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A  novel  amphiphilic  thiolated  carboxymethyl  chitosan  was  synthesized.  It self-assembled  into  disul-
fide  bond  cross-linked  nanoparticles  in deionized  water.  The  TEM  showed  that  these  nanoparticles  had
a core–shell  structure  with  an  average  diameter  of  160  nm.  Dynamic  light  scattering  showed  that  the
nanoparticles  were  stable  in water  solution.  The  particle  size  changed  with  pH values  and  GSH  concen-
trations,  and reached  a maximum  diameter  at pH 7.0  and 20 mM  GSH  respectively,  exhibiting  an  obvious
pH/redox  responsibility.  Methotrexate  was  encapsulated  in  nanoparticles  reaching  encapsulation  effi-
arboxymethyl chitosan
isulfide
anoparticle
H sensitivity
eduction responsibility
ontrolled drug release

ciency  as  much  as 43.4%. Release  profiles  of  methotrexate  showed  a release  rate  of 19 wt%  in pH  7.4
buffer  containing  10 �M GSH,  whereas  as high  as  93  wt%  in  pH  5.0  buffer  containing  20  mM  GSH,  indi-
cating  that the  nanoparticles  may  be used  for tumor-specific  drug  release.  The  anticancer  activity  test
in vitro  showed  that the inhibition  rate  of  methotrexate-loaded  nanoparticles  against  HeLa  cells  reached
90%.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Over the past decade, controlled drug delivery system has
ttracted significant attention because it promises to be effective
or cancer therapy. Tremendous efforts have been devoted into
earching appropriate nano-carriers such as liposomes, micelles
nd nanoparticles (Peer et al., 2007). Their nano-sized structures
re beneficial to the passive targeting of tumor tissue through the
nhanced permeability and retention effect (Maeda & Matsumura,
011). Although considerable work has been done, few of con-
rolled drug delivery systems can achieve the desired outcomes.
heir poor stability and inefficient drug release inside the targeted
ells are the main challenges.

Various sensitive nanoparticles responding to environment
timulates (pH, temperature, redox potential, and light) have been
tudied and their intelligent properties may  provide a new insight
or tumor-targeted and controlled drug delivery. Taking account of

lightly acidic environments in cancerous endosomes (pH 5.0–6.5)
nd lysosomes (pH 4.5–5.0) as compared to those (pH 7.4) in the
lood and normal cells (Gerweck & Seetharaman, 1996), the low

∗ Corresponding author. Tel.: +86 027 87859300; fax: +86 027 87859300.
∗∗ Corresponding author.

E-mail addresses: 365464583@qq.com (X. Zhang), yihuayin@aliyun.com (Y. Yin).

ttp://dx.doi.org/10.1016/j.carbpol.2014.05.012
144-8617/© 2014 Elsevier Ltd. All rights reserved.
pH range has been counted as an ideal trigger for the selective
release of anti-cancer drugs in cancer cells. So far, many pH respon-
sive nanoparticles have been reported for controlled drug release
because they contained reversibly ionizable groups, such as car-
boxylic or amino groups (Balamuralidhara et al., 2010). To sum
up, the pH responsive nanoparticles can be divided into two cate-
gories based on the interactions between carrier macromolecules.
One kind is formed by weak interactions, such as hydrogen bond
interaction and electrostatic interaction, which easily causes seri-
ous drug leakage in the circulation of blood due to low stability
(Yang et al., 2013). The other is formed by chemical cross-linking
with high stability, but leading to limited responsive degree and
poor selectivity to tumor cells (Das, Mardyani, Chan, & Kumacheva,
2006).

In view of reports in the literature, the GSH (glutathione) con-
centrations in the extracellular and intracellular compartments are
also distinguished. The disulfide bonds are stable in extracellu-
lar fluids (2–20 �M GSH), whereas can reversibly be cleaved in an
intracellular reductive environment (2–10 mM GSH). It should fur-
ther be noted that the concentration of GSH in tumor cells is at least
four times higher than that in normal cells (Freya & Garry, 2001).

So a great majority of researches have been carried out through
the introduction of disulfide-functionalized linkages into nanopar-
ticle carriers for controlled drug release in tumor cells (Aram,
Ben, Abhay, & Wang, 2012; Ghazaleh et al., 2013). However, the

dx.doi.org/10.1016/j.carbpol.2014.05.012
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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2.5. Stability studies of the nanoparticles
C. Gao et al. / Carbohydrat

oncentrations of GSH in normal cells and tumor cells can cleave
isulfide bonds in nanoparticles, resulting in poor drug selectivity
o tumor cells.

The dual and multi-stimuli responsive nanoparticles could
rovide a good solution to these issues. They might offer better con-
rol over drug delivery and release due to the synergistic effect of

ulti-stimuli response (Cheng, Meng, Deng, Klok, & Zhong, 2013).
t the present time, developing the systems with mild preparation
rocess, uniformity in shape, fine controllable release and simple
ost-treatment procedure are the goal that researchers are pursu-

ng (Pan et al., 2012).
Chitosan is a naturally occurring polysaccharide consisting of N-

cetyl glucosamine and glucosamine. However, it is insoluble in the
ater which greatly limits its application. There are many reports

bout the modification studies of chitosan (Muzzarelli, Tanfani,
manuelli, & Mariotti, 1982). Among them, the carboxymethyl chi-
osan (CM-chitosan), obtained by carboxymethylation reaction of
hitosan (Muzzarelli, 1988), has been widely applicated. It retains
he advantages of chitosan and has greatly improved water solu-
ility, bioactivity, cell compatibility (Mouryaa, Inamdar, & Tiwari,
010). In addition, most chemical modifications of chitosan are
erformed at the free amino groups of the glucosamine units,
uch as thiolated chitosans constituting an integral part of desig-
ated thiomers (Sarti & Bernkop-Schnürch, 2011). The thiolated
hitosans have mucoadhesive properties and are used as film
gents (Mueller, Verroken, Iqbal, & Bernkop-Schnuerch, 2012).
owever, the thiolated chitosans are not amphiphilic molecu-

ar and difficult to form nanoparticles for drug release in target
ells.

Methotrexate (MTX), a stoichiometric inhibitor of dihydrofo-
ate reductase, is extensively for clinical use as an anti-tumor drug.
owever, its insolubility in water and low bioavailability restricts

ts clinical application. In addition, its nonspecificity to tumor cell
auses side effects such as hair loss, birth defects and a temporary
rop in bone marrow function (Yoon et al., 2010).

In this paper, a novel pH/redox sensitive nanoparticle system
as prepared by self-assembly of amphiphilic biomacromolecules

or improving hydrophobic anticancer drug release in tumor cells.
irstly, CM-chitosan was modified with a hydrophobic thiolated
ompound, 4-mercaptobenzoic acid (4-MBA) as side chain grafted
o the backbone of CM-chitosan. Then, the amphiphilic derivative
elf-assembled into the nanoparticles through ultrasonic treatment
n deionized water. Their structure and morphology were charac-
erized by transmission electron microscope (TEM) and dynamic
ight scattering (DLS). The stability, pH-sensitivity and reduction
esponsibility were investigated. In vitro release behavior of MTX-
oaded nanoparticles was carried out in pH 7.4 and pH 5.0 media
ontaining various concentrations of GSH. The inhibition activity
gainst HeLa cells was also evaluated.

. Materials and methods

.1. Materials

Chitosan with a deacetylation degree of 91% was purchased
rom the Zhejiang Yuhuan Biotechnology Company, and the

W was 5.6 × 105 Da defined by intrinsic viscosity measurement
Kasaai, Arul, & Charlet, 2000). 4-mercaptobenzoic acid (4-MBA),
DC·HCl and MTX  were obtained from Aladdin. 5,5′-Dithiobis(2-
itrobenzoic acid) (DTNB) and GSH were purchased from Biosharp.

ulbecco’s modified Eagle’s medium (DMEM) was obtained from
ibco. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
ide (MTT) was from Amresco. All other chemicals were of

nalytical grade.
ers 111 (2014) 964–970 965

2.2. Synthesis of CM-chitosan

Chitosan (10 g) was stirred with isopropanol (100 ml)  in the
three-necked bottle for 6 h and then filtered. The filter residue was
alkalizated with 40 ml  of NaOH solution (50 wt%), and this solu-
tion was fully stirred to mix  evenly for 1 h and then frozen in the
refrigerator over night. Chloroacetic acid (22 g) dissolved in iso-
propanol (22 ml)  was  added dropwise to the alkalizated chitosan
and the mixture was  stirred for 24 h below 10 ◦C. This solution
was then filtered, and the crude product was  purified and finally
dried under vacuum. The substitution of carboxymethyl groups
was determined by potentiometric titration. The total substitution
degree was  about 0.66, and the degree of N-substitution was about
0.19.

2.3. Synthesis of thiolated CM-chitosan

4-Mercaptobenzoic acid was  coupled to CM-chitosan by the
formation of amide linkages through the EDC-mediated reaction.
Briefly, 0.1 g CM-chitosan was  dissolved in 10 ml  deionized water.
4-Mercaptobenzoic acid dissolved in 2 ml of dimethylsulfoxide
(DMSO) was activated by EDC·HCl for 2 h (4-MBA/EDC·HCl = 1:1).
It was  then added dropwise into the CM-chitosan solution and
stirred at room temperature in the dark for 6 h. The solution was
dialyzed and lyophilized. The whole process was under the pro-
tection of nitrogen to minimize oxidation of thiol groups. The
pale yellow product was  characterized by FT-IR spectroscopy,
UV–vis spectroscopy and 1H NMR  spectroscopy. The amount of
free thiol groups in the product was measured by Ellman’s assay
(Bernkop-Schnürch, Hornof, & Zoidla, 2003). In the various feed
molar ratios of amino groups of CM-chitosan and carboxyl groups
of 4-ATP, four samples were synthesized and named as TCM-
chitosan-1, TCM-chitosan-2, TCM-chitosan-3 and TCM-chitosan-4,
respectively. There about 134.9, 210.4, 285.2 and 360.4 �mol/g
thiol moieties were introduced into CM-chitosan, corresponding
with approximately 3.1%, 4.8%, 6.5% and 8.2% of polysaccharide
units and indicates quantitative substitution of the amino groups
with MBA.

2.4. Synthesis of nanoparticles

0.01 g of TCM-chitosan was suspended in 10 ml  deionized water
and stirred for 1 h at room temperature. Then, the solution was
incubated for 6 h in the dark and sonicated by using a probe
type sonifier (JY-92IIDN) at 40 W for 3 min to facilitate the oxi-
dation reaction of thiol groups. The resultant solution was filtered
through a filter (0.45 �m pore size) to remove dust. Part of resultant
solution was freeze-dryed for storage. The nanoparticles prepared
from TCM-chitosan-1, TCM-chitosan-2, TCM-chitosan-3 and TCM-
chitosan-4 were named NP-1, NP-2, NP-3 and NP-4, respectively.
The average particle size and size distribution of the nanoparti-
cles were determined by dynamic light scattering (DLS) with a
Zetasizer (Malvern Instruments, Herrenberg, Germany). The mea-
surement was carried out at a detector angle of 90◦, a wavelength
of 512 nm and a temperature of 25 ◦C. Morphological evaluation of
the nanoparticles was performed by TEM using a Tecnai G2  20 (FEI,
USA).
The stability of nanoparticles was studied by placing nanoparti-
cle dispersions at pH 7.4 for a month. Then, the changes of particle
sizes and distributions were measured by DLS.
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.6. pH-sensitivity studies of the nanoparticles

0.01 g of nanoparticle dry power was dissolved in PBS of various
H values (3.0, 4.0, 5.0, 6.0, 7.0, 7.4 and 8.0), respectively, and placed

n a shaking bed at 200 rpm and 37 ◦C for 24 h. Then, the particle
izes and distributions of the nanoparticles were determined by
LS. The pH-sensitivity experiments were conducted in triplicate.
he results presented are the average data.

.7. Reduction-response studies of the nanoparticles

The reduction-response studies of the nanoparticles were mon-
tored by DLS measurement. Briefly, the NP-2 dry powers were
issolved in the PBS of pH 7.4 and divided into four parts which
ere bubbled with N2 for 10 min  in vial. One part was  used as

ontrol; the other three parts were used for glutathione-response
tudies by adding GSH to yield different final concentrations of
0 �M,  5 mM and 20 mM,  respectively. The three vials were sealed
nd placed in a shaking bed at 200 rpm and 37 ◦C for 24 h. The par-
icle sizes and distributions of the nanoparticles were determined
y DLS.

.8. Preparation of MTX-loaded nanoparticles

MTX-loaded nanoparticles were prepared by adding 0.003 M
TX solution in PBS (pH 6.0) to 100 ml  of thiolated CM-chitosan

olution and then stirring for 1 h followed by sonication for 3 min.
To determine drug-loading efficiency (DLE), 10 ml  of MTX-

oaded nanoparticle dispersion was centrifuged at high speed of
0,000 rpm for 20 min  and the resultant precipitate was freeze-
ried for release study. The concentrations of MTX  in the decanted
queous solution were determined by HPLC using a C18 bonded
everse phase column with a mobile phase of V (acetonitrile):V
7.0% citric acid solution):V (2.0% disodium hydrogen phosphate
olution) = (10:10:80), at a flow rate of 0.8 ml/min. The peak was
etected at 302 nm with a UV detector. The DLE was calculated as
ollows:

LE (%) = (W/W0) × 100 (1)

here W is the mass of drug in nanoparticles and W0 is the mass
f drug-loaded nanoparticles.

The drug-loading efficiency (%) of NP-1, NP-2, NP-3 and NP-4
as 18.5, 43.4, 38.2 and 32.5, respectively.

.9. Evaluation of in vitro release of MTX-loaded nanoparticles

The release profiles of MTX  from nanoparticles were studied in
wo different buffer solutions (phosphate buffer/pH 7.4; acetate
uffer/pH 5.0) with GSH of different concentrations (0, 10 �M,

 mM,  20 mM). 0.01 g of prepared MTX-loaded NP-2 dry powders
ere dissolved in 5 ml  medium, and immediately transferred to

 dialysis bag (molecular weight cut off: 50,000). The dialysis bag
as immersed into 35 ml  of corresponding medium. The medium
as in a thermostatic rotary shaker at speed of 50 rpm at 37 ◦C. At
esired time intervals, 1.0 �L of release medium was  taken out for
PLC measurement and replenished with 1.0 �L of fresh medium.
he amount of MTX  was determined by HPLC using a C18 bonded
everse phase column, with a mobile phase of V (acetonitrile):V
7.0% citric acid solution):V (2.0% disodium hydrogen phosphate
olution) = (10:10:80), at a flow rate of 0.8 ml/min. The peak was
etected at 302 nm with a UV detector. The cumulative drug release
as calculated as follows:
umulative drug release(%) = (Mt/M0) × 100 (2)

here Mt is the amount of drug released at time t and M0 is the
nitial amount of drug in nanoparticles. The release experiments
mers 111 (2014) 964–970

were conducted in triplicate. The results presented are the average
data.

2.10. In vitro cytotoxicity measurements

In vitro cytotoxicity was  studied by MTT  assay using HeLa cells
(Wang et al., 2014). The numbers of live cells in the presence of NP-
2, free MTX, MTX-loaded NP-2 were counted under the microscope,
respectively.

3. Results and discussion

3.1. Synthesis and characterization of CM-chitosan and
TCM-chitosan

The schematic syntheses of CM-chitosan and TCM-chitosan
were described in Fig. 1(A). Firstly, C6–OH on chitosan was mod-
ified with ClCH2COOH in alkaline environment to reduce the
side reactions on the C3–OH and C2–NH2, and the water solu-
ble CM-chitosan was  obtained. Then, unreacted amino groups of
CM-chitosan were modified in subsequent reactions with 4-MBA
to yield TCM-chitosan. Since the carboxyl groups also existed in
CM-chitosan, the carboxyl groups of 4-MBA was firstly activated
with EDC·HCl and the active intermediate ester was obtained. Then
the active intermediate ester reacted with C2–NH2 of CM-chitosan.
Thus, it could avoid the activation of the carboxyl groups of CM-
chitosan and restrain the side reaction between the carboxyl groups
and amino groups of CM-chitosan. In order to protect thiols from
cross-linking, the whole reaction process occurred under anaerobic
conditions.

UV–vis spectra of CM-chitosan (see curve a) and TCM-chitosan
(see curve b) are shown in Fig. 2(A). Compared with curve a, a strong
UV absorption band at 254 nm in curve b was  observed, which
may  be attributed to benzene ring of 4-MBA, suggesting that a new
substance produced.

The chemical structures of chitosan, CM-chitosan and TCM-
chitosan were also determined by IR spectra. In Fig. 2(B), curve
a shows the basic characteristics of chitosan at 3455 cm−1

(O–H stretch), 2867 cm−1 (C–H stretch), 1598 cm−1 (N–H bend),
1154 cm−1 (bridge-O-stretch), and 1094 cm−1(C–O stretch)
(Brugnerotto et al., 2001). Compared with curve a, curve b pre-
sented a new characteristic band at 1620 cm−1, which was assigned
to carbonyl group (C O). The other characteristic bands of COOH
should be at 3100 cm−1 or so, which were covered by O–H hydroxy
absorption band. Compared with curve b, a new characteristic
band at 2542 cm−1 was observed in curve c, which indicated the
existence of thiol groups. A new characteristic band at 1490 cm−1

was assigned to a stretching vibration of benzene ring, and another
obvious characteristic absorption band of the benzene ring should
be at 1600 cm−1, which was covered by carbonyl group absorption
band. These results showed that 4-MBA was  partly linked on
CM-chitosan.

The 1H NMR  spectra of CM-chitosan (see curve a) and TCM-
chitosan (see curve b) in D2O are shown in Fig. 2(C). The appearance
of the new signals in the region of 7.6–7.8 ppm in curve b was the
evidence of benzene ring of 4-MBA. The peak observed at 1.2 ppm
corresponded to the chemical shift of –SH group. Thus, the struc-
tures of CM-chitosan and TCM-chitosan can be further validated by
1H NMR  spectra.

3.2. Formation and characterization of nanoparticles
A two-step procedure as shown in Fig. 1(B) provides a com-
plete description of the nanoparticle formation process. Firstly,
TCM-chitosan self-assembled into nanoparticles with a core–shell
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Fig. 1. (A) Synthetic procedure of CM-chitosan and TCM-chitosan; (B) Assembly process of TCM-chitosan.
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ig. 2. (A) UV–vis spectra of (a) CM-chitosan and (b) TCM-chitosan; (B) FT-IR spectr
M-chitosan and (b) TCM-chitosan.

tructure in deionized water. Then, core cross-linked nanoparti-
les were obtained by air-oxidation under ultrasonication. TEM
icrograph in Fig. 3 confirmed the core–shell structure of obtained

anoparticles with a relatively uniform size and a mean value about
60 nm.
TCM-chitosan is an amphiphilic macromolecule consisting of
ydrophilic polysaccharide backbone and hydrophobic MBA  moi-
ties. In aqueous solution, the hydrophobic chain segments with
BA  groups self-aggregated to form a plurality of hydrophobic
) chitosan, (b) CM-chitosan and (c) TCM-chitosan; (C) 1H NMR  spectra in D2O of (a)

microdomains, while the hydrophilic segments of carboxymethyl
chitosan had a high affinity with water molecules and curled to
a hydrophilic shell on the surface of hydrophobic microdomains.
Thus, a minimum energy state was maintained stably in solution.
At the same time, hydrogen bonds of –COOH groups in curly car-

boxymethyl chitosan chains made itself shrinked and promoted
to wrap the internal hydrophobic microdomains tightly. With the
help of ultrasonication, the adjacent thiol groups in the hydropho-
bic core produced disulfide bonds via air oxidation, and the core
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Fig. 3. Representative TEM image of the nanoparticles.

Table 1
The mean diameters and distributions of nanoparticles at pH 7.4 for their stability.

Sample Before storage After storage

MD (nm) PDI MD (nm) PDI

NP-1 146 0.055 150 0.063
NP-2 138 0.056 141 0.044

c
g
l
d

3

c
p
(
a
n
t
a

3

i
s
m
m
l

3 4 5 6 7 8
70

80

90

100

110

120

130

140

150

160

170

180

NP-1

NP-2

NP-3

NP-4

D
ia

m
e
te

r(
n

m
)

T
T

NP-3 119 0.062 120 0.057
NP-4 105 0.047 106 0.051

ross-linked nanoparticles were obtained. The remaining thiol
roups in the nanoparticles determined by Ellman’s method were
ess than 10%, which indicated most of thiols were oxidized to form
isulfide bonds (García Ruano, Parra, & Alemán, 2008).

.3. Stability of the nanoparticles

The stability of nanoparticles was studied by determining the
hanges of mean diameters and distributions of nanoparticles sam-
les stored for 1 month. As shown in Table 1, the mean diameters
MD) and polydispersity index (PDI) values of all samples before
nd after storage did not change significantly, indicating that the
anoparticles had high stability. This result should be attributed to
he core cross-linking of nanoparticles. It is of great significance for
voiding drug leakage before the particles entering the target cells.

.4. pH-sensitivity of the nanoparticles

The pH-sensitivity of nanoparticles was studied by monitor-
ng the diameter changes of particles at different pH values. As

hown in Fig. 4, the diameters of four samples increased when the
edium pH was adjusted from 3.0 to 7.0, and all samples had a
aximum diameter at pH 7.0. The result could be explained as fol-

ows: on the one hand, the ionized extent of carboxyl groups in

able 2
he mean diameters and distributions of nanoparticles at pH 7.4 containing various conc

Sample GSH (0 �M)  GSH (5 �M) 

MD (nm) PDI MD (nm) PDI 

NP-1 146 0.055 156 0.065
NP-2  138 0.056 144 0.068
NP-3  119 0.062 125 0.055
NP-4  105 0.047 109 0.057
pH

Fig. 4. pH-sensitivity of the nanoparticles.

CM-chitosan was increased from pH 3.0 to 7.0, and a lot of hydrogen
bonds between the carboxyl groups were eliminated. On the other
hand, the electrostatic repulsion was  generated between the ion-
ized carboxyl groups. These two  aspects leaded to an increase of the
nanoparticle diameters. However, when pH was further increased
to 8.0, since the charge screening effect of the counter ions weak-
ened the electrostatic repulsion, a sudden decrease of nanoparticle
diameters was  observed (Chang et al., 2012; Hua & Wang, 2009).
In addition, it was  also found that the particle diameters of all
samples increased 1.46–1.73 times from pH 3.0 to 7.0 and their
change extent was  decreased in the following order: NP-1 > NP-
2 > NP-3 > NP-4, showing that pH-sensitivity decreased gradually.
This result was  attributed to a gradual increase of cross-linking
degree.

3.5. Reduction-response of the nanoparticles

The reduction-response of nanoparticles was  investigated by
monitoring the diameter changes of nanoparticles at GSH of dif-
ferent concentrations using DLS. For nanoparticles incubated for
24 h in pH 7.4 buffers with GSH of different concentrations (5 �M,
10 mM and 20 mM), their mean diameters and distributions are
shown in Table 2. Compared with the medium without GSH, the
particle diameters of four samples almost remained unchanged in
the 5 �M GSH buffer; whereas their particle diameters increased
obviously in the 5 mM and 20 mM GSH media. Furthermore, the
extension of storage time also increased the sample diameters. For
example, the particle diameter of NP-2 placed for 3 days at 20 mM
GSH was 2.35 times larger than that of NP-2 sample placed for 1
day.
3.6. Loading and release of the nanoparticles

MTX  is a hydrophobic drug, which is readily encapsulated in
suit into nanoparticles in the process of assembly by mixing with

entrations of GSH for 24 h.

GSH (5 mM)  GSH (20 mM)

MD (nm) PDI MD  (nm) PDI

 258 0.245 282 0.252
 236 0.263 262 0.275
 215 0.261 235 0.278
 198 0.273 212 0.298
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Table  3
The drug loading efficiency of nanoparticles and the solubility of MTX.

Sample CM-chitosan/4-MBA
(mol/mol)

Drug loading
efficiency (%)

Solubility
(MTX mg/100gH2O)

NP-1 1/0.6 18.5 25.2
NP-2 1/0.8 43.4 59.1
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Fig. 6. MTX release profiles from MTX-loaded NP-2 in pH 7.4 media containing
10 �M GSH and 5 mM GSH, and pH 5.0 containing 20 mM GSH.
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CM-chitosan solution. Table 3 shows that MTX  are efficiently
ncapsulated into nanoparticles and the drug loading efficiency
f NP-2 reaches 43.4%. This may  be attributed to the hydropho-
ic interaction between the nanoparticle core and drug (Torchilin,
004; Zou, Shi, Wang, & Bo, 2005). Compared with the solubil-

ty of free MTX  (1 mg/100 g H2O), a remarkable improvement was
bserved for that of MTX-loaded NP-2 up to 59.1 mg/100 g H2O.

Fig. 5 shows the effect of the contents of free thiol groups on
he release of the disulfide cross-linked MTX-loaded NPs. As can be
een, the release of the MTX  almost stopped after 12 h for all four
ypes of NPs. In pH 7.4 media containing 5 mM GSH, the hydrophilic
hell of MTX-loaded NPs swelled and the disulfide bonds in the
ore were partially split, resulting in a new swelling equilibrium
or NPs. Then, the MTX  could penetrate the net structure and
ydrophilic shell more quickly until reaching a balance concen-
ration inside and outside the NPs. In addition, we found that their
umulative release rates of MTX  with time increasing in pH 7.4
edia containing 5 mM GSH in the following order: NG-1 > NG-

 > NG-3 > NG-4. This result might be attributed to an increase in
ross-linking degree. The nanoparticle with high degree of disul-
de cross-linking exhibits small particle size and compact network
tructure, which would make it more difficult for the MTX  release.

As stated in the introduction, the extracellular fluids and normal
ells have a 7.4 pH, in which the GSH concentrations are 2–20 �M
nd 2–10 mM,  respectively; while the tumor cells contain slightly
cid environment (pH 5.0) and have a higher GSH level (at least
-fold related to normal cells). Therefore, we chose the following
hree kinds of media for drug release studies: pH 7.4 medium con-
aining 10 �M GSH, pH 7.4 medium containing 5 mM GSH and pH
.0 medium containing 20 mM.  Fig. 6 shows the drug release behav-

or from the MTX-loaded NP-2 in the above three media. In pH 7.4

edium containing 10 �M GSH, the release ratio was  only about

9 wt%. When the concentration of GSH in the medium increased to
 mM,  the MTX  release rate increased to 59 wt%. Whereas in pH 5.0
edium with 20 mM GSH, the MTX  release significantly increased
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ig. 5. MTX  release profiles from MTX-loaded NPs with various thiol contents in pH
.4  media containing 5 mM GSH.
Fig. 7. Viability of HeLa Cells cultured for 48 h with NP-2, free MTX, and MTX-loaded
NP-2.

to 93 wt%, suggesting that the MTX-loaded nanoparticles have an
excellent controlled release of MTX.

The release mechanism of hydrophobic MTX  is based on the
diffusion and the degradation of nanoparticles. In pH 7.4 medium
containing 10 �M GSH, MTX  releases following diffusion mech-
anism and the swelling degree of nanoparticles acts as the key
limiting factor. However, when the concentration of GSH increases
to 5 mM,  the disulfide bond cleavage is the key limiting factor and
the release of MTX  is controlled by the degradation mechanism.
Whereas in pH 5.0 medium containing 20 mM GSH, the high con-
centration of GSH splits disulfide bonds and it was  the main reason
for the fast release of MTX. In addition, we found that the diameter
of NP-2 at pH 5.0 was  a little larger than that at pH 7.4 in Fig. 4.
It meant a larger swelling degree of hydrophilic shell, and it might
be an accessory factor in favor of the penetration of external GSH
and the exposure of the disulfide bond in cores. These two fac-
tors resulted in a rapid and nearly complete release of hydrophobic
MTX.

3.7. In vitro cytotoxicity of MTX-loaded nanoparticles
To evaluate the effectiveness of nanoparticles as anti-cancer
drug carrier for tumor therapy, the in vitro cytotoxicity of MTX-
loaded nanoparticles against HeLa cells was investigated. As shown
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n Fig. 7, as a control, the NP-2 showed no evident cell cytotoxic-
ty, while a significant cell death was observed when the cells were
reated with free MTX  and MTX-loaded NP-2, and the cytotoxic-
ty of the MTX-loaded NP-2 was very similar to that of free MTX
nder the same MTX  concentration. This result suggested that the
TX-loaded NP-2 could be efficiently taken up by the HeLa cells

nd release MTX  in response to the intracellular environment.

. Conclusion

In our study, we synthesized a novel amphiphilic thiolated
arboxymethyl chitosan and it self-assembled into core–shell
anoparticles via ultrasonication in deionized water. The shell of
anoparticles containing carboxyl groups could swell in slightly
cidic environments and the disulfide bonds in the core could be
plit by high concentration of GSH. Thus, the pH/redox responsive
anoparticles may  be used for tumor-specific drug release. TEM
icrographs showed that the nanoparticles had a core–shell struc-

ure and a relatively uniform size. No obvious size change was
bserved by dynamic light scattering for nanoparticles placed for a
onth in water solution, showed that the nanoparticles had good

tability. The profiles of drug release in simulating the in vivo con-
itions from the MTX-loaded nanoparticles exhibited a selective
elease in response to the pH and reducing potential in tumor cells
nd the evaluation of in vitro cytotoxicity showed a remarkable
illing effect on HeLa cells, suggesting that the nanoparticle can be
tilized as a promising anti-cancer drug carrier for controlled drug
elease in cancer therapeutics.
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