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a  b  s  t  r  a  c  t

Two  mucoadhesive  thiolated  polymers  were  synthesized  by the  covalent  attachment  of  homocysteine
thiolactone  (HT)  to  chitosan  and  N,N,N-trimethyl-chitosan  (TM-chitosan)  at various  chitosan:HT  ratios.
The  amount  of thiol  and  disulphide  groups  immobilized  on  the  chitosan  influenced  the  polymer’s
mucoadhesion  positively  and  negatively,  respectively,  with  the optimal  chitosan:HT  (w/w)  ratio  being
found  to  be  1:0.1.  The  interaction  between  mucin  and  chitosan  and  its  three  derivatives  was  highest  for
eywords:
hitosan
ucoadhesive polymer

hiolated chitosan
,N,N-Trimethyl chitosan

the thiolated  chitosan  derivatives  but was  pH  dependent.  HT-chitosan  and  TM-HT-chitosan,  with  the
thiol  groups  of  64.15  and 32.48 �mol/g,  respectively,  displayed  a  3.67-  and  6.33-fold  stronger  mucoad-
hesive  property  compared  to  that  of  the  unmodified  chitosan  at pH 1.2,  but these  differences  were  only
∼1.7-fold  at pH  6.4.  The  swelling  properties  of  TM-HT-chitosan  and  HT-chitosan  were  higher  than  that
of  chitosan  and  TM-chitosan,  attaining  a swelling  ratio  of  up to 240%  and  140%,  respectively,  at  pH  1.2
within  2 h.
. Introduction

Chitosan or poly[�-(1–4)-2-amino-2-deoxy-d-glucopyronose]
s a copolymer of glucosamine and N-acetylglucosamine. It has key
roperties that make it a good mucoadhesive polymer, including
nzymatic biodegradability, non-toxicity and high biocompati-
ility (Dash, Chiellini, Ottenbrite, & Chiellini, 2011; Jayakumar,
eepthy, Manzoor, Nair, & Tamura, 2010; Jayakumar, Prabaharan,

 Muzzarelli, 2011). Over the past few years, mucoadhesive chi-
osan have gained substantial interest for potential applications in
rug delivery at mucosal membranes. It allows targeting and local-

zation of the drug at a specific adsorption site and improves the
ffectiveness of relevant drugs by maintaining their plasma con-
entration at therapeutic levels for a prolonged period of time and
nhibiting the dilution of the drug in the body fluids (Ludwig, 2005;
alamat-Miller, Chittchang, & Johnston, 2005).

The primary amino (NH2) and hydroxyl (OH) groups of chi-
osan are considered to be responsible for mucoadhesive property
ia non-covalent bonds, e.g. hydrogen bonds and ionic interac-

ions (Smart, 2005). In order to improve its mucoadhesive property,
hitosan bearing thiol groups that can form covalent bonds with
he mucus membrane via thio/disulfide exchange reaction has

∗ Corresponding author. Tel.: +66 02 2187596; fax: +66 02 2187598.
E-mail address: nongnuj.j@chula.ac.th (N. Muangsin).
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© 2011 Elsevier Ltd. All rights reserved.

been synthesized and called thiolated chitosan (Bernkop-Schnurch,
2005; Leitner, Walker, & Bernkop-Schnurch, 2003). An exam-
ple of thiolated chitosan is chitosan–TBA (4-thio-butyl-amidine).
It exhibits over 100-fold higher mucoadhesiveness than that of
unmodified chitosan (Bernkop-Schnurch, Hornof, & Zoidl, 2003;
Bernkop-Schnurch, Kast, & Guggi, 2003) and can be used as plat-
forms for oral controlled drug delivery (Roldo, Hornof, Caliceti,
& Bernkop-Schnurch, 2004). More examples of thiolated chitosan
include chitosan–thioglycolic acid conjugates (Hornof, Kast, &
Bernkop-Schnurch, 2003; Kast & Bernkop-Schnurch, 2001; Kast,
Frick, Losert, & Bernkop-Schnurch, 2003), chitosan–cysteine conju-
gates (Schmitz, Grabovac, Palmberger, Hoffer, & Bernkop-Schnurch,
2008) and chitosan-iminothiolane (Bernkop-Schnurch, Hornof,
et al., 2003; Bernkop-Schnurch, Kast, et al., 2003).

Furthermore, thiolated chitosan has been extensively
investigated as biomedical applications. For example,
chitosan–thioglycolic acid (chitosan–TGA) conjugate nanoparticles
as a biocompatible and easily uptake materials for normal cells
and cancer cell lines (Anitha et al., 2011), thiolated chitosan in
non-invasive drug delivery system (Bernkop-Schnurch, 2008), and
thiolated chitosan–TGA nanoparticles as a drug delivery system
for the urinary bladder (Barthelmes, Perera, Hombach, Dünnhaupt,

& Bernkop-Schnurch, 2011).

The aim of this work was to prepare a mucoadhesive thio-
lated chitosan that would be potentially suitable for application
in a mucoadhesive drug delivery system, especially in a low pH

dx.doi.org/10.1016/j.carbpol.2011.11.007
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:nongnuj.j@chula.ac.th
dx.doi.org/10.1016/j.carbpol.2011.11.007
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ig. 1. Schematic representation of the reaction scheme for the covalent attachm
M-HT-chitosan, respectively.

nvironment. Therefore, thiolated chitosan was developed from
hitosan by the covalent attachment of homocysteine thiolactone
HT) onto the amino groups of chitosan, using imidazole as the reac-
ive intermediate. To further improve the mucoadhesiveness of this
hiolated chitosan, N,N,N-trimethyl-chitosan (TM-chitosan) (Sieval
t al., 1998) were also synthesized and then grafted with HT, based
n the strong positive charges and chain flexibility would be able
o interact more strongly with the mucus glycoproteins (Andrews,
averty, & Jones, 2009).

. Materials and methods

.1. Materials

Chitosan with 85% deacetylation (Mw  of 100 kDa) was pro-
ided by Bonafides Co. Ltd. (Thailand). Homocysteine thiolactone

HT) hydrochloride, imidazole, mucin (type II) from porcine,
odomethane, N-methyl pyrrolidone, basic fuchsin (pararosani-
ine), sodium metabisuphite, periodic acid, acetic acid and lactic
cid were obtained from Aldrich Co., USA and used without further
of HT to chitosan (route A) and TM-chitosan (route B) to form HT-chitosan and

purification. 5,5′-Dithio-bis(2-nitrobenzoic acid), used for quanti-
tatively analyzing the thiol groups, was purchased from Aldrich
Co., USA. Dialysis tubing (Mw  cut-off 12–14 kDa) was obtained by
Membrane Filtration Products, Inc., USA. All other chemicals were
commercially available and used as received.

2.2. Synthesis of HT-chitosan

Chitosan were thiolated using HT by covalent attachment, as
schematically summarized in Fig. 1A, using different (w/w) ratios
of chitosan:HT to evaluate the effect of varying this ratio on the
properties of the obtained HT-chitosan. Briefly, 100 mL of 1% (w/v)
of chitosan in 1% (v/v) lactic acid was  added to an aqueous solu-
tion of imidazole (0.68 g in 2.5 mL  water), followed by the dropwise
addition of HT (0.05, 0.1, 0.5 and 1.0 g in 100 mL water) and stirred
at room temperature in a nitrogen atmosphere for 12 h. The reac-

tion mixture was  adjusted to pH 7, precipitated with excess acetone
and harvested by centrifugation (12,000 rpm for 2 min). The pellet
was re-dissolved in water and dialyzed (MW  cut-off 12–14 kDa)
against changes of 1 L of water for 2 days prior to being lyophilized
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t −30 ◦C and 0.01 mbar. The dry product was stored at 4 ◦C before
se.

.3. Synthesis of TM-HT-chitosan

The TM-chitosan was first prepared from the corresponding
hitosan by methylation as previously reported (Yin et al., 2009).
M-HT-chitosan was synthesized following the route schematically
ummarized in Fig. 1B. Firstly, 100 mL  of 1% (w/v) of TM-chitosan
n 1% (v/v) lactic acid solution was added to an aqueous solution of
midazole (0.68 g in 2.5 mL  water), followed by the dropwise addi-
ion of HT (0.15 (w/v) aqueous) to the desired final concentration
nd stirred at room temperature under a nitrogen atmosphere for
2 h. The reaction mixture was adjusted to pH 7 and then precipi-
ated, dialyzed, lyophilized and stored at 4 ◦C before use.

.4. Characterization

.4.1. Fourier transformed infrared spectroscopy (FT-IR)
The chitosan, HT and HT-chitosan and TM-HT-chitosan were

nalyzed (KBr) by FT-IR (Nicolet 6700) in the region from 4000 cm−1

o 400 cm−1.

.4.2. 1H and 13C Nuclear Magnetic Resonance spectroscopy
NMR)

1H NMR  and 13C NMR  spectra of HT-chitosan, TM-chitosan and
M-HT-chitosan in 2% (v/v) trifluoroacetic acid (CF3COOH) in D2O
ere recorded on Bruker NMR  spectrometer operated at 400 MHz.

he degree of quaternization (DQ) is one of the important char-
cteristics of chitosan and its derivatives was calculated using the
ata obtained from the 1H NMR  spectra according to Eq. (1),  as
reviously described (Sieval et al., 1998; Snyman, Hamman, Kotze,
ollings, & Kotze, 2002).

DQ =
[

[(CH3)3]
[H3 − H6]

× 4
9

]
× 100 (1)

ere, [(CH3)3] is the integral of the chemical shift of the trimethyl
mino group at 2.96 ppm and [H3–H6] is the integral of the 1H peak
etween 3.6 and 4.2 ppm.

.4.3. Determination of the contents of thiol and disulfide groups
One of the important factors of these modified polymers is

he level (density) of free thiol groups and disulfide bonds, which
annot be evaluated by NMR. Thus, the degree of modification
as determined spectrophotometrically with Ellman’s reagent as

eported (Hornof et al., 2003). The amount of thiol moieties on the
T-chitosan and TM-HT-chitosan samples was calculated by ref-
rence to a standard curve, itself obtained from evaluation of a
hitosan solution with increasing known amounts of cysteine HCl
0.001–0.01 g/L) standards at a wavelength of 450 nm.  The amount
f disulfide bonds was calculated by subtracting the quantity of free
hiol groups, as determined above, from the total number of thiol

oieties present on the polymer.

.4.4. X-ray diffraction (XRD) pattern
The X-ray powder diffraction (XRD) pattern was performed on a

igaku X-ray diffractometer Dmax 2200 Ultima at room tempera-
ure with a speed scan of 5◦/min using CuK� radiation (� = 1.5405 Å,
0 kV, 30 mA).

.4.5. Thermogravimetric analysis (TGA)
The thermal stability of each of the samples was evaluated using
GA analysis. These experiments were performed on a PerKinElmer
yris Diamond TG/DTA machine under a nitrogen flow at a rate
f 30 mL/min. Approximately 5 mg  of samples were placed in the
lumina pan, sealed and heated at 10 ◦C/min from 25 to 500 ◦C.
lymers 87 (2012) 2399– 2408 2401

2.5. In vitro bioadhesion of mucin to chitosan and the modified
chitosans

2.5.1. Mucus glycoprotein assay
The Periodic Acid Schiff (PAS) method is widely used for both

the quantitative and qualitative analysis of mucins, glycoproteins,
glycogen and other polysaccharides in tissues and cells. The PAS
colorimetric assay for the detection of glycoproteins was used as
previously reported for the determination of the free mucin con-
centration, so as to evaluate the amount of mucin adsorbed onto the
chitosan and its three derivatives. Schiff reagent contained 100 mL
of 1% (w/v) basic fuchsin (pararosaniline) in an aqueous solution
and 20 mL  of 1 M HCl. To this was  added sodium metabisuphite
(1.67% (w/v) final) just before use, and the resultant solution was
incubated at 37 ◦C until it became colorless or pale yellow. The PAS
reagent was freshly prepared by adding 10 �L of 50% (v/v) periodic
acid solution to 7 mL of 7% (v/v) acetic acid solution.

Standard calibration curves were prepared from the four mucin
standard solutions (0.125, 0.25, 0.375 and 0.5 mg/mL). After adding
0.1 mL  of periodic acid reagent, the solutions were incubated at
37 ◦C for 2 h before 0.1 mL  of Schiff reagent was added and incu-
bated at room temperature for 30 min. Next, 0.1 mL  aliquots of
the solution were transferred in triplicate into a 96-well microtiter
plate and the absorbance at 555 nm was  recorded. The mucin con-
tents were then calculated by reference to the standard calibration
curve.

2.5.2. Adsorption of mucin on chitosan and the three derivatives
(TM-chitosan, HT-chitosan and TM-HT-chitosan)

A 0.5% (w/v) mucin solution in each of three broadly isoos-
motic solutions that differ in pH, namely SGF (pH 1.2), 0.1 N sodium
acetate buffer (pH 4.0) and SIF (pH 6.4) media, were prepared. Chi-
tosan and its three derivatives were dispersed (at 20 mg/1.5 mL
final) in the above mucin solutions and shaken at 37 ◦C for 2 h. Then
the dispersions were centrifuged at 12,000 rpm for 2 min  to pellet
the chitosan–mucin or TM-HT-chitosan–mucin complex and the
supernatant was  harvested and used for the measurement of the
free mucin content. The mucin concentration was calculated by ref-
erence to the calibration curve, and the amount of mucin adsorbed
to the microspheres was calculated as the difference between the
total amount of mucin added and the free mucin content in the
supernatant.

2.6. Swelling study of chitosan and its three derivatives
(TM-chitosan, HT-chitosan and TM-HT-chitosan)

Films of chitosan and the three chitosan derivatives were pre-
pared as follows. A 2 g of chitosan or its derivatives (TM-chitosan,
HT-chitosan and TM-HT-chitosan) was  dissolved in 50 mL  of 1%
(v/v) aqueous lactic acid to yield a 1% (w/v) chitosan or chitosan
derivative solution, poured into an 8 cm × 10 cm tray and air dried.
The chitosan or chitosan derivative films were then cut into 5.0 mm
diameter circles and each one was  immersed in one of SGF, SIF or
0.1 N sodium acetate buffers (pH 4.0). The swelling properties were
determined by measuring the change in the diameters of each film
at various time intervals (0–8 h). Equilibrium was  assumed to be
attained when no further swelling (increase in disc diameter) was
measured over time (i.e. at the asymptote of the swelling level vs.
incubation time plot). The swelling ratio (Sw) for each sample deter-
mined at time t was calculated from Eq. (2) as previously reported
(Muzzarelli & Tanfani, 1985).
Sw = Dt − D0

D0
× 100 (2)

where Dt is the film diameter at time t and D0 is the initial film
diameter.
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ig. 2. Representative FTIR spectra of (a) chitosan, (b) HT, (c) HT-chitosan from a
hitosan:HT (w/w) ratio of 1:1.0, plus (d) TM-chitosan and (e) TM-HT-chitosan (1:0.1
w/w) TM-chitosan:HT).

.7. Statistical analysis

All measurements were performed in triplicate in each experi-
ent. The results are presented as the mean ± standard deviation

SD). To test for significant differences between means, statisti-
al analysis was  performed by one-way ANOVA, using Microsoft
xcel (Microsoft Corporation). A value for P < 0.01 is considered to
e statistically significant.

. Results and discussion

.1. Formation and characterization of HT-chitosan and
M-HT-chitosan

The reaction of chitosan or TM-chitosan and HT to form HT-
hitosan or TM-HT-chitosan, respectively, was carried out via a
ing-opened reaction. The sulfhydryl group of HT first formed
he reactive intermediate HS–CH2–CH2–CH(NH2)–C(O)–Im (where
m = imidazole) (Matsuda, Kobayashi, Itoh, Kataoka, & Tanaka,
005), and then HT was covalently reacted at the amino group
–NH2) of chitosan or TM-chitosan via the formation of amide bonds
Fig. 1).

.2. Fourier transformed infrared spectroscopy (FTIR)

The FTIR spectra of chitosan and the three chitosan deriva-
ives (TM-chitosan, HT-chitosan and TM-HT-chitosan) are shown
n Fig. 2. The FTIR spectrum of chitosan showed the characteris-
ic absorption bands of chitosan at 1634 cm−1 (C O amide) and
077 cm−1 (C–O stretching), whilst the HT spectrum showed the

 O ketone group absorption band at 1705 cm−1. After grafting of
he HT onto the C2-amine groups of chitosan, the characteristic sig-
al at 1652 cm−1, attributed to the stretching vibration of the C O

cetamide of HT-chitosan (amide I band) appeared. In addition,
he absorption peak at 1588 cm−1 (amide II band) and 1319 cm−1

amide III band) were stronger than those seen in chitosan, which
an be attributed to the additional amide group of HT. The peaks
lymers 87 (2012) 2399– 2408

at 1256 cm−1 and 622 cm−1 correspond to the disulfide and thiol
groups, respectively (Bernkop-Schnurch, Kast, et al., 2003).

After quaternization of chitosan, the resultant TM-chitosan
spectrum showed peaks at 1642 and 1582 cm−1 that are assigned
to the C O (amide) and N–H (amine) vibrations, respectively. For
the representative TM-chitosan:HT sample (1:0.1 (w/w) ratio), a
group of band at 2918 cm−1 and 2846 cm−1 assigned the vibration
of CH2(asym) and CH2 (sym), respectively, attributed to the side
chain of HT which are increased as compared with TM-chitosan. The
new band at 1675 cm−1 is attributed to the stretching vibration of
the C O acetamide group of TM-HT-chitosan and no band around
1705 cm−1 (C O of the lactone ring of the HT) presented, indicating
that HT is grafted on to the chitosan backbone. Compared with chi-
tosan, the absorption bands at 1230 cm−1 in both HT-chitosan and
TM-HT-chitosan spectra correspond to an increased level of alkyl
group C–C bonds. These results are all consistent with the successful
preparation of HT-chitosan and TM-HT-chitosan conjugates.

3.3. 1H and 13C Nuclear Magnetic Resonance spectroscopy (NMR)

Representative 1H NMR  of chitosan, HT-chitosan and TM-HT-
chitosan are shown in Fig. 3. The peaks for HT-chitosan at chemical
shifts 3.4–4.0, 3.1 and 2.0 ppm were ascribed to the H3–H6, H2
(GluN) and acetyl (GluNAc) protons in the chitosan skeleton,
respectively. The appearances of new proton positions from the
ring opened side chain of HT were observed as at 2.8 and 2.5 ppm
and are assigned to the Hd and He, respectively. The spectra of TM-
HT-chitosan showed a chemical shift at 3.6–4.2, 3.2–3.4, 3.1, 3.0 and
2.0 ppm, which were attributed to H3–H6, 3-,6-OCH3, H2, +N (CH3)3
and acetyl (GluNAc) protons in the TM-chitosan backbone, respec-
tively. The chemical shifts at 2.8 and 2.5 belonged to Hd  overlapped
with (CH3)2 and He, respectively. The DQ%, as calculated from Eq.
(1), was 5.9%.

Representative 13C NMR  spectra of chitosan, HT-chitosan and
TM-HT-chitosan are shown in Fig. 4, where the chemical shifts at ı
97.6, 59.9, 69.9, 76.4, 74.8 and 55.7 ppm are assigned to the C1, C2,
C3, C4, C5 and C6, respectively. The signal at 161.6 is attributed to
the carbonyl group of chitosan (Sun, Du, Fan, Chen, & Yang, 2006).
The spectrum of HT-chitosan is broadly similar to that of chitosan,
except for the new high intensity peaks at around 24.5–35.7 ppm
that are assigned to the methylene group of the grafted cysteine
side chain (Cd, Ce). In addition, the peak at ı 50.0 ppm is assigned
to the Cb alkyl carbon, and the characteristic peak at ı 161–163 ppm
is assigned to the two  types of carbonyl group, the C O carbonyl
group of the acetyl GluNAc of chitosan and the HT-chitosan side
chain at 161 and 162.6 ppm, respectively. In the TM-HT-chitosan
spectra of TM-HT-chitosan, peaks related to C1, C2, C3, C4, C5 and
C6 of the saccharide ring and the peak of dimethyl (overlapped with
the trimethyl group) at chemical shifts of 97.8, 59.8, 70.2, 76.7, 75.1,
55.8 and 41.9 ppm, respectively, were all observed. The appearance
of the peak at ı 182.0 ppm, assigned to the C O carbonyl of the
amide group, verified the covalent attachment of TM-chitosan and
HT via an amide bond. The13C NMR  spectrum confirmed that HT-
chitosan and TM-HT-chitosan was  successfully prepared.

3.4. Quantification of the thiol levels in HT-chitosan and
TM-HT-chitosan

The amount of free thiol groups and disulfide bonds immobi-
lized in the HT-chitosan and TM-HT-chitosan derived polymers
are summarized in Table 1. The HT-chitosan derived from a 1:0.1

(w/w) ratio of chitosan:HT exhibited the highest amount of free
thiol groups (64 �mol/g), which implies that this polymer will
be the strongest mucoadhesive compared to the three other HT-
chitosan derived from the other chitosan:HT ratios. In addition, at
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Fig. 3. Representative 1H NMR  spectra of (a) chitosan, (b) HT-chitosan (1:

he highest tested HT proportion (a 1:1 (w/w) ratio of chitosan:HT)

he highest level of total disulphide groups (∼220 �mol/g) was
bserved, some 3.59- to 5.48-fold higher than the other HT-
hitosan derived from the lower HT proportions. The results imply
hat the optimum proportion of HT should not exceed that of 1:0.1

able 1
omparison of the different chitosan:HT mass ratio and the levels of their free thiol and d

Batch Chitosan/HT
ratio

Total thiol groups
(�mol/g) (±SD, n = 3)

Total disulfide groups
(�mol/g) (±SD, n = 3)

Chitosan – – – 

Chitosan/HT 1.0:0.05 35.13 ± 0.05 61.32 ± 0.12 

Chitosan/HT 1.0:0.10 64.15 ± 0.04* 40.15 ± 0.03 

Chitosan/HT 1.0:0.50 49.99 ± 0.05 45.69 ± 0.08 

Chitosan/HT 1.0:1.00 50.56 ± 0.05 220.05 ± 0.14*

TM-Chitosan/HT 1.0:0.10 32.48 ± 0.03 38.74 ± 0.72 

* The mean difference is significant (P < 0.01) compared to Chitosan/HT 1.0:0.05 using L
a The mean difference is significant (P < 0.01) compared to Chitosan using LSD method.
b The mean difference is insignificant (P > 0.01) compared to Chitosan/HT 1.0:0.05 usin
c The mean difference is significant (P < 0.01) compared to Chitosan/HT 1.0:0.05 using L
d The mean difference is significant (P < 0.01) compared to Chitosan/HT 1.0:0.05 using L
e The mean difference is significant (P < 0.01) compared to Chitosan/HT 1.0:0.1 using LS
f The mean difference is insignificant (P > 0.05) compared to Chitosan/HT 1.0:0.1 using
/w) chitosan:HT) and (c) TM-HT-chitosan (1:0.1 (w/w) TM-chitosan:HT).

(w/w) chitosan:HT, since an excess HT only yields a higher level of

disulfide bonds.

Therefore, TM-HT-chitosan was synthesized at the 1:0.1 (w/w)
ratio of TM-chitosan:HT, and was then evaluated compared to
HT-chitosan to ascertain the potential effect of the permanent

isulfide groups.

Adsorbed mucin at pH
1.2 (mg) (±SD, n = 3)

Adsorbed mucin at pH
4.0 (mg) (±SD, n = 3)

Adsorbed mucin at pH
6.4 (mg) (±SD, n = 3)

0.06 ± 0.01 0.31 ± 0.05 0.42 ± 0.03
0.22 ± 0.01a 0.55 ± 0.02a 0.65 ± 0.01a

0.22 ± 0.02a,b 0.60 ± 0.03a 0.72 ± 0.01a,d

0.25 ± 0.03a 0.54 ± 0.03a 0.67 ± 0.02a

0.26 ± 0.01a 0.51 ± 0.02a 0.62 ± 0.04a

0.38 ± 0.01a,c ,e 0.79 ± 0.03a,c ,e 0.75 ± 0.01a,c , f

SD method.

g LSD method.
SD method.
SD method.
D method.

 LSD method.
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Fig. 4. Representative 13C NMR  spectra of (a) chitosan, (b) HT-chitosan 

H-independent positive charges on the mucoadhesive property
f the polymer.

.5. X-ray diffraction (XRD) analysis

Representative X-ray diffractograms for the chitosan, HT-
hitosan, TM-chitosan and TM-HT-chitosan polymers (data not
hown) where some differences in the peak height, width and
osition between the four compounds were observed. Chitosan
owder exhibited two typical peaks at (2�) 10.6◦ and 20.0◦, which
orresponded to crystal forms I and II, respectively (Dung, Milas,
inaudo, & Desbrires, 1994). However, after HT substitution, the
eak at 10.6◦ 2� was significantly weaker (almost absent) in
he HT-chitosan and TM-HT-chitosan spectra, suggesting that the
riginal crystallinity of chitosan was destroyed. The HT-chitosan
and TM-HT-chitosan) was more amorphous in nature, which may

ell improve their biodegradability and mucoadhesive properties

Prabaharan & Gong, 2008). The XRD pattern exhibiting a char-
cteristic peak at 20◦ 2� was shifted to 21.6◦ 2� for TM-chitosan
hat corresponds to the crystal form II was also altered. Compared
 (w/w) chitosan:HT) and (c) TM-HT-chitosan (1:0.1 (w/w) chitosan:HT).

with chitosan, the intensities of these peaks were decreased. It is
possible that the present of the HT moiety resulted in a change in
the crystallinity of the chitosan and TM-chitosan backbone. Thus,
the three derivatives of chitosan (HT-chitosan, TM-chitosan and
TM-HT-chitosan) were more amorphous than that of chitosan. The
results also supported that HT was  successfully introduced into the
chitosan and TM-chitosan backbone.

3.6. Thermogravimetric analysis (TGA)

The thermal properties of the polymers were investigated by
TGA. The TG curves and the corresponding DTG curves of chitosan,
HT-chitosan, TM-chitosan and TM-HT-chitosan are displayed in
Fig. 5. The TG curve of the unmodified chitosan showed two  stages
of weight loss, the first being water loss at 26–160 ◦C, whilst the
second stage was  from ∼208 ◦C to 288 ◦C, accounting for a loss of

34.6% of the total weight and was  ascribed to the degradation of
chitosan backbone. In contrast, the HT-chitosan sample (1:0.1
(w/w) ratio of chitosan:HT) showed three stages of weight loss.
The first and the third staged are attributed to the loss of water
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Fig. 6. Adsorption of mucin on chitosan, HT-chitosan of different chitosan:HT (w/w)
ig. 5. Representative TGA thermograms (TG and TGA curves) of (a) chitosan, (b)
T-chitosan (1:0.1 (w/w)  chitosan:HT), (c) TM-chitosan and (d) TM-HT-chitosan

1:0.1 (w/w) TM-chitosan:HT).

nd chitosan backbone degradation, respectively. The second stage
ith the sharp weight loss in the 196–262 ◦C range is accounted for

4.1% of the total weight and ascribed to the thermal degradation
f the HT grafted side chain.

For TM-chitosan and TM-HT-chitosan, the thermal decomposi-
ions showed two stages, the stage from 160 to 225 ◦C is due to the
egradation of the cleavage of the substituent groups. The weight

oss of TM-HT-chitosan (23.3% total weight) was lower than that of
M-chitosan (35.9% total weight), suggesting that TM-HT-chitosan
s more thermal stable than TM-chitosan. Overall, the TGA analy-
is demonstrated the loss of the thermal stability for HT-chitosan
nd TM-HT-chitosan compared to the original chitosan. Introduc-
ion of the HT side chain into the polysaccharide structure should
isrupt the crystalline structure of chitosan, especially through
he loss of the hydrogen bonding (Zhang, Ping, Zhang, & Shen,
003).

.7. Mucoadhesive properties

.7.1. Assessment of the mucoadhesive behavior of chitosan and
he three derivatives (TM-chitosan, HT-chitosan and
M-HT-chitosan) by mucus glycoprotein assay

The mechanism of mucoadhesion has been theoretically
eported to be based on the six general components of elec-

rostatic, wetting, adsorption, diffusion, mechanical and fracture
heories (Smart, 2005). Many methods have been employed to
valuate these interactions in vitro and in vivo. In this study, we
elected a commercial powder preparation of porcine mucin type
ratios and TM-HT-chitosan at pH 1.2, 4.0 and 6.4. Data are shown as the mean ± SD
and  are derived from three independent repeats. Means with a different lower case
letter are significantly different (P < 0.01).

II, which is typically used in mucoadhesion assays due to its lower
batch-to-batch variability and higher between assay reproducibil-
ity (Rossi, Ferrari, Bonferoni, & Caramella, 2001). As a strong
interaction exists between mucin and chitosan or its derivatives,
mucin should be spontaneously adsorbed onto the surface of the
chitosan or its three derivatives (CS, HT-chitosan and TM-HT-
chitosan). Therefore, the mucoadhesive property of the chitosan
and its three derivatives was  assessed by suspension of mucin in
their aqueous solutions at room temperature. The spectrophoto-
metric detection method used here (Section 2.5) allowed relatively
very dilute solutions of mucin (125–500 �g/mL) to be measured
and showed a linear relationship between the amount of mucin
and the absorbance at 555 nm,  with the linear regression equations
obtained by the least square method being y = 0.5629x − 0.0452,
y = 1.41x + 0.0832 and y = 1.9268x + 0.0415 for the assay in pH 1.2
(SGF), pH 4.0 and pH 6.4 (SIF), respectively (see support infor-
mation). As the mucin concentration increased, so the amount of
mucin adsorbed also increased.

3.7.2. Adsorption of mucin on polymer
The amount of mucin that was adsorbed onto the polymer (chi-

tosan or its three derivatives) decreased at lower pH values, being
maximal at pH 6.4 (SIF) and minimal at pH 1.2 (SGF) (Fig. 6), because
the degree of the ionization of sialic acid or the different forms of
the glycoprotein will be influenced by the pH value of the environ-
ment. Sialic acid is a saccharide acid, and mucin is a glycoprotein.
The values of pKa and pI for sialic acid and mucin are 2.6 (Johnson
& Rainsford, 1972) and ∼3–5, respectively. Hence, the ionization of
the sialic acid and the glycoprotein will be more sensitive to pH,
in the acidic environment. As the pH value decreases, the amount
of ionized sialic acid also decreases (He, Davis, & Illum, 1998), and
so reduces the potential for interaction with chitosan or its three
derivatives.

Chitosan and TM-chitosan, along with their thiolated derivatives
(HT-chitosan and TM-HT-chitosan, respectively), were evaluated
for their mucin adsorption ability as a measure of their mucoad-
hesiveness. The thiolated derivative polymers dramatically and
significantly increased the mucin adsorption level above that seen
with chitosan or TM-chitosan in all three pH mediums evaluated
(Fig. 6). The results revealed that the representative HT-chitosan

(derived from a 1:0.1 (w/w) ratio of chitosan:HT) absorbed mucin
about 3.9-, 1.9- and 1.7-fold more than chitosan at pH 1.2, 4.0 and
6.4, respectively, whilst the corresponding TM-HT-chitosan sam-
ple showed some ∼6.7-, 2.5- and 1.8-fold higher mucoadhesion
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Fig. 7. Swelling behavior of the chitosan and the thiolated chitosans (HT-chitosan
and TM-HT-chitosan, both from a 1:0.1 (w/w) ratio of chitosan:HT) as a function
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han TM-chitosan at pH 1.2, 4.0 and 6.4, respectively. Comparing
he two corresponding (i.e. 1:0.1 (w/w) ratio (TM-chitosan:HT))
hiolated chitosan, a higher mucoadhesion level was seen for TM-
T-chitosan than HT-chitosan at all three pH values, but this
ifference was more marked in the more acidic media, being about
.72-, 1.37- and 1.04-fold higher at pH 1.2, 4.0 and 6.4, respectively.

At the low pH range (pH 1.2 and 4.0), when the proportion of
T in the chitosan:HT (w/w) ratio increased from 1:0.05 to 1:0.1,

 statistically significant increase in the level of thiol groups was
bserved (Table 1), but the slight numerical changes in the mucoad-
esion level were not statistically significant (Fig. 6). This might
e due to the reactivity of the thiol groups on the polymer. In the

ower pH, the thiol group in the thiolated are less reactive, hence
xidation of thiol groups occurs before contact with the mucus gel
ayer (Palmberger, Hombach, & Bernkop-Schnurch, 2008). Hence,
he mucoadhesive ability of chitosan was increased by the addition
f the thiol groups because of the electrostatic and hydrophobic
ffects. With respect to the electrostatic effect, this is due to the
emaining NH3

+ moieties of both the chitosan backbone and the
T side chain being able to interact with either the COO− or SO3

−

roups on the mucin carbohydrate side chain in an acidic media.
or the hydrophobic effect, the –CH2 moieties of HT interact in part
ith the –CH3 groups on the mucin side chains which, lead to a
igh mucoadhesive adsorption. Therefore, both electrostatic and
ydrophobic effects on the mucoadhesion of chitosan and its three
erivatives are in the lower pH range.

In contrast, however, at pH 6.4 a statistically stronger mucoad-
esiveness was observed with the HT-chitosan sample derived

rom the lower HT proportion (1:0.1 (w/w) chitosan:HT), with a
1.1-fold higher level of adsorbed mucin being observed that from

he HT-chitosan derived from a 1:0.05 (w/w) ratio. However, since
hese experiments were performed at a pH above 6, which will
esult in an increased concentration of the reactive form of thiolate
nions, –S−, this may  have lead to a greater extent of oxidation and
ucleophilic attack (Leitner et al., 2003). Regardless, the potential

nfluence of the level of thiol groups on the mucoadhesive prop-
rties of the polymer could clearly be observed, and so not only
lectrostatic and hydrophobic effects are at play but also the level
f covalently linked thiol groups in the polymer is an important
eterminant of the polymer’s mucoadhesiveness. The higher the
ensity of thiol groups covalently attached to the copolymer, the
igher the amount of mucin was bound onto the polymer (Table 1
nd Fig. 6). This can be explained by the formation of covalent disul-
de bonds between the thiol-bearing side chains of the thiolated
olymer and cysteine-rich subdomains of the mucus glycoprotein
Grabovac, Guggi, & Bernkop-Schnurch, 2005).

With respect to the level of disulfide bonds, the HT-chitosan
ample derived from a 1:1 chitosan:HT (w/w) ratio showed a sig-
ificant increase in the level of disulfide groups (Table 1), but no
tatistically significant increase in the mucoadhesion ability (Fig. 6).
hus, it is possible that the level of total disulfide bonds is not

 principal factor influencing the mucoadhesive properties of the
hiolated chitosan.

For TM-HT-chitosan a significant reduction in the total thiol
roup level was seen (Table 1) because the quaternization of chi-
osan leads to a steric inhibition effect from the fixed positively
harged quaternary ammonium group charges making it difficult
or the HT groups to interact with the chitosan amine group. How-
ver, a statistically (P > 0.01) higher mucoadhesion level for the
M-HT-chitosan was observed compared to that for chitosan and
T-chitosan at pH 1.2 and 4.0 being ∼1.7- and 1.3-fold higher

han that seen in the HT-chitosan (derived from a 1:0.1 (w/w) chi-

osan:HT ratio) at pH 1.2 and 4.0, respectively. This was  expected
ince the +N(CH3)3 group found in TM-HT-chitosan would be able
o interact with the COO− or the SO3

− groups on the mucin glyco-
rotein side chain given that most mucin glycoproteins have a high
of  the media pH. Data are shown at equilibrium (60 min  swelling time) as the
mean ± SD and are derived from three independent repeats. Means with a different
lower case letter are significantly different (P < 0.01).

sialic acid and sulfate content, and so a strongly negative surface
charge (Lai, Wang, Wirtz, & Hanes, 2009).

On the other hand, TM-HT-chitosan showed only a slightly
(1.04-fold) numerically larger (and not statistically significant)
mucoadhesion level at pH 6.4 compared to the corresponding (1:0.1
(w/w) ratio chitosan:HT) HT-chitosan, which is likely to be due to
the fact that the influence of the positive charge was not enough to
increase the mucoadhesion when compared with the effect of the
thiol group at a higher pH (pH 6.4).

3.8. Swelling study

The swelling properties are of paramount importance in any
prospective evaluation of biomaterials, and they can be affected
by many factors, such as the cross-linking density and the hydra-
bility of the materials, and the ionic strength and pH value of the
media (Yu, Song, Shi, Xu, & Bin, 2011). In this research the swelling
ratio was  measured in three broadly isoosmotic buffer solutions
that differ in their pH, being SGF (pH 1.2), 0.1 M acetate buffer (pH
4.0) and SIF (pH 6.4) and the swelling ratio was  calculated using
Eq. (2) as detailed in Section 2.6.  The results, as the variation in
the swelling ratio with time, for the four HT-chitosan that varied in
chitosan:HT ratios, showed essentially the same pattern (data not
shown) and so that for the HT-chitosan derived from a 1:0.1 (w/w)
ratio of chitosan:HT is shown as an example, along with the data
for the chitosan and TM-HT-chitosan in Fig. 7. All three polymers
swelled rapidly (within 30 min) in all three different pH media, with
the HT-chitosan and TM-HT-chitosan presenting a higher swelling
ratio than that of chitosan. This may  be attributed to the fact that
the hydrophility of the thiolated chitosan was greater than that for
chitosan (Wu et al., 2009).

In addition to the influence of HT grafting upon the polymer
swelling, a clear pH dependence was  also noted. As the pH value
increased the degree of observed swelling decreased, especially
from pH 4 to pH 6.4 (Fig. 7). This could be explained from the
pH-dependent charge balance of HT-chitosan, TM-HT-chitosan and
chitosan, and so the degree of interaction between these three
polymers is modified in accord with their charge balance. The TM-
HT-chitosan sample is selected here as an example to explain the
potential mechanism due to the statistically significant changes in

the swelling behavior with pH compared to that for the control
chitosan, with the discussion schematically.

In strongly acidic medium (pH 1.2), the high swelling behav-
ior can be explained by the amine group of the TM-chitosan
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eing protonated which then favors chain expansion, through the
lectrostatic repulsions between the like-charged polymer seg-
ents (Khalid, Agnely, Yagoubi, Grossiord, & Couarraze, 2002).

urthermore, there is an overall increase in the swelling ratio
fter grafting HT side chains onto chitosan. This is in good agree-
ent with the literature, where it has been reported previously

hat adding more hydrophilic groups to chitosan increases its
ater absorption (Lee, Kim, & Lee, 2000). In order to investi-

ate the effect of the thiol group on the degree of swelling at
he lower pH of the thiolated polymer, the thiol groups may
e oxidized (Palmberger et al., 2008) leading to less reactive of
he thiol groups. Hence, the influence of the thiol groups was
ttributed to the effect of the interruption of the dominant amine
roups.

At a high pH (pH 6.4), the swelling ratio is strongly reduced
ue to the almost complete deprotonization of the chitosan amine
roup (Khalid et al., 2002) leading to a re-association of the inter-
hain hydrogen bonds and consequently to weaker interactions
etween the polymer chains and the aqueous media. It is known
hat a low concentration of charged ionic groups in the polymer
ecreases swelling behavior. On the other hand, at pH levels above

 the thiolate groups become charged anions, –S−, which represents
he reactive oxidation form (Leitner et al., 2003), and thereby leads
o electrostatic repulsion between the polymer segments. How-
ver, the polymers have only a relatively low density of thiol groups
ompared to that for the amine groups, and so the affects of the
mino group are dominant.

. Conclusions

In this study, mucoadhesive thiolated chitosan have been suc-
essfully synthesized by covalent attachment of HT onto the
mino group of chitosan under mild conditions. The chem-
cal structures and physical properties of thiolated chitosan

ere investigated. The chitosan:HT with the mass ratio of 1:0.1
esulted in strongly improved mucoadhesive properties and a
ood swelling behavior at low pH. Compared to HT-chitosan,
M-HT-chitosan exerted higher mucoadhesive property. The
esults suggested that increasing of cationic charges in the TM-
hitosan backbone can increase the mucoadhesiveness of thiolated
hitosan.
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