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a  b  s  t  r  a  c  t

In order  to get  a water-soluble  in  situ  gel-forming  system,  a  thiolated  chitosan,  chitosan-4-thio-
butylamidine  (CS-TBA)  conjugate  was  synthesized  and  used  to  replace  the  unmodified  chitosan  in  the
application  of  the  in situ  gel-forming  system.  A  novel  thermo-sensitive  hydrogel  was  prepared  based
on  CS-TBA/hydroxyapatite  (HA)/beta-glycerophosphate  disodium  (�-GP).  The  gel  formation,  rheological
properties,  morphology,  degradation,  cytotoxicity,  as  well  as  protein  release  process  of  the novel  gel sys-
tem were  investigated  in this  study.  The  CS-TBA/HA/�-GP  gel  showed  a higher  storage  modulus  (G′) and

′′

hiolated chitosan
hermo-sensitive hydrogel
egradation
rotein release
ytotoxicity

loss  modulus  (G )  and  a  decreased  bovine  serum  albumin  (BSA)  release  rate  which  was  maintained  the
protein  release  for a longer  time  compared  with  the  unmodified  chitosan  (CS)/HA/�-GP  gel,  due  to  the
existence  of  thiol  groups  and/or  disulfide  bonds.  The  CS-TBA/HA/�-GP  gel  has a  porous  structure  with
a  uniform  distribution  of  nano-hydroxyapatite,  an appropriate  degradation  rate  and  low  cytotoxicity,
showing  potential  applications  in  drug  delivery  and tissue  engineering.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Chitosan is a natural, cationic amino polysaccharide copolymer,
he linear and partly acetylated (1–4)-2-amino-2-deoxy-�-d-
lucan, is obtained by the alkaline deacetylation of chitin (Hashemi,
irzadeh, Imani, & Samadi, 2013; Kafedjiiski, Krauland, Hoffer, &

ernkop-Schnuech, 2005). Because of its favorable biological prop-
rties such as biodegradability, biocompatibility and non-toxicity
Felt, Buri, & Gurny, 1998), chitosan has been widely used in drug
elivery system and tissue engineering. Chitosan has been used in
ifferent forms such as microspheres for drug or cytokine delivery
Guerrero, Teijón, Muñiz, Teijón, & Blanco, 2010; Niu, Feng, Wang,
uo, & Zheng, 2009), scaffolds or hydrogels for cartilage, cardiac or
one tissue engineering (Chi, Yang, Chung, Chou, & Wang, 2013;

rohbergh et al., 2012; Tan, Chu, Payne, & Marra, 2009).

Among all of these forms, the hydrogel, especially the thermo-
ensitive hydrogel has attracted much attention because it can be

∗ Corresponding author. Tel.: +86 10 62782770; fax: +86 10 62771160.
∗∗ Corresponding author. Tel.: +86 20 61643114.

E-mail addresses: biomater@mail.tsinghua.edu.cn (Q. Feng), gzyubo@163.com
B. Yu).

1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.carbpol.2014.03.065
144-8617/© 2014 Elsevier Ltd. All rights reserved.
applied as an injectable material for irregular-shaped tissue repair.
Chitosan, combined with �-glycerophosphate disodium (�-GP), is
an outstanding in situ gel-forming system, which was  first reported
by Chenite et al. (2000). This system is available at a physiologi-
cally acceptable pH and is liquid at room temperature. When the
temperature is raised to 37 ◦C, the physiological temperature, it can
transform into a gel (Chenite, Buschmann, Wang, CHAut, & Kandani,
2001; Khodaverdi, Tafaghodi, Ganji, Abnoos, & Naghizadeh, 2012).
Because of its good performance in gel-forming, this system has
been successfully applied in the construction of injectable scaffolds
for tissue engineering (Cho et al., 2008; Kwon et al., 2012).

The modification of chitosan has been widely studied in order
to get certain additional advantageous properties (Sarti & Bernkop-
Schnuerch, 2011). The amino groups are target moieties for the
modification of chitosan. The reported modified chitosan includes
carboxymethyl chitosan (CMC) (Chen & Park, 2003), trimethyl chi-
tosan (TMC) (Kean, Roth, & Thanou, 2005), polyethylene glycol
(PEG)-grafted chitosan (Kim et al., 2007) and polyethyleneimine
(PEI) grafted-chitosan (Wong et al., 2006). The addition of thiol
groups on the primary amino groups of chitosan, resulting thiolated

chitosan, can improve some properties of chitosan (Kafedjiiski et al.,
2005). Different from unmodified chitosan, which can only be dis-
solved in acid medium, the thiolated chitosan has good solubility
at neutral pH. Moreover, the immobilized thiol groups are able to

dx.doi.org/10.1016/j.carbpol.2014.03.065
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.03.065&domain=pdf
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orm disulfide bonds with other thiol groups in proteins, result-
ng in the improvement of mucoadhesion (Matsuda, Kobayashi,
toh, Kataoka, & Tanaka, 2005). Thiolated chitosan is widely used
o form hydrogels based on the formation of disulfide bonds. This
s a time-dependent process. There are very few studies in which
he thiolated chitosan is combined with �-GP to form a thermo-
ensitive gel system. This novel system is water soluble and has
ome good rheological and protein release properties due to the
resence of thiol groups.

In this study, a kind of thiolated chitosan, chitosan-4-thio-
utylamidine (CS-TBA) conjugate was used to replace chitosan in

n situ gel-forming system. In contrast to unmodified chitosan,
S-TBA is water soluble. A novel thermo-sensitive hydrogel was
repared based on CS-TBA/�-GP and hydroxyapatite (HA). The
elation, rheological properties, morphology, degradation, cytotox-
city, as well as protein release process of the novel gel system were
nvestigated.

. Materials and methods

.1. Modification of chitosan with 2-iminothiolane hydrochloride

400 mg  of chitosan (viscosity: 50–800 mPa  s, degree of deacety-
ation: 80–95%, Sinopham Chemical Reagent Co., Ltd., China)

as dissolved in 200 mL  1% acetic acid for 5 h to obtain a 0.2%
w/v) chitosan solution. 40 mg  of 2-iminothiolane hydrochloride
Sigma–Aldrich, USA) was added into the chitosan solution and the
H was adjusted to 6 by dropwise addition of 5 M NaOH. After con-
inuous stirring at room temperature for 24 h, the resulting polymer
onjugate, chitosan-4-thio-butylamidine (chitosan-TBA), was  dia-
yzed against 5 mM HCl once, 5 mM HCl containing 1% NaCl twice,

 mM HCl once and finally 1 mM HCl once, 1 day for each time.
inally, the aqueous polymer solution was lyophilized at −50 ◦C and
0 Pa to obtain the chitosan-TBA sample. The sample should be used

mmediately for the reason that the thiol groups of chitosan-TBA
an be easily oxidized in air.

.2. Determination of the thiol group content

The thiol group content on chitosan-TBA was determined
ith Ellman’s reagent method described in reference (Bernkop-

chnürch, Hornof, & Zoidl, 2003). Briefly, 5 mg  of chitosan-TBA
as dissolved in 2.5 mL  deionized water. Then, 250 �L of 0.5 M
hosphate buffer (pH 8.0) and 500 �L of Ellman’s reagent (3 mg
f 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) dissolved in 10 mL  of
.5 M phosphate buffer (pH 8.0)) were added. After an incubation
eriod of 2 h at room temperature, the solution was  centrifuged
t 12,000 rpm for 5 min. Thereafter, 100 �L of the supernatant was
ransferred into a 96-well plate (Corning, USA) and the absorbance
as measured at 450 nm by the microplate reader. A standard

urve of known concentrations of l-cysteine hydrochloride was
enerated concurrently and used to determine the amount of thiol
roups.

.3. Preparation of CS-TBA/HA/ˇ-GP thermo-sensitive hydrogel

200 mg  of CS-TBA was dissolved in 9 mL  deionized water to
btain a homogeneous solution. 200 mg  of nano-hydroxyapatite
HA) powder (obtained from Institute of Nuclear and New Energy
echnology, Tsinghua University) was added into the solution with
ontinuous stirring until uniformly distributed. Afterwards, the �-
lycerophosphate disodium (�-GP) solution (560 mg  of �-GP in
 mL  deionized water) was carefully added into the CS-TBA/HA
ybrid drop by drop under constant stirring. The CS-TBA/HA/�-
P hybrid was incubated at 37 ◦C for several minutes to undergo
ol–gel transition. The unmodified chitosan (CS) was  used instead of
mers 110 (2014) 62–69 63

CS-TBA as the control. The CS/HA/�-GP hydrogel was prepared with
the same procedure except that the solvent was  0.1 M HCl because
chitosan is insoluble in deionized water. The final composition of
both CS-TBA/HA/�-GP and CS/HA/�-GP system is 200 mg  CS-TBA
or CS, 200 mg  HA and 560 mg  �-GP in 10 mL  deionized water (for
CS-TBA/HA/�-GP system) or 0.1 M HCl (for CS/HA/�-GP  system).

2.4. Scanning electron microscopy (SEM) observation of hydrogel

The CS-TBA/HA/�-GP gel was frozen at −20 ◦C and lyophilized at
-50 ◦C and 20 Pa for 2 days until all water was  sublimed. The freeze-
dried sample was surface metalized by sputter-coating with gold
for SEM examination. The interior morphology of the hydrogel was
observed using SEM (JSM-7001F).

2.5. Structure and composition analysis of hydrogel

The lyophilized sample of CS-TBA/HA/�-GP gel was ground into
a powder for the structure and composition analysis. X-ray diffrac-
tometer (XRD) was  employed for the phase analysis. The data was
recorded with the 2� range from 10◦ to 70◦. X-ray photoelectron
spectroscopy (XPS, ESCALAB-250Xi) was  employed for the element
composition and chemical states analysis using a monochromatic
Al K� X-ray source. For the survey spectra, the pass energy was
100 eV and the energy resolution was  1 eV. For the S2p high resolu-
tion spectra, the pass energy was  20 eV and the energy resolution
was 0.05 eV. Binding energy is calibrated with C 1s = 284.8 eV.

2.6. Rheological analysis

Rheological measurements were carried out on Physica MCR300
Modular Compact Rheometer (Germany) using a standard steel
parallel-plate geometry of 25 mm in diameter. The hydrogel in
cylindrical shape (∼30 mm in diameter and ∼5 mm in height) was
placed in the middle between two parallel plates. The shear stress
sweep method was  employed to test the storage modulus (G′) and
loss modulus (G′′) of the two kinds of hydrogels. All measurements
were carried out at a constant temperature (25 ◦C) and a constant
frequency (1 Hz). The shear stress ranged from 1 Pa to 1000 Pa and
the G′, G′′ and complex viscosity (�*) were recorded.

2.7. In vitro degradation of hydrogel

The CS-TBA/HA/�-GP gel and CS/HA/�-GP gel were both cut
into small cubes with a size about 6 mm × 6 mm × 6 mm.  Each cube
was accurately weighted (wi) and placed into a well of a 24-well
plate. 2 mL  of PBS (pH 7.4, containing 25 ppm sodium azide) was
added into every well of the 24-well plate. The in vitro degrada-
tion experiment was  conducted at 37 ◦C under continuous shaking
(60 rpm). At designed time intervals, the cubes were sampled and
accurately weighted (wt) after removing the water on the surfaces
of the hydrogel with filter paper. A 2-mL aliquot of PBS was replaced
by fresh PBS once a week. The weight loss percentage (w%) was  used
to evaluate degradation of the hydrogels according Eq. (1).

w% = wi − wt

wi
× 100 (1)

2.8. In vitro protein release from hydrogel

Bovine serum albumin (BSA) was selected as a model protein
to study the protein release process from CS-TBA/HA/�-GP gel or

CS/HA/�-GP gel. 0.5 mL  CS-TBA/HA/�-GP or CS/HA/�-GP hybrid
containing 0.5% (w/v) BSA was  placed in a 5-mL Eppendorf tube
and incubated at 37 ◦C to form a gel. Thereafter, 2.5 mL  0.01 M
PBS (pH 7.4, containing 25 ppm sodium azide) was  added into the
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ppendorf tube. All the samples were incubated at 37 ◦C under
ontinuous shaking (60 rpm). At designed time intervals, a 1-mL
liquot of the release medium were sampled and replaced with an
qual volume of fresh PBS. The concentration of BSA in the release
edium was determined with the BCA Assay Kit (Beyotime, China)

ccording to the company’s guidelines. The accumulated release
mount was calculated according to Eq. (2) (Chen, Dong, Yang, &
eng, 2012).

 = VE

∑n−1
1 Ci + V0Cn

m0
× 100% (2)

here E is the accumulated release amount (%); VE is the sampling
olume (1 mL); V0 is the initial volume (2.5 mL); Ci and Cn are the
rug concentrations (�g/mL); i and n are the sampling times; and
0 is the mass of drug in gel (2500 �g).

.9. In vitro cytotoxicity of hydrogel

The cytotoxicity of CS-TBA/HA/�-GP gel and CS/HA/�-GP gel
xtracts were evaluated by Cell Count Kit-8 (CCK-8, Dojindo, Japan)
ssay using human bone-marrow mesenchymal stem cells (hMSCs)
n vitro. 0.5 mL  of CS-TBA/HA/�-GP or CS/HA/�-GP hybrid was  incu-
ated at 37 ◦C to form a gel. The extract of the gel was prepared
y immersing the gel into 10 mL  low glucose Dulbecco’s mod-

fied Eagle’s medium (LG-DMEM, Invitrogen, USA). hMSCs were
xpended in LG-DMEM, containing 10% fetal bovine serum (FBS,
nvitrogen, USA), 100 �g/mL streptomycin, 100 U/mL penicillin and
sed at passage 6. hMSCs (5 × 103 cells/well) were seeded in a 48-
ell plate and incubated under standard culture condition (5% CO2,

7 ◦C) for 24 h. Then the supernatants were placed by the extracts
f two kinds of hydrogels. The LG-DMEM without extracts was
mployed as the control. The supernatants were replaced with fresh
edium every 2 days. At day 1, 3 and 5 after seeding, CCK-8 with a

0% vol. of the medium was  added into each well and incubated for
 h at 37 ◦C. The absorbance (O.D.) of the solution was  measured by
icroplate reader at 450 nm.

.10. Statistical analysis

Experimental results were expressed as mean ± standard devia-
ion (S.D.). The significance of differences in means was determined
sing least significant difference (LSD) method.

. Results and discussion

.1. Gel formation

The addition of the �-GP solution, a weak base, into the CS-
BA/HA hybrid increased the pH of the system, from 5.4 to 6.8,
hich is physiologically acceptable (Chenite et al., 2000). The
S-TBA/HA/�-GP system presented a flowing state at room temper-
ture (Fig. 1a). However, the system transformed into a hydrogel
fter incubated at 37 ◦C for about 10 min  (Fig. 1b). It should be
oticed that the precipitation of chitosan occurs at a pH above 6.2
hen using a strong base (Huang et al., 2011). The addition of �-GP

nstead of a strong base can maintain solubility of chitosan prob-
bly because of its mild base character and the exposed glycerol
oieties to separate chitosan chains in solution at low tempera-

ure (Chenite et al., 2001). Upon heating, electrostatic attraction
etween oppositely charged ammonium groups ( NH3

+) of chi-
osan and the phosphate moieties of �-GP ( PO4

−) could reduce

lectrostatic repulsion force, thus induced the attractive hydropho-
ic and hydrogen bonding between chitosan chains (Chenite et al.,
001; Han et al., 2004; Khodaverdi et al., 2012). The gelation mech-
nism of CS/�-GP system has been widely reported (Chenite et al.,
mers 110 (2014) 62–69

2001; Han et al., 2004; Khodaverdi et al., 2012). The gelation pro-
cess of this system depends on pH, temperature, concentration of
chitosan and �-GP, and degree of deacetylation (Han et al., 2004;
Khodaverdi et al., 2012). By increasing the degree of deacetylation,
which is corresponding to the substituted amine groups in CS, the
gelation time decreases (Khodaverdi et al., 2012). Furthermore, the
gelling temperature decreases at high pH, which suggests that the
number of charged ammonium groups in CS is an important param-
eter controlling gelation in this system (Han et al., 2004). These
findings can support the above-mentioned mechanism. For CS-
TBA/HA/�-GP system, the thiol groups in CS-TBA, 66.0 ± 0.7 �mol/g
determined by Ellman’s regent, also contributed to the gel forma-
tion due to the formation of inter- and/or intramolecular disulfide
bonds. It should be mentioned that this process is not thermo-
sensitive. The formation of disulfide bonds is time-dependent.
The sol–gel process of CS-TBA/HA/�-GP is schematically shown in
Fig. 1c and d.

3.2. Morphology of CS-TBA/HA/ˇ-GP hydrogel

The nano-hydroxyapatite (HA) powder was added into the
solution with continuous stirring until well dispersed at room
temperature. After incubation at 37 ◦C for several minutes, the CS-
TBA/HA/�-GP hybrid transformed into an ivory white hydrogel. The
interior morphology of the freeze dried CS-TBA/HA/�-GP hydrogel
was characterized by SEM, as shown in Fig. 2. The CS-TBA/HA/�-
GP hydrogel forms a uniform network because of the crosslinks
of chitosan chains. The highly porous structure of CS-TBA/HA/�-GP
hydrogel can be clearly observed in Fig. 2a and the average pore size
is 40–80 �m.  Fig. 2b exhibits the enlarged view of CS-TBA/HA/�-
GP hydrogel. The matrix of chitosan network is not smooth but
attached by the nano-HA particles. The nano-HA particles are uni-
formly distributed on the chitosan network. The energy diffraction
spectrum (EDS) results confirmed the existence of HA due to the
existence of calcium (data not shown). Fig. 2d shows the uniform
distribution of Ca element in the area shown in Fig. 2c, it is the evi-
dence for the uniform distribution of HA [Ca10(PO4)6(OH)2]. The
porous structure of CS-TBA/HA/�-GP hydrogel suggests its poten-
tial application in tissue engineering; it can be used as a carrier for
drug delivery or as a scaffold for cell infiltration and growth as well
(Chen et al., 2012; Shi, Ji, Zhang, Shu, & Wu,  2011).

3.3. Structure and composition analysis of CS-TBA/HA/ˇ-GP
hydrogel

The XRD pattern of CS-TBA/HA/�-GP hydrogel is shown in Fig. 3.
The standard HA pattern (PDF#09-0432) is also shown at the bot-
tom of this figure. The pure chitosan has a reflection peak at around
20◦, indicating its degree of crystallinity (Cui et al., 2011). While
after forming a gel, the degree of crystallinity decreased obviously,
leaving a weak and broad peak at around 20◦, which is mainly
because the intermolecular interaction destroyed the regularity of
chitosan (Tang, Du, Li, Wang, & Hu, 2009). The other peaks shown
in Fig. 3 are all the reflection peaks of HA, which accord with the
standard pattern of HA very well, for example, 25.8◦ for 0 0 2 diffrac-
tion, around 32◦ for overlapping diffractions of 2 1 1 and 1 1 2, 32.9◦

for 3 0 0 diffraction and 34.1◦ for 2 0 2 diffraction (Degirmenbasi,
Kalyon, & Birinci, 2006). The presence of these peaks suggests that
the preparation method has no significant influence on the crys-
tal structure of HA. HA is the most stable and least soluble calcium
phosphate compound at normal temperature and the pH 4–12. Dur-
ing the preparation of CS-TBA/HA/�-GP hydrogel, the pH increased

from 5.2 to 6.8 and the temperature raised from room temperature
to 37 ◦C, so there is no phase change for HA in this condition.

XPS was  employed to analyze the chemical composites and
states of CS-TBA/HA/�-GP hydrogel. The survey spectrum is shown
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BA/HA/�-GP  aqueous solution at room temperature. (d) Schematic inner structure

n Fig. 4a. The peaks of P2p at 131.6 eV, C1s at 284.8 eV, Ca2p at
45.5 eV, N1s at 398.0 eV, and O1s at 531.0 eV were all detected

n the hydrogel. The peak of S2p in the survey spectrum of CS-
BA/HA/�-GP hydrogel is not strong enough, mainly due to the low
ontent of S (only 0.56 at.% determined by XPS). The S2p high res-

lution XPS spectrum of the hydrogel is shown in Fig. 4b. The S2p
pectrum of CS-TBA/HA/�-GP gel has a doublet structure due to the
resence of the S2p3/2 and S2p1/2 peaks (Castner, Hinds, & Grainger,
996). The spectrum can be fitted using a 2:1 peak area ratio and

Fig. 2. (a–c) SEM images of lyophilized CS-TBA/HA/�-GP hydro
ature. (b) CS-TBA/HA/�-GP hydrogel at 37 ◦C. (c) Schematic inner structure of CS-
-TBA/HA/�-GP hydrogel at 37 ◦C.

a 1.2 eV splitting (Vance et al., 2002). The S2p3/2 (S2p1/2) peaks lie
at 161.8 eV (163.0 eV) and 166.8 eV (168.0 eV) imply the presence
of two different chemical states of sulfur which can be assigned to
free thiol groups and disulfide bonds (Wang et al., 2009).
3.4. Rheology of CS/HA/ˇ-GP and CS-TBA/HA/ˇ-GP hydrogels

The storage modulus (G′) and loss modulus (G′′) with hydro-
gels as increasing of oscillatory shear stress of the two  kinds of

gel. (d) Mapping of Ca element of the area shown in (c).
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ig. 3. XRD pattern of lyophilized powder of CS-TBA/HA/�-GP hydrogel. The num-
ers on the top of peaks are assigned to crystal face indexes of HA. The standard
attern of HA (PDF#09-0432) is also shown in the bottom of the figure.

ydrogels are displayed in Fig. 5a. It can be seen that for each kind
f hydrogel, G′ is much higher than G′′, indicating a typical strong
el (Cho, Heuzey, Bégin, & Carreau, 2006). The G′ and G′′ of CS/HA/�-
P gel and CS-TBA/HA/�-GP gel are both independent on applied
scillatory shear stress. No obvious decrease is observed between

 and 1000 Pa, showing that the two kinds of gels both keep their
omplete structure in this range (Shi et al., 2011; Weng, Chen, &
hen, 2007). While compared with those of CS/HA/�-GP gel, G′

nd G′′ of CS-TBA/HA/�-GP gel are both a little higher. The G′ and
′′ of CS-TBA/HA/�-GP gel are about 2.0 × 104 Pa and 1.7 × 103 Pa
espectively, both are about 1.3 times that of CS/HA/�-GP gel. The
ignificant difference (p < 0.01) between the magnitude of complex
iscosity (�*) of the two kinds of gels is shown in Fig. 5b. �* can be
etermined according to Eq. (3) (Rao & Cooley, 1994).

∗ = G′ ′

ω
− i

G′

ω
(3)

here ω is the angular frequency (2�  in this study). Both G′ and G′′

re positive over the entire temperature range, so that the magni-

ude of �* is considered to be a reliable measure of gel strength (Rao

 Cooley, 1994). The measured G′ or G′′ increased with an increase
n the intermolecular crosslinks in the hydrogel network (Weng
t al., 2007; Wu et al., 2009). For example, increasing the content of

Fig. 4. XPS spectra of lyophilized powder of CS-TBA/HA/�-GP hydro
mers 110 (2014) 62–69

free thiol groups in CS-NAC increased the crosslink density, which
resulted in an increase of G′ (Wu  et al., 2009). In our study, for the
CS-TBA/HA/�-GP, in addition to the physical crosslink due to �-GP,
the chemical crosslink caused by the formation of disulfide bond
between two thiol groups enhanced the intermolecular crosslink
in the hydrogel network.

3.5. In vitro degradation of CS/HA/ˇ-GP and CS-TBA/HA/ˇ-GP
hydrogels

The degradation of CS/HA/�-GP and CS-TBA/HA/�-GP hydro-
gels was  evaluated by examining the weight loss in PBS (pH 7.4,
containing 25 ppm sodium azide) at 37 ◦C. As shown in Fig. 6,
both kinds of hydrogels show similar degradation behavior in 28
days. There is no significant difference (p > 0.05) in the weight
loss between two  kinds of hydrogels at each designed time. Both
kinds of hydrogels degraded relatively rapidly in the first 10 days,
probably due to the un-crosslinked �-GP salt in the hydrogels dif-
fusing to the degradation liquid (Chen et al., 2012). Then during the
days 10–18, the weight loss of both kinds of hydrogels does not
change so much. After 18 days, the degradation rate of both kinds
of hydrogels shows a slight increase, which is mainly because of
the degradation of chitosan backbone. The degradability of chi-
tosan is mainly controlled by the degree of deacetylation (DD).
The low DD chitosan performs high degradation rate because of
its low crystallinity (Ganji, Abdekhodaie, & Ramazani, 2007; Zhang
& Neau, 2001). At day 21 and 28, the weight loss of both kinds of
hydrogels does not increase obviously. The weight loss of CS/HA/�-
GP and CS-TBA/HA/�-GP hydrogels after 28 days is 48.58 ± 2.38%
and 51.73 ± 2.87%, respectively. The modification of chitosan does
not decrease the degradation rate significantly, even though it
increases the crosslink density. This indicates that in CS-TBA/HA/�-
GP hydrogel, not only the hydrolysis of disulfide bonds, but also the
degradation of chitosan backbone are important in breaking down
of the hydrogel (Weng, Romanov, Rooney, & Chen, 2008).

3.6. In vitro protein release from CS/HA/ˇ-GP and
CS-TBA/HA/ˇ-GP hydrogels

The cumulative release amounts of BSA protein from CS/HA/�-

GP and CS-TBA/HA/�-GP hydrogels are shown in Fig. 7. For both
kinds of hydrogels, the BSA release behaviors perform similarly.
Both have an initial burst effect in the first 2 days, which can be
fitted according to zero-order kinetic model (R2 = 0.989 and 0.998

gel. (a) Survey spectrum; (b) High resolution spectrum of S2p.
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ig. 5. (a) Dependence of storage modulus (G′) and loss modulus (G′′) on shear stress 

nd  CS-TBA/HA/�-GP hydrogels.

or CS/HA/�-GP and CS-TBA/HA/�-GP gel, respectively). The initial
urst release rates are 39.46% and 32.88% per day for CS/HA/�-GP
nd CS-TBA/HA/�-GP gel, respectively. The burst release behavior
as also observed in the reference, which may  be assigned to the

mmediate dissolution and/or release of the accumulated protein
n the surface or in the tunnels of gels during the gelation process
Khodaverdi et al., 2012).

After 2 days, the BSA release rates from both kinds of hydro-
els decrease largely. The period of sustained release continued
ntil day 20 for CS-TBA/HA/�-GP gel with a cumulative release of
8.8%. While for CS/HA/�-GP gel, the period of sustained release
ould maintain until day 12, with a cumulative release of 100%. The
elease profiles for both kinds of gels are not linear, but more like
iffusion-controlled release. Diffusion-controlled release through
he hydrogel mesh is the primary mechanism of release of many
rugs from hydrogels. BSA has a sustained release due to its rela-
ively large hydrodynamic radius (Bhattarai, Gunn, & Zhang, 2010).
ompared with that from CS/HA/�-GP gel, the BSA release from
S-TBA/HA/�-GP gel had a slower rate and maintained a longer
ime, which can be attributed to the effect of the thiol groups and
isulfide bonds. BSA has 36 cysteine residues that form 18 disul-

de bonds (Qiu et al., 2003). These disulfide bonds enable BSA to

orm disulfide-linked covalent aggregates with CS-TBA via thiol-
isulfide interchange reaction (Ekici, 2011).

ig. 6. Degradation profiles of CS/HA/�-GP and CS-TBA/HA/�-GP hydrogels exposed
o  PBS (pH 7.4) at 37 ◦C in vitro. Data were expressed as means ± SD (n = 4 for each
ample).
HA/�-GP and CS-TBA/HA/�-GP hydrogels. (b) Complex viscosity (�*) of CS/HA/�-GP

Our result can be supported by a previous experiment, in which
the release of Insulin from CS/�-GP gel was studied. In their work,
the sustained release of Insulin from CS/�-GP gel lasted ∼350 h
(∼288 h in our study for BSA from CS/HA/�-GP  gel) (Kempe et al.,
2008).

3.7. In vitro cytotoxicity of CS/HA/ˇ-GP and CS-TBA/HA/ˇ-GP
hydrogels

The cytotoxicity of CS/HA/�-GP and CS-TBA/HA/�-GP hydrogels
extracts was measured by CCK-8 method in vitro using hMSCs as
model cells. CCK-8 can be transformed into orange-colored form-
azan by the activity of dehydrogenases in cells. The absorbance at
450 nm indicates the number of living cells indirectly. As shown
in Fig. 8, after 3 or 5 days’ culture, the cell numbers of all three
groups increased significantly (p < 0.01) compared with those at
day 1. There are no significant differences (p > 0.05) among the
three groups during the cell culture expect at day 1, showing
that both CS/HA/�-GP and CS-TBA/HA/�-GP hydrogels extracts
have low cytotoxicity in vitro. The cytotoxicity of CS-TBA was
of CS-TBA at 0.025% in medium had a negligible cytotoxicity
(Guggi, Langoth, Hoffer, Wirth, & Bernkop-Schnürch, 2004). CS-
TBA nanoparticles are also considered relatively less toxic for the

Fig. 7. BSA release profiles from CS/HA/�-GP and CS-TBA/HA/�-GP hydrogels
in  vitro. Data were expressed as means ± SD (n = 4 for each sample).
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ig. 8. In vitro cytotoxicity of CS/HA/�-GP and CS-TBA/HA/�-GP hydrogels extracts
or  hMSCs. Data were expressed as means ± SD (n = 8 for each sample). Double aster-
sks  (**) denote statistical significance p < 0.01.

aco-2 cells when added into culture medium (Sakloetsakun,
erera, Hombach, Millotti, & Bernkop-Schnürch, 2010). In this
tudy, the CS-TBA/HA/�-GP hydrogel extract exhibited low cyto-
oxicity for hMSCs in vitro, indicating its potential application in
iomedicine.

. Conclusion

In this study, a novel thermo-sensitive hydrogel based on thio-
ated chitosan, hydroxyapatite and �-glycerophosphate disodium
CS-TBA/HA/�-GP) was prepared. The CS-TBA/HA/�-GP system
an form a gel at body temperature. The CS-TBA/HA/�-GP has a
igher storage modulus (G′) and loss modulus (G′′), decreases the
SA release rate and maintains the protein release for a longer
ime compared with unmodified chitosan system (CS/HA/�-GP),
ue to the existing thiol groups and/or disulfide bonds. The CS-
BA/HA/�-GP gel has a porous structure with a uniform distribution
f nano-hydroxyapatite, an appropriate degradation rate and low
ytotoxicity, showing potential applications in drug delivery and
issue engineering.
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