino groups of chitosan and
octaldehyde followed by reduction of the Schiff base intermediates
with sodium cyanoborohydride. OGC was synthesized by reacting
OC with ethylene oxide under alkaline conditions. By changing the
feed ratio of octaldehyde to chitosan, OGCs with different DS values

of alkyl chains were prepared.

The structure of synthesized polymer was determined by FT-IR
and 1H NMR. The FT-IR spectrum of chitosan (Fig. 1a) showed a
broad –OH stretch absorption band between 3500 and 3100 cm−1

and the aliphatic C–H stretch between 2990 and 2850 cm−1. As the
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Scheme 1. Schem

–H stretch band and N–H stretch band were aligned, it appeared
s a broad band from 3450 and 3100 cm−1 in the spectrum. Other
ajor absorption bands between 1229 and 1041 cm−1 represented

he free primary amino group (–NH2) at the C2 position. The peak at
655 cm−1 represented the acetylated amino group of chitin, which

ndicated that the sample was not fully deacetylated. The peak at

384 cm−1 represented the –C–O stretch of primary alcoholic group
–CH2–OH). In the IR spectrum of OC (Fig. 1b), the characteristic
and of –NH2 at 3300, 1601, and 1078 cm−1 disappeared or sig-
ificantly decreased after chitosan was alkylated, indicating the

Fig. 1. FT-IR spectra of (a) chitosan, (b) OC and (c) OGC.
ynthesis of OGC.

substitution reaction occurred on NH2 moieties. Meanwhile, the
stronger peaks at 2925 and 2854 cm−1 of the OC spectrum could
be assigned to the aliphatic C–H stretch band, which indicated that
alkyl chains were successfully conjugated to the primary amino
of chitosan. In the IR spectrum of OGC (Fig. 1c), the absorption at
2927, 2856, 1450, and 1383 cm−1 became much stronger, which
indicated that a large number of methylene was introduced to the
OC. The new strong absorption between 1210 and 1000 cm−1 was
attributed to the C–O stretch band and C–O–C asymmetric stretch-
ing vibration. The result indicated that the etherification occurred
mainly at the C6-OH of chitosan (Huang et al., 2005).

The successful incorporation of the octyl and glycol groups onto
the chitosan backbone was further ascertained by 1H NMR assay
of chitosan, OC, and OGC. As shown in Fig. 2, the peaks in the 1H
NMR spectrum of the d-glucosamine unit of chitosan were nearly
identical to those in previous reports (Chen et al., 2004), and the
peaks could be assigned as follows: 2.0 (–CH3, acetyl group), 4.7
(1-H), 3.1 (2-H), and 3.5-3.9 (3-H–6-H). Based on the chitosan spec-
trum, the signals at 3.0–3.4 and 1.1–2.0 ppm in the OC spectrum
were assigned to the methylene hydrogen (–NH–CH2–(CH2)6–CH3)
and (–NH–CH2–(CH2)6–CH3) of the N-alkyl group, respectively.
The peak at 0.95 ppm was attributed to the methyl hydrogen
(–NH–CH2–(CH2)6–CH3). Based on the spectra of OC, the reso-
nances in the range of 3.5–4.2 ppm of the OGC spectrum were
attributed to the protons of the glycol group (–O–CH2–CH2–OH),
(–O–CH2–CH2–OH), and chitosan backbone (2-H–5-H). The data
from 1H NMR demonstrated that the substitution of alkyl chains
and glycol group occurred mainly at the amino group and hydroxyl
group of chitosan, respectively.

The DS of the octyl and glycol groups was calculated based on
the elemental analysis data by comparing the C and N molar ratio
obtained from elemental analysis using the following equations
(Senso et al., 2000):

DS of alkyl group (%) = C/N(mol)OC − C/N(mol)Chitosan

8
× 100(4)

DS of glycol group (%) = C/N (mol)OGC − C/N (mol)OC × 100(5)

2

All results are shown in Table 1. OGC-1, OGC-2 and OGC-3 indi-
cates OGC with DS of the octyl groups 24.2%, 41.5% and 58.7%,
respectively. The DS of the glycol group was near 100% for all the
three samples.
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Table 1
Chemical compositions and properties of OGC micelles.

Sample DS of glycol groups (%) DS of octyl chains (%) Size (nm) Polydispersity index Zeta potential (mV) CMC (mg/L)

OGC-1 105.7 24.2 228.3
OGC-2 102.4 41.5 204.2
OGC-3 103.8 58.7 190.7

Fig. 2. 1H NMR spectra of (a) chitosan in D2O/DCl, (b) OC in D2O/DCl and (c) OGC in
D2O.
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the presence of hydrophobic cores, otherwise, such a high con-
ig. 3. Plot of the quotient of vibrational band intensities (I338/I333) from excitation
f pyrene as a function of log C of OGC-3 in distilled water.

.2. Self-assembly of OGC amphiphilies

Micelles can be formed only when the concentration of poly-
er is higher than its CMC, which plays an important role in
aintaining the stability of micellar system. Polymeric micelles

re generally more stable than low-molecular-weight surfactant

icelles because of their markedly lower CMC. To determine the

MC of OGC, fluorescence was measured using pyrene as a probe.
ig. 3 shows a typical plot of I338/I333 vs. log(C) of OGC. A substantial
ncrease of the intensity ratio was observed when the concentra-
0.148 +30.2 32.5
0.119 +28.6 19.8
0.132 +24.6 5.3

tion was higher than the CMC value, which indicated nanomicelle
formation. Therefore, CMC was estimated as the interception of two
straight lines, one of which was the fitted line at low nanoaggregate
concentrations and the other was the fitted line on the rapid rising
part of the curve.

As shown in Table 1, CMC of OGC was in the range 5.3–32.5 mg/L,
depending on the quantity of hydrophobic groups. As the DS of
the hydrophobic alkyl chains increased, the CMC of OGC signifi-
cantly decreased. A greater degree of hydrophobic substitution in
the macromolecules of OGC might facilitate self-aggregation, which
favors hydrophobic interactions and, thus, the formation of dense
polymeric micelles.

The CMC of OGC was also significantly lower than that of low-
molecular-weight surfactants (e.g., 1.0 × 103 mg/L for deoxycholic
acid vs. 2.3 × 103 mg/L for sodium dodecyl sulfate in water (Lee et
al., 1998)) and comparable to or even lower than that of chitosan
amphiphiles, such as deoxycholic acid-modified glycol chitosan
with a CMC of 47–219 mg/L (Kim et al., 2005b) and deoxycholic
acid-modified chitosan with a CMC of 13.2–44.7 mg/L (Lee et al.,
1998). The low CMC of OGC was attributed to the higher DS of alkyl
chains with stronger hydrophobicity. The results suggested that the
OGC micelles may remain stable in solution, even after extreme
dilution, and preserve their stability without dissociation after i.v.
injection into systemic circulation.

3.3. Preparation of PTX-loaded OGC micelles

PTX was incorporated into OGC micelles by using a simple dialy-
sis method. DLE and DLC were measured by a validated HPLC assay.
The detailed effects of drug-to-polymer ratio on DLE and DLC are
shown in Table 2. When the initial weight ratio of PTX to polymer
increased from 0.4:2 to 1:2, the amount of PTX introduced into OGC
micelles significantly increased from 15.7 wt.% to 32.8 wt.%. When
the initial weight ratio of PTX to polymer exceeded 1:2, for exam-
ple, up to 1.5:2, there was significant aggregation of unloaded PTX
during the preparation of drug-loaded micelles, which resulted in a
decrease in the loading level of OGC. Therefore, the optimal feeding
ratio of PTX to polymer was finalized as 1:2.

The effect of the amount of the hydrophobic group of OGC
amphiphiles on DLE and DLC was further investigated. As shown
in Table 2, micelles prepared with the OGC with an octyl DS range
of 24.2–58.7% had DLE values of 62.7–91.9% and DLC values of
23.9–32.8 wt.%. Higher DS of alkyl chains favored the formation of
inner cores with larger hydrophobic space, which may provide the
micelles an enhanced capacity to accommodate hydrophobic drugs.

The solubility of PTX in water was increased successfully to mul-
tiple times its inherent solubility after being loaded into micelles.
For instance, 15 mg of the freeze-dried drug-loaded micelles (no
mannitol) easily dissolved in 1 mL of distilled water in this study
(higher concentrations might be possible). At the loading level of
32.8 wt.%, the effective concentration of PTX could be 4.9 mg/mL,
which is 1.6 × 104 times higher than its intrinsic water solubil-
ity of 0.3 �g/mL (Seow et al., 2007). This observation confirmed
centration of PTX in water would not have been achieved (Branco
and Schneider, 2009; Mahmud et al., 2007). The highest DLC value
(32.8 wt.%) observed in the OGC micellar system was consider-
ably higher than those of most of micelles reported for solubilizing
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Fig. 4. TEM images of (a) OGC-3

TX (DLC 5–25 wt.%) (Danhier et al., 2009; Kim et al., 2006; Li et
l., 2007; Saravanakumar et al., 2009; Zhang et al., 2004; Zhao
t al., 2009). The compatibility between the guest molecule and
he core-forming block is thought to be the most important factor
nfluencing the DLC of polymeric micelles (Le Garrec et al., 2004).
his good loading capacity of OGC micelles might be attributed to
he high DS values of alkyl chains and good affinity between alkyl
hains and PTX. In addition, it is worth noting that, besides excel-
ent drug-loading capacity, the DLE of OGC was quite high (>90%).
onsidering the resource scarcity and expense of PTX, a high drug
LE value will be beneficial in reducing the final product cost.

.4. Characterization of PTX-loaded OGC micelles

.4.1. DLS and morphology
The particle size and polydispersity index of PTX-loaded OGC

icelles were estimated by DLS. The sizes of PTX-loaded OGC
icelles prepared with OGC of different DS of alkyl chains were sig-

ificantly bigger than those of blank OGC micelles (Tables 1 and 2,
< 0.05), which indicated that the drug was located inside the
icelles. The particle size decreased as the DS of the alkyl

hains increased, which indicated the formation of more intact
ydrophobic cores, as a result of the enhanced interaction between
ydrophobic alkyl chains. It is also worth noting that the size of
he drug-loaded micelles was not significantly affected by PTX
oncentration in the range of 0.1–2 mg/mL. This implied that the
nterparticle interaction between micelles was almost negligible.
he polydispersity index of PTX-loaded OGC micelles, estimated
y the cumulant method, was fairly low (<0.182), which suggested
narrow size distribution.
Zeta potential or particle surface charge is an important param-
ter indicating to the stability of nanocarrier systems. A relatively
igh surface charge may provide a repelling force between the par-
icles, thus increasing the stability of the solution (Kim et al., 2003).
s shown in Table 2, all the PTX-loaded OGC micelles had rela-

able 2
TX loading into OGC micelles. Data are presented as mean ± SD (n = 3).

Polymer Feed weight ratio
of PTX:OGC (w/w)

DLE (%) DLC (wt.%)

OGC-3 0.4:2 92.8 ± 1.3 15.7 ± 0.2
OGC-3 0.7:2 91.3 ± 1.4 24.2 ± 0.3
OGC-3 1:2 91.9 ± 2.5 32.8 ± 0.6
OGC-3 1.5:2 55.2 ± 4.3 29.3 ± 1.6
OGC-1 1:2 62.7 ± 1.8 23.9 ± 0.5
OGC-2 1:2 79.5 ± 1.7 28.4 ± 0.4
les and (b) PTX-OGC-3 micelles.

tively high positive zeta potentials of around +25 mV. It is obvious
that the high positive zeta potential of micelles was attributed to
the presence of ionized amino groups distributing on the surface
of micelles, which indicated that positive-charged glycol chitosan
covered the micelles. It is reasonable to conclude that the charged
particles may repel each other and prevent aggregation or precipi-
tation happening, thus resulting in good stability.

TEM was used to visualize directly the size and morphology of
OGC micelles with or without drug (Fig. 4). Smooth sphere mor-
phology was observed for OGC and PTX-loaded OGC micelles. It
was also noted that the size of blank OGC micelles or PTX-loaded
OGC micelles determined with TEM may be smaller than that of
intact micelles in an aqueous phase, because of the collapse of the
outer shell during the drying process in TEM assay.

3.4.2. WAXD analysis
To confirm the existence of PTX in the polymeric micelles,

WAXD analysis were conducted for PTX, blank micelles, PTX-loaded
micelles, and the physical mixture of blank micelles and PTX,
respectively. As shown in Fig. 5, OGC gave two intense peaks at
12.95◦ and 13.90◦ 2� (Fig. 5a). PTX showed seven intense peaks
at 2� of 5.45◦, 9.05◦, 9.80◦, 10.20◦, 11.20◦, 12.55◦, and 13.80◦ and
numerous small peaks between 15◦ and25◦ (Fig. 5b). When the two
samples were physically mixed at the ratio of 68:32 (w/w), typi-
cal crystal peaks of PTX and modified chitosan were still observed
(Fig. 5c). The lyophilized drug-loaded micellar system had no PTX
peaks, but it had two peaks similar to those of the lyophilized blank
micellar system (Fig. 5d). Therefore, it can be concluded that PTX
molecules were mixed uniformly with polymer molecules or PTX
existed inside micelles in an amorphous state.
3.4.3. Stability of PTX-loaded OGC micelles after reconstitution
Most polymer micelles have poor physical stability after drug

loading. In general, the stability of polymer micellar systems
decreases as DLC increases. OGC micelles possessed an extremely

Size (nm) Polydispersity index Zeta potential (mV)

194.5 ± 4.4 0.139 ± 0.005 +26.1 ± 1.8
200.8 ± 3.9 0.153 ± 0.004 +25.8 ± 1.4
210.4 ± 5.1 0.147 ± 0.005 +26.4 ± 1.4
205.5 ± 7.4 0.182 ± 0.006 +26.2 ± 1.6
245.3 ± 4.3 0.156 ± 0.005 +28.8 ± 1.6
215.7 ± 4.9 0.163 ± 0.006 +27.9 ± 1.3
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compared to the Cremophor-based commercial formulation. As
ig. 5. Powder X-ray diffraction patterns for the lyophilized powder: (a) the
yophilized blank OGC-3 micelles; (b) PTX; (c) physical mixture of blank micelles
nd PTX (68:32, w/w); (d) PTX-loaded OGC-3 micelles (32.8 wt.% drug loading).

igh drug-loading capacity, and therefore it was necessary to fur-
her investigate their in vitro stability. The loading content of PTX
n micelles was observed as a function of time after reconsti-
ution to test the stability of the drug-loaded micelles by using
he Cremophor EL-based commercial formulation Taxol as a con-
rol. As shown in Fig. 6a, Taxol showed poor physical stability,
s some particles slowly precipitated out of the aqueous solu-
ion after being stored at 25 ◦C for 24 h, and the amount of PTX
issolved in the solution was almost reduced to 0 after 2 days.
imilar results, that Taxol® maintained its stability only for about
day have been reported earlier (Pourroy et al., 2005). Hence,

n in-line filter was recommended for intravenous administra-
ion, and Taxol should be administered promptly after dilution
Stanford and Hardwicke, 2003). Even though the DLC was >30 wt.%,
he drug-loaded OGC micellar system could still maintain its
tability without drug precipitation for up to 5 days at 25 ◦C.
uch high loading capacity plus high stability in aqueous media
ave seldom been reported. Polymeric micelles composed of
oly(lactic acid)-b-poly(ethylene glycol) (PLA-b-PEG), poly (d,l-

actic acid)-block-methoxypolyethylene glycol (PDLLA-b-mPEG),
nd poly(d,l-lactide)-block-poly(N-vinylpyrrolidone) (PDLLA-b-

VP), which have been shown to solubilize PTX, showed drug
recipitation in less than 24 h with a DLC of 5–27 wt.% (Burt et
l., 1999; Cavallaro et al., 2003; Huh et al., 2005; Liggins and Burt,
002). The unique properties of OGC may be ascribed to two factors:

Fig. 6. (a) Loading content of PTX in micelles and (b) particle size as a function of
armaceutics 394 (2010) 162–173 169

(1) the positively charged glycol chitosan with strong hydrophilic-
ity constituted the surface of the micelles, which may have repelled
each other and prevented aggregation or precipitation happen-
ing; and (2) the strong interaction between the hydrophobic alkyl
chains and drugs reduced the leakage of drug from the inner core
of micelles.

The excellent stability of drug-loaded OGC micelles was also
confirmed by DLS measurement (Fig. 6b). In the first 5 days, there
were no significant changes in particle size of drug-loaded micelles,
while the polydispersity index increased slightly. On the sixth day,
the particle size and polydispersity index increased significantly,
especially for PTX-loaded OGC with the minimum number of alkyl
chains. The result indicated that the increase in DS of alkyl chains
enhances the hydrophobicity of inner cores, which may counteract
micelle expansion.

3.5. Safety evaluation of blank OGC micelles and drug-loaded
micelles

3.5.1. Hemolysis
Because amphiphilic polymers are analogs of low-molecular-

weight surfactants, they may have similar properties as surfactants,
such as causing cell membrane damage following i.v. administra-
tion (Le Garrec et al., 2004). To determine whether OGC induces
membrane damage, the level of hemolysis of OGC was compared
with that of Tween 80 and Cremophore EL, which are typical sur-
factants used for i.v. administration (Le Garrec et al., 2004). Fig. 7a
shows hemolysis at various concentrations of OGC-3, Tween 80,
and Cremophore EL. As the concentration increased, hemolysis
induced by Tween 80 increased dramatically. At the concentration
of 4 mg/mL, hemolysis caused by Tween 80 reached 67.7%. OGC-
3 and Cremophore EL were nonhemolytic in vitro toward human
RBCs (6.3% and 0.4% hemolysis at 4 mg/mL, respectively). Because
the maximum tolerated dose of Cremophore EL for i.v. administra-
tion is 75 mg/day, compared with 500 mg/day for Tween 80 (Miwa
et al., 1998), Cremophor EL is considered more toxic than Tween 80,
which might account for the serious side effects of Cremophore EL,
such as hypersensitivity and neurotoxicity. OGC with different DS
of alkyl chains showed similar hemolysis (data not shown), which
suggested that these nanomicelles are not toxic toward erythro-
cytes after i.v. injection.

In addition, the hemolysis of PTX-loaded OGC-3 micelles was
shown in Fig. 7b, as the concentration of PTX increased in the range
of 0.04–0.4 mg/mL, hemolysis induced by the commercial formu-
lation increased from 3.2% to 25.3%, while hemolytic activity of
PTX-loaded OGC-3 micelles was almost negligible (2.3% hemoly-

time of PTX-loaded OGC micelles and Taxol in 5% dextrose at 25 ◦C (n = 3).
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ig. 7. Hemolysis as a function of concentration of (a) Tween 80, Cremophor EL and
n = 3).

is). The results suggested that PTX-loaded OGC micelles were not
oxic toward erythrocytes after i.v. injection. Although Cremophor
L showed no hemolysis even at the concentration of 4 mg/mL as
escribed above, Cremophor EL/ethanol (50/50) showed similar
emolytic activity compared to the commercial formulation Taxol
Fig. 7b). Thus, the hemolysis of the commercial formulation could
e attributed to the use of ethanol in the formulation.

.5.2. Hypersensitivity test
PTX-OGC-3 (drug loading of 32.8 wt.%) was selected to evalu-

te hypersensitivity. A positive reaction was demonstrated by the
ccurrence of convulsion, collapse, circulatory collapse, and death
r occurrence of at least two kinds of anaphylactic response such as
iloerection, anhelation, sneezing, retching, and cough. The results
emonstrated that the PTX-OGC-3-treated group and negative con-
rol group did not respond to the final challenge. However, in the
axol group, typical anaphylaxis, such as anhelation and convul-
ion, occurred immediately after the first intramuscular injection,
nd five guinea pigs treated with Taxol died within 24 h. Therefore,
retreatment with corticosteroids and antihistamines was required
efore taking Taxol to reduce the risk of hypersensitivity reactions
Stanford and Hardwicke, 2003). These results demonstrated that
he PTX-OGC-3 solution used at the concentration of 5.0 mg/mL did
ot cause hypersensitivity. In terms of hypersensitivity, PTX-loaded
GC micelles were superior to Taxol.

.5.3. MTD
To determine the MTD of PTX formulations, higher doses of PTX-

GC-3 and Taxol were injected intravenously in healthy Kunming
ice (Table 3). The MTD of PTX-OGC-3 or Taxol after a single injec-

ion was determined to be 100 mg/kg or 25 mg/kg, respectively.
eath resulting from toxicity was observed at the dose of 110 mg/kg

or PTX-OGC-3 and 40 mg/kg for Taxol. Furthermore, it was noted
hat all mice receiving Taxol at all dose levels showed severe pros-
ration, apathy, respiratory distress, and catatonia after injection,
hereas no apathy was observed in PTX-OGC-3 group at any dose

evel. In addition, severe prostration, apathy, respiratory distress,
nd catatonia were also found after treatment with the Cremophor
ehicle (data not shown). Thus, toxicity appeared to be related to
he use of Cremophor EL and dehydrated ethanol.
.5.4. Acute toxicity
LD50 has been used as a measurement to evaluate the acute tox-

city. Mice were injected with various doses of OGC-3, PTX-OGC-3,
r Taxol via tail vein. Toxic responses such as severe prostration,
pathy, respiratory distress, catatonia and the number of mice
; (b) PTX-loaded OGC-3 micelles, Taxol and their corresponding blank formulations

surviving were observed. The LD50 of OGC-3 administered by intra-
venous injection was 551.1 mg/kg with the 95% confidence limits of
509.8–596.0 mg/kg. The LD50 was very high because of its excellent
capacity of solubilizing hydrophobic drugs such as PTX. For exam-
ple, the drug-loading content of PTX in OGC-3 was 32.8 wt.%. In in
vivo studies in mice, the dosage of PTX was no more than 20 mg/kg;
therefore, the dosage of OGC-3 was no more than 40 mg/kg, which
was much less than the LD50 of OGC.

The LD50 of PTX-OGC-3 administered by intravenous injec-
tion in mice was 123.1 mg/kg with the 95% confidence limits of
113.9–133.2 mg/kg. The LD50 of Taxol was 50.7 mg/kg, which was
2.5-fold lower than that of PTX-OGC-3. The corresponding 95%
confidence limits were 48.2–53.2 mg/kg. These parameters indi-
cated that the PTX-loaded OGC micelles were less toxic than Taxol
and provided critical guidelines for administering PTX-loaded OGC
micelles in future studies. This finding was in good agreement with
the above-mentioned MTD studies on mice, which demonstrated
that PTX-loaded OGC micellar preparations were better tolerated.

To investigate the histopathological effect of OGC-3 and PTX-
OGC-3 on various organs, such as heart, liver, spleen, lung, and
kidney, mice were administered OGC-3 and PTX-OGC-3 i.v. at the
dose that was half of the LD50. The histopathological changes in
each organ were observed under light microscopy on day 8 after
treatment with OGC-3 or PTX-OGC-3 (Fig. 8). No histopathological
changes were observed in the OGC-3 or PTX-OGC-3-treated groups
compared to the control group, which indicated that both OGC
micelles and PTX-loaded OGC micelles had no significant toxicity
for the main organs.

3.6. Cytotoxicity

The cytotoxicity of PTX-loaded and PTX-free OGC micelles
against human hepatoma HepG2 cells was evaluated using the MTT
method. For comparison, the cytotoxicity of blank micelles, Taxol
and its vehicle (Cremophor EL/ethanol = 50/50 (v/v), abbreviated as
Taxol vehicle), and pure PTX solution was also evaluated. As shown
in Fig. 9a, blank micelles did not show any toxicity, even at the high-
est concentration tested, while strong cytotoxicity was observed
when the cells were incubated in the presence of a concentrated
Taxol vehicle. Therefore, it can be expected that OGC micelles are
far less toxic than Cremophor EL vehicle.
As shown in Fig. 9b, the PTX-loaded micelles showed compa-
rable cytotoxicity as PTX formulated with Cremophor EL/ethanol,
which indicated that PTX remained biologically active after being
incorporated into OGC micelles. Taxol showed strong cytotoxicity
at 100 and 10 �g/mL, which may be attributed partially to the use
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Table 3
Determination of MTD at day 7 after i.v. injection of a single dose.

Formulations Taxol PTX-OGC-3 (32.8 wt.%)

Doses (mg/kg) 20 25 30 40 80 90 100 110

, cata
tion

o
m
P
o
t
p

Deaths 0/10 0/10 0/10
Observation postinjection Apathy, catatonia,

prostration
Apathy, catatonia,
prostration

Apathy
prostra

Body weight loss (%) <5 <10 >10

f Cremophor EL vehicle. In contrast, the cytotoxicity of PTX-loaded

icelles was more likely induced by PTX itself. Cytotoxicity of free

TX at a concentration of 10 and 100 �g/mL was not tested because
f its low solubility in cell culture medium. It should be mentioned
hat PTX-loaded micelles exhibited higher cytotoxicity than the
ure PTX solutions did at concentrations of 0.1 and 1 �g/mL, and

Fig. 8. Microphotographs of the organs of the mice treat
1/10 0/10 0/10 0/10 1/10
tonia, Apathy, catatonia,

prostration
No apathy No apathy No apathy No apathy

>10 <5 <5 <5 <5

this might have been attributed to the enhanced permeability of

the cell membrane induced by OGC amphiphiles, which resulted
in more drug being taken up by the cells. The IC50 of PTX-OGC-1,
PTX-OGC-2 and PTX-OGC-3 was 0.21 (±0.07), 0.19 (±0.09) and 0.28
(±0.14) �g/mL respectively, which was lower than that of Taxol
whose IC50 was 0.79 (±0.36) �g/mL. But no significant difference

ed with 5% dextrose, OGC-3 or PTX-OGC-3 (×500).
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ig. 9. Cell viability after 72 h incubation with (a) blank formulations for correspon
axol and free PTX.

as observed among these formulations (P > 0.05). Based on these
ytotoxicity results, it can be concluded that PTX-loaded polymeric
icelles were equipotent to the commercial PTX formulation and

hat OGC was less cytotoxic than Taxol vehicle in the absence of
rug.

. Conclusions

In this study, novel nanomicelles based on glycol chitosan
earing various amounts of alkyl chains were synthesized and char-
cterized. OGC exhibited a low CMC, above which the amphiphilic
erivatives self-assembled in an aqueous environment to form
icelles. The biocompatibility and nontoxicity of OGC as excipient

or the formulations aiming at i.v. administration were confirmed
n this study. Furthermore, PTX, a water-insoluble antitumor drug,

as successfully loaded into OGC micelles by using a simple dial-
sis method. The drug-loading capacity of OGC was significantly
ffected by the DS of alkyl chains. The superior features of the
TX-loaded OGC micellar system over other polymeric micelles
ere its high drug-loading capacity (32.8 wt.%), high drug-loading

fficiency (91.9%), and enhanced long-term stability in aqueous
olution (5 days). Furthermore, a series of safety studies revealed
hat PTX-loaded OGC micelles had advantages over the commer-
ially available injectable preparation of PTX (Taxol) in terms
f low toxicity levels and increased tolerated dose. In addition,
he MTT assay showed that the in vitro cytotoxic effect of the
TX-loaded micelles was comparable to that of the commer-
ial formulation, but the blank micelles were far less toxic than
he Cremophor EL vehicle. The results of this research demon-
trate the potential of OGC as an alternative and promising carrier
or micelles of PTX and other similar hydrophobic anticancer
gents.
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