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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-

g?r,gz)oxr;rsr;ethyl chitosan ciency as much as 43.4%. Release profiles of methotrexate showed a release rate of 19 wt% in pH 7.4
Disulfide buffer containing 10 wM GSH, whereas as high as 93 wt% in pH 5.0 buffer containing 20 mM GSH, indi-

Nanoparticle cating that the nanoparticles may be used for tumor-specific drug release. The anticancer activity test
PpH sensitivity in vitro showed that the inhibition rate of methotrexate-loaded nanoparticles against HeLa cells reached

Reduction responsibility 90%.
Controlled drug release

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decade, controlled drug delivery system has
attracted significant attention because it promises to be effective
for cancer therapy. Tremendous efforts have been devoted into
searching appropriate nano-carriers such as liposomes, micelles
and nanoparticles (Peer et al., 2007). Their nano-sized structures
are beneficial to the passive targeting of tumor tissue through the
enhanced permeability and retention effect (Maeda & Matsumura,
2011). Although considerable work has been done, few of con-
trolled drug delivery systems can achieve the desired outcomes.
Their poor stability and inefficient drug release inside the targeted
cells are the main challenges.

Various sensitive nanoparticles responding to environment
stimulates (pH, temperature, redox potential, and light) have been
studied and their intelligent properties may provide a new insight
for tumor-targeted and controlled drug delivery. Taking account of
slightly acidic environments in cancerous endosomes (pH 5.0-6.5)
and lysosomes (pH 4.5-5.0) as compared to those (pH 7.4) in the
blood and normal cells (Gerweck & Seetharaman, 1996), the low
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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 wM 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
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concentrations of GSH in normal cells and tumor cells can cleave
disulfide bonds in nanoparticles, resulting in poor drug selectivity
to tumor cells.

The dual and multi-stimuli responsive nanoparticles could
provide a good solution to these issues. They might offer better con-
trol over drug delivery and release due to the synergistic effect of
multi-stimuli response (Cheng, Meng, Deng, Klok, & Zhong, 2013).
At the present time, developing the systems with mild preparation
process, uniformity in shape, fine controllable release and simple
post-treatment procedure are the goal that researchers are pursu-
ing (Pan et al., 2012).

Chitosan is a naturally occurring polysaccharide consisting of N-
acetyl glucosamine and glucosamine. However, it is insoluble in the
water which greatly limits its application. There are many reports
about the modification studies of chitosan (Muzzarelli, Tanfani,
Emanuelli, & Mariotti, 1982). Among them, the carboxymethyl chi-
tosan (CM-chitosan), obtained by carboxymethylation reaction of
chitosan (Muzzarelli, 1988), has been widely applicated. It retains
the advantages of chitosan and has greatly improved water solu-
bility, bioactivity, cell compatibility (Mouryaa, Inamdar, & Tiwari,
2010). In addition, most chemical modifications of chitosan are
performed at the free amino groups of the glucosamine units,
such as thiolated chitosans constituting an integral part of desig-
nated thiomers (Sarti & Bernkop-Schniirch, 2011). The thiolated
chitosans have mucoadhesive properties and are used as film
agents (Mueller, Verroken, Igbal, & Bernkop-Schnuerch, 2012).
However, the thiolated chitosans are not amphiphilic molecu-
lar and difficult to form nanoparticles for drug release in target
cells.

Methotrexate (MTX), a stoichiometric inhibitor of dihydrofo-
late reductase, is extensively for clinical use as an anti-tumor drug.
However, its insolubility in water and low bioavailability restricts
its clinical application. In addition, its nonspecificity to tumor cell
causes side effects such as hair loss, birth defects and a temporary
drop in bone marrow function (Yoon et al., 2010).

In this paper, a novel pH/redox sensitive nanoparticle system
was prepared by self-assembly of amphiphilic biomacromolecules
for improving hydrophobic anticancer drug release in tumor cells.
Firstly, CM-chitosan was modified with a hydrophobic thiolated
compound, 4-mercaptobenzoic acid (4-MBA) as side chain grafted
to the backbone of CM-chitosan. Then, the amphiphilic derivative
self-assembled into the nanoparticles through ultrasonic treatment
in deionized water. Their structure and morphology were charac-
terized by transmission electron microscope (TEM) and dynamic
light scattering (DLS). The stability, pH-sensitivity and reduction
responsibility were investigated. In vitro release behavior of MTX-
loaded nanoparticles was carried out in pH 7.4 and pH 5.0 media
containing various concentrations of GSH. The inhibition activity
against HelLa cells was also evaluated.

2. Materials and methods
2.1. Materials

Chitosan with a deacetylation degree of 91% was purchased
from the Zhejiang Yuhuan Biotechnology Company, and the
MW was 5.6 x 10° Da defined by intrinsic viscosity measurement
(Kasaai, Arul, & Charlet, 2000). 4-mercaptobenzoic acid (4-MBA),
EDC-HCl and MTX were obtained from Aladdin. 5,5’-Dithiobis(2-
nitrobenzoic acid) (DTNB) and GSH were purchased from Biosharp.
Dulbecco’s modified Eagle’s medium (DMEM) was obtained from
Gibco. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was from Amresco. All other chemicals were of
analytical grade.

2.2. Synthesis of CM-chitosan

Chitosan (10g) 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 1h 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 24h 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 2ml of dimethylsulfoxide
(DMSO) was activated by EDC-HCI for 2 h (4-MBA/EDC-HCI=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 'H NMR spectroscopy. The amount of
free thiol groups in the product was measured by Ellman’s assay
(Bernkop-Schniirch, 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 pmol/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 1h at room temperature. Then, the solution was
incubated for 6h 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 afilter (0.45 p.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).

2.5. Stability studies of the nanoparticles
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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2.6. pH-sensitivity studies of the nanoparticles

0.01 g of nanoparticle dry power was dissolved in PBS of various
pHvalues(3.0,4.0,5.0,6.0,7.0,7.4 and 8.0), respectively, and placed
in a shaking bed at 200 rpm and 37 °C for 24 h. Then, the particle
sizes and distributions of the nanoparticles were determined by
DLS. The pH-sensitivity experiments were conducted in triplicate.
The results presented are the average data.

2.7. Reduction-response studies of the nanoparticles

The reduction-response studies of the nanoparticles were mon-
itored by DLS measurement. Briefly, the NP-2 dry powers were
dissolved in the PBS of pH 7.4 and divided into four parts which
were bubbled with N, for 10 min in vial. One part was used as
control; the other three parts were used for glutathione-response
studies by adding GSH to yield different final concentrations of
10 uM, 5 mM and 20 mM, respectively. The three vials were sealed
and placed in a shaking bed at 200 rpm and 37 °C for 24 h. The par-
ticle sizes and distributions of the nanoparticles were determined
by DLS.

2.8. Preparation of MTX-loaded nanoparticles

MTX-loaded nanoparticles were prepared by adding 0.003 M
MTX solution in PBS (pH 6.0) to 100 ml of thiolated CM-chitosan
solution and then stirring for 1 h followed by sonication for 3 min.

To determine drug-loading efficiency (DLE), 10 ml of MTX-
loaded nanoparticle dispersion was centrifuged at high speed of
10,000 rpm for 20 min and the resultant precipitate was freeze-
dried for release study. The concentrations of MTX in the decanted
aqueous solution were determined by HPLC using a C18 bonded
reverse phase column with a mobile phase of V (acetonitrile):V
(7.0% citric acid solution):V (2.0% disodium hydrogen phosphate
solution)=(10:10:80), at a flow rate of 0.8 ml/min. The peak was
detected at 302 nm with a UV detector. The DLE was calculated as
follows:

DLE (%) = (W/W,) x 100 (1)

where W is the mass of drug in nanoparticles and Wy is the mass
of drug-loaded nanoparticles.

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

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

The release profiles of MTX from nanoparticles were studied in
two different buffer solutions (phosphate buffer/pH 7.4; acetate
buffer/pH 5.0) with GSH of different concentrations (0, 10 wM,
5mM, 20 mM). 0.01 g of prepared MTX-loaded NP-2 dry powders
were dissolved in 5ml medium, and immediately transferred to
a dialysis bag (molecular weight cut off: 50,000). The dialysis bag
was immersed into 35 ml of corresponding medium. The medium
was in a thermostatic rotary shaker at speed of 50 rpm at 37 °C. At
desired time intervals, 1.0 pL of release medium was taken out for
HPLC measurement and replenished with 1.0 L of fresh medium.
The amount of MTX was determined by HPLC using a C18 bonded
reverse phase column, with a mobile phase of V (acetonitrile):V
(7.0% citric acid solution):V (2.0% disodium hydrogen phosphate
solution)=(10:10:80), at a flow rate of 0.8 ml/min. The peak was
detected at 302 nm with a UV detector. The cumulative drug release
was calculated as follows:

Cumulative drug release(%) = (M¢/Mp) x 100 (2)

where M is the amount of drug released at time t and My is the
initial amount of drug in nanoparticles. The release experiments

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

2.10. Invitro 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, Cs—OH on chitosan was mod-
ified with CICH,COOH in alkaline environment to reduce the
side reactions on the C3-OH and C2-NH,, 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-NH, 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 curveb)are showninFig. 2(A). Compared with curve a, a strong
UV absorption band at 254nm 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 3455cm™!
(O-H stretch), 2867 cm~! (C-H stretch), 1598 cm~! (N-H bend),
1154cm~! (bridge-O-stretch), and 1094cm~1(C-O stretch)
(Brugnerotto et al., 2001). Compared with curve a, curve b pre-
sented a new characteristic band at 1620 cm~!, which was assigned
to carbonyl group (C=0). The other characteristic bands of COOH
should be at 3100 cm~! or so, which were covered by O-H hydroxy
absorption band. Compared with curve b, a new characteristic
band at 2542 cm~! was observed in curve ¢, which indicated the
existence of thiol groups. A new characteristic band at 1490 cm™!
was assigned to a stretching vibration of benzene ring, and another
obvious characteristic absorption band of the benzene ring should
be at 1600 cm~!, which was covered by carbonyl group absorption
band. These results showed that 4-MBA was partly linked on
CM-chitosan.

The 'H NMR spectra of CM-chitosan (see curve a) and TCM-
chitosan (see curve b)in D,0 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
TH 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. 2. (A) UV-vis spectra of (a) CM-chitosan and (b) TCM-chitosan; (B) FT-IR spectra of (a) chitosan, (b) CM-chitosan and (c) TCM-chitosan; (C) '"H NMR spectra in D,0 of (a)

CM-chitosan and (b) TCM-chitosan.

structure in deionized water. Then, core cross-linked nanoparti-
cles were obtained by air-oxidation under ultrasonication. TEM
micrograph in Fig. 3 confirmed the core-shell structure of obtained
nanoparticles with a relatively uniform size and a mean value about
160 nm.

TCM-chitosan is an amphiphilic macromolecule consisting of
hydrophilic polysaccharide backbone and hydrophobic MBA moi-
eties. In aqueous solution, the hydrophobic chain segments with
MBA groups self-aggregated to form a plurality of hydrophobic

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

cross-linked nanoparticles were obtained. The remaining thiol
groups in the nanoparticles determined by Ellman’s method were
less than 10%, which indicated most of thiols were oxidized to form
disulfide bonds (Garcia Ruano, Parra, & Aleman, 2008).

3.3. Stability of the nanoparticles

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

3.4. pH-sensitivity of the nanoparticles

The pH-sensitivity of nanoparticles was studied by monitor-
ing the diameter changes of particles at different pH values. As
shown in Fig. 4, the diameters of four samples increased when the
medium pH was adjusted from 3.0 to 7.0, and all samples had a
maximum diameter at pH 7.0. The result could be explained as fol-
lows: on the one hand, the ionized extent of carboxyl groups in
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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 wM,
10mM 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 wM GSH buffer; whereas their particle diameters increased
obviously in the 5mM and 20mM 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

Table 2

The mean diameters and distributions of nanoparticles at pH 7.4 containing various concentrations of GSH for 24 h.
Sample GSH (0 M) GSH (5 M) GSH (5mM) GSH (20 mM)

MD (nm) PDI MD (nm) PDI MD (nm) PDI MD (nm) PDI

NP-1 146 0.055 156 0.065 258 0.245 282 0.252
NP-2 138 0.056 144 0.068 236 0.263 262 0.275
NP-3 119 0.062 125 0.055 215 0.261 235 0.278
NP-4 105 0.047 109 0.057 198 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 Drug loading Solubility
(mol/mol) efficiency (%) (MTX mg/100gH,0)
NP-1 1/0.6 18.5 25.2
NP-2 1/0.8 434 59.1
NP-3 1/1.0 38.2 52.1
NP-4 1/1.2 325 443

TCM-chitosan solution. Table 3 shows that MTX are efficiently
encapsulated into nanoparticles and the drug loading efficiency
of NP-2 reaches 43.4%. This may be attributed to the hydropho-
bic interaction between the nanoparticle core and drug (Torchilin,
2004; Zou, Shi, Wang, & Bo, 2005). Compared with the solubil-
ity of free MTX (1 mg/100 g H,0), a remarkable improvement was
observed for that of MTX-loaded NP-2 up to 59.1 mg/100 g H,O.
Fig. 5 shows the effect of the contents of free thiol groups on
the release of the disulfide cross-linked MTX-loaded NPs. As can be
seen, the release of the MTX almost stopped after 12 h for all four
types of NPs. In pH 7.4 media containing 5 mM GSH, the hydrophilic
shell of MTX-loaded NPs swelled and the disulfide bonds in the
core were partially split, resulting in a new swelling equilibrium
for NPs. Then, the MTX could penetrate the net structure and
hydrophilic shell more quickly until reaching a balance concen-
tration inside and outside the NPs. In addition, we found that their
cumulative release rates of MTX with time increasing in pH 7.4
media containing 5mM GSH in the following order: NG-1>NG-
2>NG-3 >NG-4. This result might be attributed to an increase in
cross-linking degree. The nanoparticle with high degree of disul-
fide cross-linking exhibits small particle size and compact network
structure, which would make it more difficult for the MTX release.
As stated in the introduction, the extracellular fluids and normal
cells have a 7.4 pH, in which the GSH concentrations are 2-20 uM
and 2-10 mM, respectively; while the tumor cells contain slightly
acid environment (pH 5.0) and have a higher GSH level (at least
4-fold related to normal cells). Therefore, we chose the following
three kinds of media for drug release studies: pH 7.4 medium con-
taining 10 wM GSH, pH 7.4 medium containing 5 mM GSH and pH
5.0 medium containing 20 mM. Fig. 6 shows the drug release behav-
ior from the MTX-loaded NP-2 in the above three media. In pH 7.4
medium containing 10 M GSH, the release ratio was only about
19 wt%. When the concentration of GSH in the medium increased to
5mM, the MTX release rate increased to 59 wt%. Whereas in pH 5.0
medium with 20 mM GSH, the MTX release significantly increased
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Fig. 5. MTXrelease profiles from MTX-loaded NPs with various thiol contents in pH
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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 wM 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 5mM, 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. Invitro 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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in Fig. 7, as a control, the NP-2 showed no evident cell cytotoxic-
ity, while a significant cell death was observed when the cells were
treated with free MTX and MTX-loaded NP-2, and the cytotoxic-
ity of the MTX-loaded NP-2 was very similar to that of free MTX
under the same MTX concentration. This result suggested that the
MTX-loaded NP-2 could be efficiently taken up by the HeLa cells
and release MTX in response to the intracellular environment.

4. Conclusion

In our study, we synthesized a novel amphiphilic thiolated
carboxymethyl chitosan and it self-assembled into core-shell
nanoparticles via ultrasonication in deionized water. The shell of
nanoparticles containing carboxyl groups could swell in slightly
acidic environments and the disulfide bonds in the core could be
split by high concentration of GSH. Thus, the pH/redox responsive
nanoparticles may be used for tumor-specific drug release. TEM
micrographs showed that the nanoparticles had a core-shell struc-
ture and a relatively uniform size. No obvious size change was
observed by dynamic light scattering for nanoparticles placed for a
month in water solution, showed that the nanoparticles had good
stability. The profiles of drug release in simulating the in vivo con-
ditions from the MTX-loaded nanoparticles exhibited a selective
release in response to the pH and reducing potential in tumor cells
and the evaluation of in vitro cytotoxicity showed a remarkable
killing effect on HelLa cells, suggesting that the nanoparticle can be
utilized as a promising anti-cancer drug carrier for controlled drug
release in cancer therapeutics.
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