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Abstract

Purpose: The influence of various sulfhydryl ligands on permeation-enhancing and P-glycoprotein (P-gp) inhibitory
properties of the six established thiolated chitosan conjugates was investigated using Rhodamine-123 (Rho-123)
and fluorescein isothiocyanate-dextran 4 (FD4) as model compounds. Methods: Permeation of these compounds
was tested on freshly excised rat intestine in Ussing-type chambers. Apparent permeability coefficients (Papp)
were calculated and compared to values obtained from the buffer only control. Results: The lyophilized polymers
had a thiol group content in the range of 230-520 umol/g. Results of this study led to the following rank order in
permeation enhancement: chitosan-6-mercaptonicotinic acid (chitosan-6MNA) > chitosan-cysteine (chitosan-Cys)
> chitosan-glutathione (chitosan-GSH) > chitosan-4-thiobutylamidine (chitosan-TBA) > chitosan-thioglycolic acid
(chitosan-TGA) > chitosan-N-acetyl cysteine (chitosan-NAC). In P-gp inhibition studies, 0.5% (m/v) chitosan-NAC
showed the highest inhibitory effect on P-gp, where the Papp was determined to be 3.78-fold increased compared
with the buffer control. Among these thiolated chitosans, chitosan-NAC and chitosan-6MNA are the most effective
polymers being responsible for P-gp inhibition and permeation enhancement, respectively. Conclusion: These
thiolated chitosans would therefore be advantageous tools for enhancing the noninvasive bioavailability of active
pharmaceutical ingredients.
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Chitosan obtained by alkaline deacetylation of chitin is
biocompatible, biodegradable, pH-dependent, and non-
toxic cationic polymer’,®. Due to mucoadhesive proper-
ties of chitosan, an enhancement in the mucosal uptake
of poorly absorbable drugs by forming ionic interac-
tions between positively charged group of chitosan and
negatively charged substructure of cell surfaces could
be achieved3. However, due to electrostatic interaction
and unstable nature of chitosan in the harsh conditions
such as in the stomach, the absorption of drugs using
unmodified chitosan as a carrier has been limited. Some
approaches have been extensively studied to improve

multifunctional polymer.

By the immobilization of thiol groups on chitosan, its
permeation-enhancing and P-glycoprotein (P-gp) inhib-
itory properties can be further improved significantly.
Chitosan-4-thiobutylamidine (chitosan-TBA) conjugate
in a final concentration of 0.5% (m/v), for instance,
showed permeation-enhancing and P-gp inhibitory
properties both in vitro and in vivo*,’. The permeation of
rhodamine-123 (Rho-123) across freshly excised rat and
guinea pig intestinal mucosa was 2.2- to 3-fold improved
compared with the buffer control*’. Furthermore, the
Rho-123 transport was improved by the addition of 0.5%
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(m/v) chitosan-glutathione (chitosan-GSH) conjugate,
corresponding to 1.99 pmol thiol moieties/mL with 5%
(m/v) reduced GSH. The transport enhancement ratio
in the presence of GSH was calculated to be 4.9%. In
another study, a similar enhancement of Rho-123 uptake
was reached using the system 0.5% (m/v) chitosan-TBA
and 5% (m/v) GSH. Results showed a 3-fold higher
permeation-enhancing effect of the system compared
with the unmodified chitosan. When 0.5% (m/v) chito-
san-TBA was administered into rats, the plasma concen-
tration-time curve showed significantly higher plasma
levels of Rho-123 compared with the control solution®.
Although thiolated chitosans have been extensively
studied in permeation-enhancing and P-gp inhibitory
characteristics, the insufficient comparability may be
not only due to the individual interpretation of results
but also due to the type of intestinal mucosa, a variety of
the used concentrations of either thiolated chitosans or
GSH, and a different amount of thiol groups immobilized
on the chitosan. It was, therefore, the aim of this study to
investigate an influence of various sulthydryl ligands on
permeation-enhancing and P-gp inhibitory properties
of the six established thiolated chitosan conjugates. The
permeation of hydrophilic model compounds, particu-
larly, Rho-123 and fluorescein isothiocyanate-dextran
4 (FD4) across freshly excised rat intestinal mucosa was
evaluated in Ussing-type diffusion chambers in vitro.

Materials and methods

Materials

Chitosan (low molecular mass, degree of deacetylation:
83-85%, as specified by the supplier), Rho-123, 1-ethyl-
3-(3-dimethylamino-propyl)carbodiimide =~ hydrochlo-
ride (EDAC), thioglycolic acid, 2-imminothiolane HCI,
6-mercaptonicotinic acid (6MNA), N-acetyl cysteine
(NAC), reduced GSH, r-cysteine HCl (Cys), dioxane,
sodium borohydride (NaBH,), minimum essential
medium eagle modified (MEM) without phenol red,
sodium bicarbonate, penicillin-streptomycin, N-[(2-
hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)]
(HEPES), glucose, sodium chloride (NaCl), potassium
chloride (KCl), magnesium sulfate (MgSO,), and sodium
hydrogen carbonate (NaHCO,) were obtained from
Sigma-Aldrich, Vienna, Austria. MEM with phenol red
was purchased from PAA Laboratories, Linz, Austria.

Methods

Synthesis of thiolated chitosan conjugates

Chitosan-TGA, chitosan-TBA, chitosan-NAC, chitosan-
GSH, chitosan-Cys, and chitosan-6MNA were generated
by the covalent attachment of sulfhydryl ligands to the
primary amino groups of the cationic polymer chitosan
as described previously®!!). To activate the carboxylic
acid moieties, thiol ligands were chemically treated with
EDAC and then transferred to chitosan solutions. The
reaction mixtures were incubated at room temperature
under continuous stirring for 3 hours. In the case of
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chitosan-TBA, 2-imminothiolane HCl was added to the
chitosan solution without the addition of EDAC. Unbound
compounds were isolated by dialysis for 5 times against
5 mM HCl at 10°C and the mixtures were lyophilized and
kept at —20°C until further use. The control was prepared
in the same manner but omitting EDAC during the cou-
pling reaction.

Determination of the content of thiol group and disulfide bond
The degree of modification as the amount of thiol groups
immobilized on the polymers was quantified by Ellman’s
method using spectrophotometry'?. Disulfide contents
were evaluated after reduction with NaBH, and deter-
mined by Ellman’s reagent. The total amount of these
moieties is represented by the summation of reduced
thiol groups and oxidized thiol groups in the form of
disulfide bonds’. L-Cysteine HCl was used to establish a
standard curve.

Permeation studies

After killing male Wistar rats weighting 240-250 g, the first
15 cm of the lower part of the intestine was removed. The
excised intestine was cut into strips of 1.5 cm, washed free
off luminal contents, and mounted in Ussing-type cham-
bers without stripping off the underlying muscle layer.
Aliquots (1 mL) of freshly prepared medium containing
250 mM NacCl, 2.6 mM MgSO,, 10 mM KCl, 40 mM glu-
cose, and 50 mM NaHCO, buffered with 50 mM HEPES
pH 7.0 were added to the apical (AP) and basolateral (BL)
sides. The Ussing chambers were then placed in a water
bath maintaining the temperature of 37°C. After 30 min-
utes of equilibration period, FD4 in a final concentration
0f 0.1% (m/v) was placed on the AP side for an absorptive
(AP to BL) transport. Over a 3-hour incubation period,
100 pL aliquots were withdrawn from the acceptor cham-
ber at 30-minute intervals and replaced by the same vol-
ume of the medium. The transport of FD4 was evaluated
in the absence and presence of the test compounds. The
amount of permeated marker was analyzed using fluo-
rescence measurements (A_=485nmand A =535nm)
by a microplate reader (Tecan Austria GmbH, Groedig,
Austria). Each test was performed in triplicate.

P-gp inhibition studies

The studies were performed in the AP to BL direction
using Rho-123 as the fluorescence marker. Prior stud-
ies, an expression of P-gp in rat intestinal mucosa was
tested by placing the Ussing chambers in a water bath
(37°C) or refrigerator (4°C), respectively. At 4°C, P-gp is
inhibited. Hence, an increased transport of Rho-123 at
4°C indicates the presence of P-gp in the rat intestine.
The intestine was therefore used to evaluate the P-gp
inhibitory properties of thiolated chitosans. In the stud-
ies, the polymers in a final concentration of 0.5% (m/v)
were added to donor chambers and 100 pL of samples
was taken from the acceptor chambers every 30 minutes
for 3 hours duration. The transport of Rho-123 served
as control. Furthermore, the inhibitory activities of six
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established thiolated chitosans in the presence of GSH
were determined. The amount of permeated Rho-123
was quantified fluorometrically (A, =485 nm and A =
520 nm). Each test was performed in triplicate.

Determination of the TEER

EVOM® (World Precision Instrument Inc., Sarsota, FL,
USA) connected to a pair of side by side electrodes was
used to monitor the transepithelial electrical resistance
(TEER) of the freshly excised rat intestinal mucosa.
Measurements were determined at the beginning and at
the completion of the experiment to ensure that tissue
integrity and viability had not been adversely affected by
the experimental conditions.

Statistics and data analysis

Apparent permeability coefficients (P, ) for Rho-123
and FD4 were calculated according to the follow-
ing equation: P, = Q/Act, where P, is the apparent
permeability coefficient (cm/s), Q the total amount
permeated over the incubation period (png), A the diffu-
sion area of the Ussing-type chamber (0.64 cm?), ¢ the
initial concentration of the model drugs in the donor
compartment (ug/cm?), and t the whole time of experi-
ments (s).

Improvement ratios were calculated from the ratio
between the absorptive P of the tested compounds
over the absorptive P, of the buffer control. Data are
expressed as mean + SD. The differences between groups
were tested by Student’s ¢-test with P < 0.05 as the mini-
mal level of significant difference.

Results

Characterization of thiolated chitosans
By the formation of amide bonds, the sulthydryl-bearing
ligands thioglycolic acid, N-acetyl cysteine, reduced
GSH, cysteine, and 6MNA were covalently attached to
the primary amino group of chitosan yielding chitosan-
TGA, chitosan-NAC, chitosan-GSH, chitosan-Cys, and
chitosan-6MNA, respectively, as shown in Figure 1. In
contrast, chitosan-TBA was generated by amidine bond
formation between chitosan and 2-iminothiolane HCI.
The lyophilized polymers were white, odorless, and
fibrous-like structures. Onlyinthe case ofchitosan-6MNA,
the product had a yellow fibrous structure. To compare
the permeation-enhancing and P-gp inhibitory proper-
ties of thiolated chitosans, all modified chitosans con-
tained an amount of thiol groups in the range of 230-520
pmol/g polymers, as listed in Table 1

TEER measurement

Parallel to the permeation studies, the TEER of rat intes-
tines was measured. A range of initial TEER values of rat
intestine was between 50 and 90 Q2 cm?. In the absence
of thiolated chitosans, TEER values of the intestine did
not change during the experiment. TEER values of the
rat intestine treated with the thiolated chitosans slightly

decreased by about 10-30% compared with the initial
values (Figure 2a)

Permeation studies

The absorptive transport of FD4 on freshly excised rat
intestinal mucosa was investigated in the presence of
0.5% (m/v) of thiolated chitosans. The resulting P, val-
ues of FD4 are shown in Table 2. Due to the addition of
0.5% (m/v) unmodified chitosan to the buffer, FD4 trans-
port was 1.48-fold improved, compared with the buffer
control. In the presence of 0.5% (m/v) thiolated chito-
sans, corresponding to 0.58-1.15 pmol thiol groups/mL,
FD4 transport was 2.57- to 3.95-fold improved. Among
all the tested compounds, chitosan-6MNA led to the
highest increase in FD4 transport. At 180 minutes, the
P value of chitosan-6MNA was determined to be 4.02
+0.56 (x107° cm/s), which was significantly increased as
compared to the values of the control (P = 0.021). The
improvement ratios of chitosan-Cys, chitosan-GSH,
chitosan-TBA, chitosan-TGA, and chitosan-NAC were
approximately 3.4-,2.8-,2.7-,2.7-, and 2.6-fold increased
compared to the buffer control, respectively (Figure 2b).

P-gp inhibition studies

As an orientating experiment, the absorptive transport of
0.001% (m/v) Rho-123 across freshly excised rat intestine
was determined at 4°C and 37°C. At 4°C, the absorptive
P, was4.76+0.40 (x107° cm/s), whereas that at 37°C was
2.44 + 1.41 (x107% cm/s). The higher drug permeation at
4°C is due to the type of transport process. At 37°C, the
absorptive transport is a combination of active efflux
pump-mediated transport and passive diffusion’. On the
contrary, at 4°C, the activity of ATP hydrolysis was low.
Consequently, the mechanism of drug efflux is reduced.
Therefore, the amount of permeated Rho-123 was higher
than at 37°C due to passive transport.

Results obtained by P-gp inhibition studies are sum-
marized in Table 2. In the presence of unmodified chito-
san, Papp of Rho-123 transport was 4.80 + 0.19 (x10%cm/s),
whereas in the presence of 0.5% (m/v) chitosan-NAC,
P, was 9.21 + 0.66 (x10°cm/s), which was 3.78-fold
improved (P = 0.042). In contrast, due to the addition of
chitosan-TBA, chitosan-GSH, chitosan-TGA, chitosan-
6MNA and chitosan-Cys, the Rho-123 transport was
approximately 3.03-, 2.85-, 2.21-, 2.12-, and 1.58-fold
increased, respectively. The cumulative Rho-123 trans-
port (%) is illustrated in Figure 3. The Rho-123 transport
could be further improved by the addition of 0.5% (m/v)
GSH, corresponding to 16.25 pmol thiol moieties/mL. A
4.68-fold higher uptake of Rho-123 was achieved in the
presence of 0.5% (m/v) chitosan-NAC in combination
with 0.5% (m/v) GSH (Figure 4). These results showed a
significantly improved permeation-enhancing effect of
thiolated chitosans and of the combination of thiolated
chitosans and GSH compared with the control. In the
presence of thiolated chitosans, the oxidation of GSH on
the surface of the mucosa could be prevented, leading to
an increase in tight junction permeability'*
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Figure 1. Schematic structures of thiolated chitosans.

Discussion

Chitosan is known as permeation enhancer and this
effect of chitosan was more pronounced in the presence
of thiol-bearing moieties™. In this study, thiolated chito-
sans were used in a final concentration of 0.5% (m/v) to
avoid a too high viscosity of the test solution in the donor
compartment. In the presence of 0.5% (m/v) unmodified
chitosan, FD4 transport was 1.48-fold improved, which
was consistentwith previous studies'®,'”. Animprovement

of FD4 transport by unmodified chitosan is based on the
enhancing properties of chitosan. Generally, chitosan
binds to the epithelial membrane through a charge-de-
pendent mechanism, leading to F-actin depolymeriza-
tion and disbandment of the tight junction protein ZO-1°.
Partly, FD4 could therefore be uptaken paracellularly
through the opening of tight junctions.

The permeation-enhancing effect of thiolated chito-
sans was determined using a paracellular marker. The
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Table 1. Comparison of different sulfhydryl reagents utilized for modification of thiolated chitosans

Reduced thiol groups (umol/g)  Total amount of thiol groups

Compounds Coupling reagents pkK, (mean + SD) (umol/g) (mean + SD)
Chitosan-TBA 2-Imminothiolane HCI 9.9 217.59 +38.10 279.09 +20.83
Chitosan-GSH Reduced glutathione 8.6 115.56 + 6.26 276.30 £ 17.47
Chitosan-TGA TGA 8.5 213.58 +24.40 409.64 £ 6.42
Chitosan-NAC N-Acetyl cysteine 8.5 229.69 +16.01 315.06 + 106.39
Chitosan-Cys Cysteine 8.3 119.60 + 50.98 230.30 £ 4.12
Chitosan-6MNA 6MNA — 130.45+11.64 521.71 +£40.82
(a) (b)
18 4

16 -

Decrease in TEER values (%)
o N B w o N A
[~
o F———
|
——

Cumulative FD4 transport (%)

0 30 60 90 120 150 180
Time (min)

Figure 2. (a) Effect of 0.5% (m/v) thiolated chitosans on a decrease in TEER of rat intestinal mucosa over 3 hours incubation compared with
the initial values. (b) The absorptive permeation studies of FD4 across rat intestine. Effect of 0.5% (m/v) unmodified chitosan (@), 0.5%
(m/v) chitosan-TGA (H), 0.5% (m/v) chitosan-TBA (A), 0.5% (m/v) chitosan-NAC (0), 0.5% (m/v) chitosan-6MNA (<), 0.5% (m/v) chitosan-
GSH (0), and 0.5% (m/v) chitosan-Cys (A) compared with buffer only (#). Indicated values are the mean + SD of three experiments. *P =

0.021 compared to the buffer control after 180 minutes of incubation.

improved permeation across the intestinal mucosa was
associated with a decrease in the TEER, suggesting a
loosening of the tightness of paracellular route (Figure
2a). At the tight junctions, several important trans-
membrane proteins such as claudins, the junctional
adhesion molecule (JAM), and occludin being respon-
sible for various functions are present'®. In the case of
occludin, an expression of two extracellular loops from
amino acid is considered to provide the cohesiveness of
the junctional barrier. Although tyrosine residues being
expressed at these loops are phosphorylated by protein
tyrosine kinases (PTPase) from the extracellular matrix,
the tight junctions will be loosened',*. Moreover, the
dephosphorylation of the residues by protein tyrosine
phosphatase (PTP) leads to malfunction of the tight junc-
tions, which in turn leads to a closing of the junctions'.
Accordingly, inhibition of PTP by compounds such as
pervanadate, phenylarsine oxide, or reduced GSH leads
consequently to more phosphorylated occludin and
to more open tight junctions'. The mechanism being
responsible for an improved permeation enhancement
by thiolated chitosans is likely based on the inhibition
of PTP as well. It was found that the modified chitosans
mightbe able to form a mixed disulfide bond with the Cys
215 of the PTPase and accelerated GSH concentration

by shifting oxidized GSH to GSH". Hence, an increase
in tight junction permeability is achieved. Results of
permeation studies led to the following rank order in
permeation enhancement: chitosan-6MNA > chitosan-
Cys > chitosan-GSH > chitosan-TBA > chitosan-TGA >
chitosan-NAC. The impact of ligands on the FD4 per-
meation could be explained in terms of the structure of
ligands and the ionization of ligands on chitosan accord-
ing to Henderson-Hasselbalch equation. As reported by
Millotti et al.,'* 6MNA has two tautomeric forms, which
allow chitosan-6MNA to maintain its properties over a
broad pH range. When chitosan-6MNA is presented in
the intestinal lumen, the thiol groups are ready to be
ionized and form disulfide bond with the Cys 215 of
the PTPase, resulting in the opening of tight junctions.
Furthermore, cysteine and GSH subunits were reported
to have a potential in enhancing drug transport due to
disulfide bond formation between the polymer and the
Cys 215 of the PTPase as well**. The increase in perme-
ability of fluorescence marker also depends on the pK,
values of the ligands on chitosan®. Generally, the active
form of these polymers is the thiolate anion (S-) and
mostly in this form when pH values are slightly above the
physiological conditions due to the pK_ of the thiomers.
The pK, values of 2-imminothiolane HCI, reduced GSH,
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Table 2. Comparison of the absorptive apparent permeability coefficients (Papp) of Rho-123 and FD4 across freshly excised rat intestine in
the presence of indicated test compounds. Each point represents the mean + SD of three experiments

Substrate Test compounds P (x10° cm/s) Improvement ratio
Rho-123 Buffer (37°C) 2.44+1.41 —
Buffer (4°C) 4.76 £ 0.40 1.96
0.5% (m/v) unmodified chitosan 4.80+0.19 1.97
0.5% (m/v) chitosan-NAC 9.21 + 0.66 3.78%
0.5% (m/v) chitosan-TBA 7.39 £ 1.68 3.03
0.5% (m/v) chitosan-GSH 6.94+0.36 2.85
0.5% (m/v) chitosan-TGA 5.37+1.84 2.21
0.5% (m/v) chitosan-6MNA 5.16 £ 0.81 2.12
0.5% (m/v) chitosan-Cys 3.85+0.02 1.58
FD4 Buffer (37°C) 1.01 £0.13 —
0.5% (m/v) unmodified chitosan 1.58+0.14 1.48
0.5% (m/v) chitosan-6MNA 4.02 +0.56 3.95%%
0.5% (m/v) chitosan-Cys 3.47+1.14 3.42
0.5% (m/v) chitosan-GSH 2.12+0.16 2.82
0.5% (m/v) chitosan-TBA 2.77£0.30 2.74
0.5% (m/v) chitosan-TGA 2.75+0.06 2.72
0.5% (m/v) chitosan-NAC 2.78+0.24 2.57
*P =0.042 compared to the buffer control, **P = 0.021 compared to the buffer control.
12 = 1.4E-05 4
£ 104 1.2E-05 1
s 1.0E—05
@ a ]
5 ° &
= 4 —06 1
o = 8.0E-06
T 61 =
g o5 6.0E-06 -
© 4
2 4.0E-06 4
5
=1
§ 24 2.0E-06 1 |
0.0E-00 -

0 30 60 90 120 150 180
Time (min)

Figure 3. The absorptive permeation studies of Rho-123 across
rat intestine. Effect of 0.5% (m/v) unmodified chitosan (A), 0.5%
(m/v) chitosan-TGA (), 0.5% (m/v) chitosan-TBA (M), 0.5% (m/v)
chitosan-GSH (0), 0.5% (m/v) chitosan-6MNA (@), 0.5% (m/v)
chitosan-NAC ((), and 0.5% (m/v) chitosan-Cys (¢) compared
with buffer only (#). Indicated values are the mean + SD of three
experiments. *P < 0.05 compared to the buffer control after 180
minutes of incubation.

TGA, N-acetyl cysteine, and cysteine are 9.9, 8.6, 8.5,
8.5, and 8.3, respectively. It is likely that these polymers
show a pH-dependent reactivity. Thus, the permeation
of FD4 is not significantly altered. Under physiological
conditions, chitosan-TBA should be to a higher extent
unionized, which leads to a lower degree of disulfide
bond formation. Consequently, the permeation of the
fluorescence marker could not be shifted. However,
chitosan-TBA could show an increase in the permeation
of the marker. This phenomenon can be explained by the
mucoadhesive properties of chitosan-TBA. Apparently,
chitosan-TBA offers the strong mucoadhesion due to

Figure 4. P values of 0.5% (m/v) thiolated chitosans across
rat intestinal mucosa in the absence (white bars) or presence of
GSH (black bars). Indicated values are the mean + SD of three
experiments.

additional ionic interactions between the cationic ami-
dine substructure of the thiolated conjugate and anionic
substructures of mucus glycoproteins. Thereafter,
chitosan-TBA, being attached onto the mucosa as a
result of its high mucoadhesive properties, can shift
the balance between oxidized and reduced GSH on the
membrane to the side of reduced GSH. The permeation
of the fluorescence marker was therefore higher com-
pared to those polymers.

Aclassicalindication of effluxpump-mediated involve-
ment in transport kinetics is the difference in permeation
rates of substrates in the AP to BL and BL to AP directions.
In a previous study performed by our research group, it
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was found that the Rho-123 efflux ratio (secretory Papp/
absorptive Papp) was about 2.8-fold. However, the process
of drug absorption is relatively complex and several fac-
tors such as carrier-mediated transport and both efflux
and influx pumps being located on the AP and BL sites
might be involved in the permeation of drugs across the
intestinal epithelium. Within this study, only the absorp-
tive transport of Rho-123 was investigated to evaluate
P-gp inhibitory properties of the thiolated chitosan. A
significant improvement of the absorptive transport of
Rho-123 across rat intestinal mucosa was observed in the
presence of well-established P-gp inhibitors and 0.5%
(m/v) thiolated chitosans. Basically, transmembrane
efflux proteins such as P-gp translocate substrate from
the inner side to the outer side of cells and the mecha-
nism is based on ATP hydrolysis®. The inhibitory effect of
the well-established low-molecular-weight P-gp inhibi-
tors terfenadine (50 pM) and verapamil (100 pM), for
example, was tested on intestinal mucosa’. Results of
these experiments showed that in the presence of ter-
fenadine and verapamil Rho-123 transport was 1.66- and
1.70-fold improved, respectively. Furthermore, inhibi-
tion of P-gp by the block polymer Pluronic P85 (56.67%)
has been shown in rat intestinal mucosa. Pluronic P85
increased Rho-123 transport 1.9-fold compared with
buffer control.

When the thiolated chitosans have been added to the
buffer, chitosan-NAC showed the highest Rho-123 per-
meation, which was approximately 3.8-fold increased.
The postulated mechanism of the efflux pump inhibition
is based on an interaction of thiolated chitosans with
the channel forming transmembrane region of P-gp.
It is likely that thiolated chitosans enter into the chan-
nel of P-gp forming subsequently one or two disulfide
bonds with one or both cysteine subunits located within
the channel®. The amount of thiol groups on chitosan-
NAC was 1.15 pmol thiol moieties/mL, whereas those
of chitosan-Cys and chitosan-6MNA were 0.60 and 0.65
pmol thiol moieties/mL, respectively. It is likely that the
P-gp inhibitory effect of thiolated chitosans is based on
an amount of thiol groups immobilized on the polymer
backbone. The more free thiol moieties are immobilized
on thiolated chitosans, the more active is the polymer.

Conclusions

Thiolated chitosans described herein were found to
have dramatic effects on the permeability of the small
intestine. The most pronounced permeation of FD4 and
Rho-123 were found in the presence of chitosan-6MNA
and chitosan-NAC, respectively. The amount of free
thiol groups immobilized on chitosan has a significant
impact on the P-gp inhibitory properties of the applied
thiomer, whereas the substructure and the ionization
of the ligands are important for the paracellular uptake.
Therapeutic use of these compounds as excipients would
be an effective tool for improving the oral bioavailability
of drugs.
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