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Purpose  of the  present  study  was  the  generation  and  evaluation  of  novel  thiolated  chitosans,  so-named
S-protected  thiolated  chitosans  as mucosal  drug  delivery  systems.  Stability  of  all  conjugates  concerning
swelling  and  disintegration  behavior  as  well  as  drug  release  was  examined.  Mucoadhesive  properties
were  evaluated  in  vitro  on intestinal  mucosa.  Different  thiolated  chitosans  were  generated  displaying
increasing  amounts  of  attached  free  thiol  groups  on  the  polymer,  whereby  more  than  50%  of  these
thiol  groups  were  linked  with  6-mercaptonicotinamide.  Based  on  the  implementation  of  this  hydropho-
hiomers
-protected thiomers
isulfide bond formation
ucoadhesion

tability

bic  residue,  the  swelling  behavior  was  2-fold  decreased,  whereas  stability  was  essentially  improved.
Their  mucoadhesive  properties  were  2- and  14-fold  increased  compared  to corresponding  thiolated  and
unmodified  chitosans,  respectively.  Release  studies  out of  matrix  tablets  comprising  the  novel  conjugates
revealed  a controlled  release  of a model  peptide.

Accordingly,  S-protected  thiomers  represent  a  promising  type  of  mucoadhesive  polymers  for  the  devel-
opment of  various  mucosal  drug  delivery  systems.
. Introduction

As the uptake of most drugs from mucosal membranes is con-
rolled by a passive diffusion process, it is essential to provide

 concentration gradient as steep as possible on the mucosa. In
rder to achieve that goal, the delivery system has to be kept
s long as possible in contact with the absorption membrane,
hich can be guaranteed by mucoadhesive polymers. They can

ncrease the intimate contact time with mucus surfaces result-
ng in increased drug concentration at the site of absorption
nd consequently improved overall bioavailability. In contrast to

conventional’ polymers, which are quite insufficient in order to
uarantee this effect and whose mucoadhesive properties are only
ased on non-covalent bonds, thiolated polymers (thiomers) are
apable of forming covalent bonds with cysteine-rich subdomains
f the mucus gel layer via disulfide exchange reactions (Bernkop-
chnürch, Schwarz, & Steininger, 1999). Mucoadhesive, permeation
nhancing and efflux pump inhibitory properties of poly(acrylic
cid) and chitosan, were strongly improved by thiolation (Bernkop-

chnürch, Hornof, & Zoidl, 2003; Marschütz & Bernkop-Schnürch,
002). Besides all these advantages, however, thiomers show com-
aratively low stability in solutions, as they are subject of thiol

∗ Corresponding author. Tel.: +43 512 507 58 600.
E-mail address: Andreas.Bernkop@uibk.ac.at (A. Bernkop-Schnürch).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.05.028
© 2012 Elsevier Ltd. All rights reserved.

oxidation at pH ≥6 unless sealed under inert conditions (Bernkop-
Schnürch et al., 2003). This hindrance limits their permeation
enhancement and mucoadhesive features in body regions, where
pH is raised. The design and development of thiomers being sta-
ble in liquid and semisolid formulations would therefore be highly
advantageous, opening the door for numerous additional appli-
cations. According to this, it was  the aim of the present study to
generate thiolated polymers, whose thiol groups are protected by
already formed disulfide bonds, which offer the advantage of not
being subject of oxidation. The hypothesis to achieve this goal is
based on covalent chromatography, where, for instance, peptides
and proteins are very efficiently linked to thiol bearing resins, when
they are preactivated via pyridyl substructures (Carlsson, Drevin, &
Axén, 1978; Norris & Brocklehurst, 1976). Pyridyl disulfides react
very rapidly and quantitatively with sulfhydryl groups over a broad
pH range to form disulfide bonds. During this reaction, a disul-
fide exchange occurs between the molecule’s SH group and the
pyridyl thiol group, i.e. the thiomer forms disulfide bonds with
cysteine-rich subdomains of mucus glycoproteins with the pyridyl
thiol moiety as leaving group. The pyridyl thiol leaving group, how-
ever, is from the toxicological point of view problematic. Utilizing
nicotinamide (vitamin B3) instead of the pyridyl group excludes

such toxic effects. In order to apply this novel concept for thiolated
chitosans, it was the aim of this study to synthesize and character-
ize an S-protected thiolated chitosan regarding its application in
mucosal drug delivery systems.

dx.doi.org/10.1016/j.carbpol.2012.05.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:Andreas.Bernkop@uibk.ac.at
dx.doi.org/10.1016/j.carbpol.2012.05.028
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Fig. 1. Modification of thiolated chitosan leading to S-protected thiolated chitosan. 6-Chloro-nicotinamide is first reacted with thiourea to get 6-mercaptonicotinamide
( ). Both
t

2

2

1
A
n
(
1
g
i
[
w
p
d
o

2

p
o
o
m
(

6-MNA) (1). This product is then oxidized to 6,6′-dithionicotinamide (6,6-DTNA) (2
hiolated chitosan (3).

. Materials and methods

.1. Materials

Low viscous chitosan with an average molecular weight of
50 kDa and a deacetylation degree of 85% was obtained from Sigma
ldrich, Austria. Dimethyl sulfoxide (DMSO), 5,5′-dithiobis(2-
itrobenzoic acid) (Ellman’s Reagent), sodium borohydride
NaBH4), hydrogen peroxide (H2O2), dialysis tubes (MW  cutoff
2 kDa), thioglycolic acid (TGA), thiourea, 6-chloronicotinamide,
lutathione (GSH), 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
mide hydrochloride (EDAC), porcine gastric mucin and MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
ere purchased from Sigma Aldrich, Austria. Leuprolide was  sup-
lied from Bachem AG, Switzerland. Caco-2 cells were kindly
onated by Prof. Pfaller, Institute of Physiology, Medical University
f Innsbruck. All other chemicals were of analytical grade.

.2. Synthesis of thiolated and S-protected thiolated conjugates

The synthesis of S-protected thiolated chitosan is a tow-step
rocedure. The first modification involved the covalent attachment

f thioglycolic acid (TGA) to chitosan (CS) due to the formation
f amide bonds between the primary amino groups of the poly-
er  and carboxylic acid groups of TGA as described previously

Kast & Bernkop-Schnürch, 2001). For the second modification,
 reagents (6-MNA and 6,6-DTNA) were added to chitosan-TGA to form S-protected

the aromatic ligands 6-mercaptonicotinamide (6-MNA) as well as
its dimer 6,6′-dithionicotinamide (6,6-DTNA), which are commer-
cially not available, had to be synthesized according a method
developed by Forrest and Walker (1948).  The second modifica-
tion step was then achieved by disulfide bond formation between
free thiol groups of the thiolated chitosan and the aromatic ligand
(Fig. 1).

2.3. Assessment of cytotoxic effects

To evaluate potential cytotoxic effects of these S-protected thi-
olated chitosans, MTT  assay was performed on a Caco-2 monolayer
(Mosmann, 1983). Cells were cultured on 24-well plates at a density
of 1 × 105 cells/ml in 500 �l minimum essential medium (MEM)  for
14 days at 37 ◦C and 5% CO2. Thereafter, cells were incubated with
0.5% (m/v) of S-protected thiomers, thiomers or unmodified chi-
tosan control. Furthermore, nicotinamide (vitamin B3) as well as
the monomeric and dimeric reagent were tested for their influence
on cell viability. Untreated cells served as positive control, whereas
a 10% solution of Triton X-100 was  used as negative control. After

3 and 24 h of incubation at 37 ◦C cells were washed with PBS and
medium was replaced by 500 �l of MTT  assay. Cells were incubated
for 3 h along with MTT  solution at 37 ◦C. Absorbance of the dye was
measured at a wavelength of 570 nm.  Cell viability was calculated
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s percentages of the positive control:

ell viability [%] = Average absorbance value of each triplicate
positive control

×100.

.4. Tablets manufacture

For further studies all lyophilized S-protected thiomers, corre-
ponding thiomers and unmodified chitosan were compressed by a
ingle punch excentric press (Paul Weber, Remshalden-Grünbach,
ermany) into 30 mg,  5.0 mm diameter flat-faced tablets. The com-
action pressure of 12 kN was kept constant during the preparation
f all tablets. At least three tablets of each polymer sample were
hecked for resistance to crushing according to the European Phar-
acopoeia.

.5. Evaluation of the disintegration behavior

For testing the disintegration behavior all conjugates were
ompressed into tablets as described above. Stability of each
-protected thiolated chitosan, corresponding thiomer and unmod-
fied chitosan tablet was analyzed in 100 mM HCl and 100 mM
hosphate buffer (pH 6.8) at 37 ◦C with a disintegration test appa-
atus according to the European Pharmacopoeia. The oscillating
requency was adjusted to 0.5 s−1. Time was recorded when tablets
ere completely disintegrated.

.6. Evaluation of the water-uptake capacity

The water-absorbing capacity was determined by a gravimetric
ethod. In brief, S-protected thiomer, corresponding thiomer and

nmodified control tablets were fixed to a needle and immersed
n a beaker containing phosphate buffer (pH 6.8) at 37 ◦C. At pre-
etermined time points the swollen tablets were taken out of the

ncubation medium, excess water was removed and the amount
f water uptake determined gravimetrically. The absorbed amount
as calculated according to the following equation: Water uptake

%) = [(Wt − W0)/W0] × 100%, where Wt is the disc weight at a given
ime point and W0 the initial weight of the disc. Water uptake was
nvestigated as a function of time.

.7. In vitro release studies

Release studies were carried out with unmodified chitosan, thio-
ated and S-protected thiolated tablets and the model peptide drug
euprolide. First, 27 mg  of each polymer were suspended in dem-
neralised water, homogenized with 3 mg  of leuprolide dissolved
n water and stirred for 1 h. Thereafter, mixtures were lyophilized
nd compressed into tablets as described above. The release rate of
euprolide out of each tablet was analyzed in 50 ml  tubes contain-
ng 20 ml  of 100 mM phosphate buffer, pH 6.8. Vessels were closed,
laced on an oscillating waterbath and incubated at 37 ◦C. Sam-
les of 500 �l were withdrawn at pre-determined time points and
eplaced with an equal volume of release medium equilibrated at
7 ◦C. Sink conditions were maintained throughout the study. Sam-
les were analyzed using HPLC according to a method previously
escribed by Guo et al. (2004).  Concentrations were quantified

rom integrated peak areas and calculated by interpolation from
n according standard curve containing increasing concentrations
f leuprolide. Cumulative corrections were made for previously
emoved samples.
olymers 90 (2012) 765– 772 767

2.8. In vitro evaluation of mucoadhesive properties

2.8.1. Studies via rotating cylinder
In order to evaluate the binding of tablets to the intesti-

nal mucosa, mucoadhesion was  tested using “Paddle Apparatus”
according to the European Pharmacopeia. An Erweka DT 700
(Erweka GmbH, Heusenstamm, Germany) dissolution tester was
used. Vessels were filled with 900 ml  of 100 mM phosphate buffer
(pH 6.8) at 37 ◦C and rotational speed was  set to 200 rpm for all tests.
Polymer tablets were prepared as described above and attached to
a native small intestinal porcine mucosa, which has been fixed to
stainless steel cylinders used as stirrers. Detachment of test tablets
was determined visually and monitored with a webcam over 5 days
time period (Bernkop-Schnürch & Steininger, 2000).

2.8.2. Rheological investigations of polymer/mucin mixtures
First, mucin stock solution (10%, m/v) was  prepared and stored

at 4 ◦C for a maximum of 24 h. Polymers were hydrated in phos-
phate buffer pH 6.8 to a final concentration of 2% (m/v). Each
conjugate solution was  added to an equal volume of mucin stock
solution and mixed. Immediately after suspending in buffer and an
equilibration period of 60 min  at 37 ◦C, 500 �l of polymer/mucin
mixtures were transferred to a plate–plate viscometer (RotoVisco
RT20, Haake GmbH, Karlsruhe, Germany). Solutions containing
either 1% (m/v) unmodified, thiolated and S-protected polymers
or 5% (m/v) mucin powder were used as references. For all samples
the apparent viscosity (�) was measured immediately after equili-
bration. The shear stress was set at a range of 0.5–500 Pa and the
gap between two plates was 0.5 mm.

2.9. Statistical data analysis

GraphPad Prism 5 was  used to calculate the mean values of all
samples. Unpaired student’s t-test was performed to test the signif-
icance of the difference between the mean value of the control and
the respective sample. When comparisons of more than two  mean
values were made, the data were analyzed with one way ANOVA.
Level of p ≤ 0.05 was set for significant, p ≤ 0.01 for very significant
and p ≤ 0.001 for highly significant.

3. Results and discussion

3.1. Characterization of the thiolated chitosans

Mediated by the carbodiimide EDAC and increasing amounts of
activated TGA (Table 1) added to the polymer, three different thi-
olated chitosans with raising degrees of conjugated thiol groups
could be received. The degree of modification was determined by
quantifying the total amount of thiol groups, which is a composi-
tion of free and oxidized thiol groups in form of disulfide bonds.
The amount of free thiol groups was  determined photometrically
with Ellman’s reagent. Absorbance was  measured at a wavelength
of 450 nm with a microplate reader (FluoStar Galaxy, BMG  Offen-
burg, Germany). A calibration curve of TGA was used to calculate
the amount of free thiol groups immobilized on the polymer. To
determine the degree of disulfide bonds, the reaction with Ellman’s
reagent was  performed after reducing disulfides with NaBH4. Mea-
surement of absorbance and quantification of the total amount of
thiol groups was  performed as described above.

As illustrated in Table 1, the amount of free thiol groups attached

to the polymer was determined to be 340, 660 and 980 �mol  thiol
groups per gram polymer. A control prepared in the same way as
the chitosan–TGA conjugates but with the carbodiimide omitted
during the coupling reaction, displayed only a negligible amount of
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Table 1
Amount of reagents used for the reaction mixtures in order to evaluate the influence of the weight ratio of chitosan to TGA as well as the reduced and total amount of thiol
groups  immobilized on the polymeric backbone (means ± SD).

Polymer Chitosan (g) EDAC (mM) Added TGA (mg) Free thiol grous
(�mol/g)

Total amount of thiol
groups (�mol/g)

CS-TGA-340 3 100 500 336 348 ± 14
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CS-TGA-660 3 100 

CS-TGA-980 3 100 

Control  3 – 

emaining traces of TGA. All lyophilized thiolated polymers were
hite, of fibrous structure and partly water soluble.

.2. Characterization of the aromatic ligands

The monomer 6-mercaptonicotinamide could be obtained as
ne yellow powder. The dimer 6,6′-dithionicotinamide was  gen-
rated due to the addition of a H2O2 solution to the monomer and
ould be received as fine white powder. Both reagents exhibit sol-
bility in DMSO, but not at all in water or any convenient solvent.
o control all further reactions, both aromatic reagents were ana-
yzed by an UV-spectrometer (UV-mini1240, Shimadzu Co., Japan).
,6′-DTNA showed a significant peak at 297 nm and a minor one
t 253 nm.  6-MNA, however, displayed a well pronounced peak at
07 nm.  In addition, DSC-thermograms were recorded with a DSC 7
ystem (Perkin-Elmer, Norwalk, USA) using the Pyris 2.0 software.
amples were scanned at a speed of 10 ◦C/min in a 30–270 ◦C tem-
erature range. The monomer 6-MNA showed a melting point at
round 264 ◦C which is in good correlation with literature values
266–268 ◦C) (Forrest & Walker, 1948).

.3. Characterization of the S-protected thiolated chitosans

Disulfide bond formation between thiol groups of each thiomer
CS-TGA-340, CS-TGA-660, CS-TGA-980) and the aromatic ligand
as achieved as illustrated in Fig. 1. The pyridyl substructure was

hus covalently linked to the thiomer where it can be subsequently
eleased by addition of reducing agents or compounds containing
hiol groups. For determining the amount of conjugated aromatic
igand, reduced glutathione (0.1%, m/v) was added to each poly-

er  solution (0.1%, m/v) for release of 6-MNA, which in turn can
e quantified photometrically at 307 nm according to previous
nalyses. Calculations were done by interpolation from a standard
urve obtained with increasing amounts of 6-MNA. The amount of
isulfide bonds and remaining free thiol groups fixed on the conju-
ates was determined with Ellman’s reagent as described above.
he resulting S-protected thiomers (TGA-MNA-340, TGA-MNA-

60, TGA-MNA-980) displayed 170, 400 and 690 �mol of covalently
ttached 6-MNA per gram thiomer. Samples without addition of
SH displayed only a negligible amount of 6-MNA. All lyophilized
onjugates were white, of fibrous structure and low water

able 2
omparison of several reaction conditions for synthesis of S-protected thiomers in order t
n  the amount of conjugated aromatic ligand and remaining free thiol groups on the S-pr

Polymer pH during reaction S-protecting ligand 

TGA-MNA-340 6.0 6,6′-DTNA 

TGA-MNA-660 5.9 6,6′-DTNA 

TGA-MNA-980 6.1 6,6′-DTNA 

TGA-MNA-340 7.5 6,6′-DTNA 

TGA-MNA-660 7.6 6,6′-DTNA 

TGA-MNA-980 7.7 6,6′-DTNA 

TGA-MNA-340 7.6 6-MNA 

TGA-MNA-660 7.5 6-MNA 

TGA-MNA-980 7.6 6-MNA 
659 677 ± 38
980 1008 ± 50

– –

soluble. Solubility in aqueous solutions decreased by a higher
amount of conjugated 6-MNA, which might be based on the
hydrophobic character and higher content of disulfide bonds.

The coupling reaction was on the one hand carried out by use of
the monomer 6-MNA with an oxygen donating compound (H2O2)
and on the other hand by use of its dimer 6,6′-DTNA through cleav-
age of the disulfide bond to give 6-MNA. For reaction with 6-MNA, it
is assumed that thiol groups convert into their deprotonated form
thiolate anions (RS−) or activated thiol groups at low pH values by
hydrogen peroxide. Nucleophilic attack of an activated thiol group
can lead to a disulfide bond with another thiol group (Barrett et al.,
1999). The dimeric reagent, however, reacted with the thiomer to
form a mixed disulfide under release of 6-MNA. In this reaction
way, additional oxidizing agents were not necessary, whereby the
risk of oxidation between molecules in solution was  minimized. In
addition, coupling through reaction with dimer was at least 2-fold
higher compared to reaction with monomer. The best molar ratio
of thiol groups on the thiomer and aromatic ligand was found to
be 1:2 with a coupling rate of more than 50%. Higher ratios gen-
erated immediate precipitations of the aromatic ligand owing to
an insufficient amount of DMSO in the reaction mixture with each
thiomer. The dissolution of hydrophilic thiomer on the one hand
and hydrophobic ligand on the other hand in the same medium was
a major obstacle. Due to the insolubility and precipitation of 6-MNA
in aqueous solutions, the thiomer had to be dissolved in a mixture
of DMSO and water, whereby the ratio has to be shifted to the side
of DMSO. Consequently, the best ratio found for DMSO/water mix-
ture was  7:3. Syntheses with monomer were done at pH 7–8, due to
the oxidation process with H2O2. For reactions with dimer, several
pH values were tested. Syntheses at a pH value of around 6 resulted
in the highest coupling rate. Due to the photometric control (297
and 307 nm)  every 2 h, all reactions were found to be completed
after 6 h. Extension the reaction time up to 24 h had no significant
effect on the coupling rate. Table 2 displays the coupling amount
of the aromatic ligand having been added as monomeric or dimeric
reagent.

To ensure the coupling between thiomer and aromatic lig-

and, FT-IR studies of CS-TGA-980 and corresponding S-protected
thiomer (TGA-MNA-980) were conducted (data not shown). A
characteristic band at 3030 cm−1 is pointed out to an aromatic
( C H) stretching vibration, which was detectable in the infrared

o evaluate the influence of pH as well as the type and content of S-protecting ligand
otected thiolated chitosans (means ± SD).

Amount of
S-protecting
ligand (mg)

Conjugated
S-protecting ligand
(�mol/g)

Free thiol
groups
(�mol/g)

210 168 ± 86 155 ± 75
405 402 ± 149 245 ± 79
600 687 ± 101 310 ± 85
210 97 ± 49 255 ± 47
405 254 ± 88 345 ± 87
600 454 ± 90 521 ± 76
105 69 ± 29 278 ± 36
205 194 ± 78 450 ± 88
300 305 ± 50 630 ± 134
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Table 3
Viscosity values and rheological synergism of 1% (m/v) polymer sample with or without mucin solution. Measurements were carried out immediately after suspending (0 h)
and  after an equilibration period of 60 min. Indicated values are means ± SD of at least three experiments.

Polymer Apparent viscosity � (mPa s)

0 h 1 h

Without mucin With mucin Without mucin With mucin

Mucin 8.6 ± 0.8 – 8.9 ± 1.1 –
CS  14.6 ± 3.2 15.4 ± 3.1 14.9 ± 3.1 16.6 ± 5.1
CS-TGA-340 11.4 ±  1.2 23.7 ± 4.2** 15.9 ± 2.2 36.7 ± 6.2**

CS-TGA-660 14.9 ± 1.9 15.6 ± 3.2 23.1 ± 4.9 63.1 ± 8.8**

CS-TGA-980 15.6 ± 3.2 38.8 ± 1.8** 24.5 ± 6.3 113.6 ± 11.8***

TGA-MNA-340 29.6 ± 2.5 70.6 ± 8.3** 30.6 ± 3.2 81.4 ± 8.2**

TGA-MNA-660 80.4 ± 9.2 165.6 ± 13.2** 81.4 ± 9.2 341.8 ± 23.8***

TGA-MNA-980 93.2 ± 3.8 177.9 ± 13.9** 92.5 ± 13.4 438.7 ± 33.9***
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can be explained by their higher amount of cross-linked disulfide
bonds within the polymeric network. However, both modification
steps (thiolation and S-protection) stabilized the tablets compared
to the unmodified ones. Overall, disulfide bonds are an integral
** p < 0.01, compared to polymer without mucin.
*** p < 0.01, compared to polymer without mucin.

pectrum of the S-protected thiolated chitosan. The S-protected
hiomer showed also broad peaks between 1650 and 1450 cm−1 as
C C stretching vibration, usually four bands of various intensity,
hich confirmed as well the presence of the aromatic compound.

urthermore, an absorption peak at 800 cm−1 could be assigned to
C H deformation vibration of a 1,4-substituted aromatic com-

ound such as 6-MNA. These results indicate that coupling between
-MNA and thiomer took place.

Besides the preparation and characterization of these novel con-
ugates, biodegradation stays also in the foreground. Our research
roup examined the biodegradability of aromatic thiomers in con-
rast to aliphatic thiomers by lysozyme. They found out that
romatic thiomers were degraded in a higher and faster way than
liphatic thiomers (Laffleur et al., 2012, unpublished results). With
egard to thiomers with disulfide bonds, Groll, Singh, Albrecht, and
oeller (2009) proved that disulfide cross-linkages can be cleaved

n the presence of glutathione under physiological conditions. Fur-
hermore, in previous studies the biodegradation of CS-TGA was
nvestigated and it could be shown that the thiomer degraded under
hysiological conditions by addition of lysozyme (Kast & Bernkop-
chnürch, 2001).

.4. Assessment of cytotoxic effects

Cell viability test was performed by MTT  assay after a 3 and
4 h exposure to all compounds. There were no significant dif-
erences (p > 0.05) in the percentage of cell viability after an
ncubation of 3 or 24 h. Furthermore, neither the monomeric
or the dimeric reagent induced severe toxicity with more than
8% of viable cells after 24 h. Quantitative assessment of viable
ells after 24 h contact with S-protected thiomers showed at
east 83% mitochondrial activity indicating a likely non-toxic
ature of this class of thiolated polymers. In case of all thiomers,
iability of cells deceased to approximately 77% after 24 h of
ncubation. A reason for this reduction might be the increase
n viscosity of all thiomers due to an intramolecular disulfide
ond formation, which cannot take place in the same extent in
ase of the already oxidized S-protected thiomers. Rheological
nvestigations approved this viscosity increase after 60 min  incu-
ation at 37 ◦C as shown in Table 3, whereas this effect was
uch more pronounced after a period of 24 h (Dünnhaupt et al.,

npublished results). Accordingly, all S-protected chitosans were
ound less toxic than their corresponding thiomers as shown in
ig. 2.
.5. Evaluation of the disintegration behavior

The disintegration behavior of thiolated and S-protected poly-
ers compressed into tablets is a good indicator for their
mucoadhesive and cohesive features. Disintegration was first
tested in 0.1 M HCl for 2 h, revealing the stability of this new class of
protected thiomers towards acetic conditions. Unmodified chitosan
tablets disintegrate in about 10 min, thiomer tablets dissolved after
maximum 50 min  and S-protected thiomer tablets were stable for a
period of 2 h, representing a 12-fold increased stability compared to
unmodified tablets. To induce a disintegration of these S-protected
tablets, studies were continued in phosphate buffer pH 6.8 contain-
ing 5 mM  reduced glutathione. GSH was able to reduce the disulfide
bonds inside the polymer, whereby tablets were disintegrated
after 9 h incubation. These results revealed a much higher stability
towards acetic conditions of test discs based on S-protected thio-
lated chitosan in comparison to their corresponding thiomers and
unmodified control as shown in Fig. 3.

Additionally, hardness of all tablets was  checked for resistance
to crushing. Results were in good agreement with outcomes of dis-
integration and water uptake studies and revealed that CS tablets
exhibit with 30 N the lowest cohesiveness. Hardness of tablets
increased with raising degree of cross-linking. Hence, TGA-MNA-
980 tablets displayed with 175 N the highest stability, followed
by TGA-MNA-660 with 160 N, TGA-MNA-340 with 140 N, CS-TGA-
980 with 135 N, CS-TGA-660 with 115 N and CS-TGA-340 with
105 N. The observed higher cohesiveness of S-protected tablets
Fig. 2. Histogram shows the influence on cell viability of all compounds after 3 h
(black bars) and after 24 h (white bars) incubation. Indicated values are means ± SD
of  at least three experiments.
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Fig. 3. Histogram shows the disintegration behavior of S-protected thiolated,
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hiomer and unmodified chitosan tablets. Studies were carried out in 0.1 M HCl for
 h at 37 ◦C. Indicated values are means ± SD of at least three experiments (**p < 0.01
nd ***p < 0.001 compared to CS control tablets).

art of the structure of polymers containing thiol groups and con-
ribute to enhanced stability and cohesiveness (Bernkop-Schnürch

 Steininger, 2000).

.6. Evaluation of the swelling behavior

Swelling behavior of matrix tablets has a great impact on their
dhesive and cohesive properties, drug release and stability. Results
evealed that tablets of unmodified CS swelled more rapid in the
eginning than thiolated and S-protected ones, because of their
tronger hydrophilic character and higher number of charges on
he polymer. After 2 h, a gradual decrease in the tablet weight of
nmodified CS was observed related to a slow erosion process
ithin the following hours of the experiment. This observation
ight be explained by the low cohesiveness of CS tablets and the

mpossibility of cross-linking within the polymer backbone. Fur-
hermore, results demonstrated that the covalent attachment of

GA to CS has a significant influence (p < 0.05) on the swelling
ehavior of the polymer. The weight of each thiolated tablet

ncreased rapidly after 1 h, steadily over the following 5 h and
emained almost constant between 6 and 12 h of the experiment.

ig. 4. (a) Release studies of 30 mg  tablets based on TGA-MNA-660* (�), CS-TGA-660 

f  S-protected thiomer [(©) TGA-MNA-340, (�) TGA-MNA-660, (�) TGA-MNA-980], cor
nmodified chitosan (×) tablets in phosphate buffer pH 6.8 at 37 ◦C. Indicated values are
ontrol  tablets).
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Additionally, it could be shown that the higher are the amount
of conjugated thiol groups, the higher was the water absorption
capacity. Tablets comprising CS-TGA-980, for example, reached
a maximum weight of 178 mg  after 12 h, representing a 6-fold
increase of the initial weight compared to CS-TGA-340 with just
a 3.7-fold rise. An explanation for this effect is given by the higher
amount of free and connected thiol groups in case of CS-TGA-980
(Kafedjiiski, Krauland, Hoffer, & Bernkop-Schnürch, 2005). How-
ever, due to this cross-linking process, tablets can absorb water in
quantities which are multiples of their own weight and can fixate
them firmly within their polymer networks. In contrast, the incor-
poration of an aromatic ligand on the thiomer backbone reduced
the swelling behavior of all S-protected tablets. TGA-MNA-980
tablets, for instance, gained a maximum weight of 105 mg after 12 h
incubation, which is more than 40% lower than that of CS-TGA-980
tablets. In addition, it could be shown that water uptake for all S-
protected tablets depends on the amount of covalently attached
6-MNA and remaining free thiol groups. Due to a pronounced
hydrophobic character, it took longer until water could penetrate
inside the tablet and intramolecular disulfide bond formation of
remaining free thiol groups took place. Consequently, the amount
of covalently attached aromatic ligand as well as remaining free
thiol groups on the S-protected tablet are responsible for a slower
swelling in the beginning following an increased water uptake once
water began to penetrate into the tablet. Nevertheless, Mortazavi
and Smart (1994a) pointed out that a low swelling behavior can be
advantageous for prolonged mucoadhesion. Mucoadhesive mate-
rials need to take up water from the underlying mucosal tissues by
absorbing, swelling and capillary effects leading to a considerably
stronger adhesion. However, excessive water uptake will lead to
overhydration forming slippery mucilage and result in less adhe-
siveness (Duchêne & Ponchel, 1992). Hence, the slow swelling of
S-protected thiomers might be advantageous to avoid overmuch
hydration and loss of adhesiveness. Results of the water uptake
studies are presented in Fig. 4(a).

3.7. In vitro release studies

Release studies were carried out with the peptide drug leupro-
lide from unmodified chitosan, CS-TGA-660 and TGA-MNA-660
tablets. S-protected tablets showed a significantly (p < 0.05) slower

release of the hydrophilic peptide drug in comparison to their cor-
responding thiolated and unmodified chitosan tablets. Within 6 h,
for instance, already 100% of leuprolide were released out of the
chitosan tablet in comparison to 80% for the thiolated and 72% for

(�) and CS (×) tablets in phosphate buffer pH 6.8 at 37 ◦C. (b) Swelling behavior
responding thiomer [(�) CS-TGA-340*, (�) CS-TGA-660**, (�) CS-TGA-980**] and

 means ± SD of at least three experiments (*p < 0.05 and **p  < 0.01 compared to CS
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Fig. 5. Histogram shows the mucoadhesion behavior of S-protected thiomer, cor-
S. Dünnhaupt et al. / Carbohy

he S-protected tablet. The fast swelling of the unmodified tablet
ight be the reason for a fast release of the drug within the first 2 h

ollowed by a slower but still increasing release over the last 4 h.
heir strong swelling behavior might be the reason for a rapid pen-
tration of the matrix tablets and consequently faster release of the
rug. Furthermore, due to the slow erosion process of the chitosan
ablets as described above, the peptide could be easily released.
wing to the higher cohesiveness and lower swelling behavior of

he S-protected tablets release kinetics of the drug were affected
nd a sustained release could be received, whereby a prolonged
herapeutic level of drugs exhibiting a short elimination half-live
an be maintained. Consequently, the frequency of dosing could
e reduced contributing to an improved compliance. Results of the

n vitro release studies are outlined in Fig. 4(b).

.8. In vitro evaluation of mucoadhesive properties

.8.1. Mucoadhesion studies via rotating cylinder
Mucoadhesive properties of the S-protected thiolated chitosans

ere on the one hand tested by rotating cylinder method. This
ethod is supposed to simulate an in vivo situation, as it imi-

ates the adhesion and cohesiveness of the polymer in physiological
edium. Unmodified chitosan tablets detached from the intesti-

al mucosa or solved within 10 h, while thiolated and S-protected
ablets remained attached for at least 32 h (CS-TGA-340) and 50 h
TGA-MNA-340) demonstrating at least 3.2- and 5-fold improved

ucoadhesive properties. This effect was more pronounced for
NA-660 tablets, which were adhesive on the mucosa for at least

0 h, resulting in a 2-fold improvement compared to their corre-
ponding thiomer tablets (CS-TGA-660) and 9-fold to unmodified
hitosan tablets. Compared with previous studies, chitosan-4-
utylamidine for example with 240 �mol/g thiol groups remained
n the mucosa for more than 161 h (Grabovac, Guggi, & Bernkop-
chnürch, 2005). In this study, however, the fully immersed
ylinder was agitated with 125 rpm only, whereas the rotational
peed in the present study was set to 200 rpm and the experiment
as stopped after 120 h. Nevertheless, neither the highest thio-

ated tablet (CS-TGA-980) nor the corresponding S-protected tablet
TGA-MNA-980) were detached after this period, demonstrating
he effectiveness of this class of thiomers and placing them among
he most mucoadhesive polymers to our notice (Grabovac et al.,
005). Outcomes of this study are shown in Fig. 5.

.8.2. Rheological investigation of polymer/mucin mixtures
Within this study, oscillatory measurements were performed

ithin the linear viscoelasticity region. Results provide informa-
ion about dynamic properties of each thiomer solution (1%, m/v)
s well as mixtures of these polymers with 5% (m/v) mucin gel. In
rder to receive reproducible results, rheological studies were per-
ormed with commercially available mucin instead of native mucus
s described by Rossi, Bonferoni, Ferrari, Bertoni, and Caramella
1996). Results of this study concerning apparent viscosity val-
es are shown in Table 3 and in accordance with findings of the
revious mucoadhesion studies. Due to the addition of TGA to chi-
osan dynamic viscosity of all thiomers increased during 60 min
ncubation at 37 ◦C by at least 1.4-fold. In contrast, no significant
hange (p > 0.05) in viscosity of chitosan as well as the S-protected
hiomers could be detected after this period. Situation was  altered
hen samples were mixed with mucin gel. Apparent viscosity val-
es of CS-TGA-340, CS-TGA-660 and CS-TGA-980 showed a 2.3-,
.7- and 4.6-fold increase compared to thiomers without mucin gel.
n case of TGA-MNA-340, TGA-MNA-660 and TGA-MNA-980 vis-

osity increased by 2.7-, 4.2- and 4.7-fold when mucin was added
o each sample. Strong mucoadhesive properties of delivery sys-
ems can induce a considerable change in rheological properties
f the mucus layer (Mortazavi & Smart, 1994b). Moreover, it has
responding thiomer and unmodified chitosan tablets on rotating cylinders with
200 rpm in buffer pH 6.8 at 37 ◦C. Indicated values are means ± SD of at least five
experiments (**p < 0.01 and ***p < 0.001 compared to CS tablets).

been reported that an increase in viscosity of mucus/polymer inter-
face directly correlates with the mucoadhesive properties of the
polymer (Smart, 2005). Results of rheological investigations imple-
mented with thiomer and S-protected thiomer/mucin mixtures
provide a strong support for this theory.

Mucoadhesion is a complex phenomenon which can be
influenced by numerous physiochemical conditions such as elec-
trostatic forces. Positively charged CS however, interact with
negatively charged mucin through non-covalent bonds providing
therefore relative weak mucoadhesion in contrast to thiolated poly-
mers (Woodley, 2001). Based on their free thiol groups, thiomers
possess the ability to form covalent bonds with cysteine-rich
subdomains of glycoproteins in the mucus layer. This process
can occur either by oxidative coupling of thiol groups and/or by
thiol-disulfide exchange reaction of the groups present in both
polymer and mucus (Leitner, Walker, & Bernkop-Schnürch, 2003;
Perez-Vilar & Mabolo, 2007). While thiomers mainly react with
disulfide bonds within the mucus, S-protected thiomers inter-
act very rapidly and quantitatively over a broad pH range by
thiol disulfide exchange reaction through cysteine subunits within
the mucus to form disulfide bonds. During this reaction, a disul-
fide exchange occurs between the molecules SH group and the
pyridyl thiol group, i.e. the S-protected thiomer forms disulfide
bonds with cysteine-rich subdomains of the mucus, whereby the
pyridyl thiol moiety results as leaving group. Furthermore, as
determined by Barthelmes, Perera, Hombach, Dünnhaupt, and
Bernkop-Schnürch (2011),  the average content of free thiol groups
within the mucus layer is almost twice as high as the content
of disulfide bonds. According to these outcomes, enhanced bond-
ing between mucus and S-protected polymers can take place in
contrast to mucus/thiomer conjugation. In addition, the protec-
tion of thiol groups can prevent an early oxidation before coming
into contact with the mucus layer, whereby more active thiol
groups are available for a long time intimate contact with mucosal
membranes. Thus, S-protected thiolated chitosan could facilitate
the oral uptake of several drugs by its strong mucoadhesive
properties.
4. Conclusion

Within this study, a stable mucoadhesive chitosan, described
as S-protected thiolated chitosan, has been synthesized and
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haracterized in terms of mucoadhesion, swelling and disintegra-
ion behavior, controlled release and cytotoxic effects for the first
ime. The polymer was tested for its potential as novel pharmaceu-
ical excipient. In vitro mucoadhesion studies revealed promising
esults and place this type of thiolated chitosan among the most
ffective mucoadhesive polymers. Furthermore, due to the chem-
cal modification of thiolated chitosan, water-uptake capacity as

ell as cytotoxicity could be decreased, while cohesive properties
ere strongly improved. Hence, the implementation of thiolated
yridyl substructures on this thiolated backbone resulted in conju-
ates displaying improved mucoadhesive and cohesive properties.
-protected thiolated chitosan represents a stable and promising
ool for the development of various mucoadhesive drug delivery
ystems. Overall, this novel class of thiolated chitosans containing
rotected thiol groups, offer the advantage of not being subject to
ny oxidation at all, which opens the door for numerous additional
pplications.
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