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Abstract

The aim was to evaluate the influence of the degree of quaternization ofN-trimethyl chitosans (TMCs) on the mucoadhesive
and penetration enhancement properties towards buccal mucosa. Fluorescein isothiocyanate dextran (MW 4400 Da) (FD4) was
used as model molecule.

TMCs, obtained from chitosans of different MW (1460 and 580 kDa, respectively), were hydrated in distilled water and in
pH 6.4 phosphate buffer (simulating the buccal fluid).
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The polymer solutions were subjected to mucoadhesion measurements towards bovine submaxillary mucin disp
orcine buccal mucosa and to FD4 permeation tests through porcine cheek epithelium.
The trimethylation of chitosan allows maintenance or improvement of the mucoadhesive properties of the starting

ependently on quaternization degree. In particular, the mucoadhesive properties increase on increasing degree of qu
he trimethylation does not produce any change in chitosan penetration enhancement properties when the medium
ater while if pH 6.4 buffer is used, the trimethylation produces an improvement in chitosan penetration enhancing e
TMC derived from the lower MW chitosan and characterized by the highest degree of quaternization shows the bes

esive and penetration enhancement properties and is the most promising TMC to improve the bioavailability of hy
nd large MW molecules (like peptides and proteins) when administered via buccal route.
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1. Introduction

Advances in biotechnology have made therap
cally active peptides and proteins readily available

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2005.03.017



G. Sandri et al. / International Journal of Pharmaceutics 297 (2005) 146–155 147

therapeutic use. This has focused the attention on the
problems related to delivery of such drugs. In particu-
lar the critical issue regards their poor bioavailability
when administered via oral route. In fact, the rapid hy-
drolytic and enzymatic degradation that peptides and
proteins meet in the gastrointestinal tract and the “first
pass” elimination and the poor permeability of such
drugs render oral administration impractical (Chien,
1992). The general approach to deliver peptides and
proteins is the parenteral route, which is invasive and
presents a poor compliance of the patients. Recently,
a great deal of attention has been devoted in the phar-
maceutical field to the development of drug delivery
systems for administration of peptides and proteins
through routes other than the oral one. The buccal route
is a valid alternative to the oral one and offers many ad-
vantages (Shojaei, 1998). In particular, it improves the
drug bioavailability due to the avoidance of first pass
metabolism and of degradation in the gastrointestinal
tract. Moreover buccal route is easily accessible and
more acceptable to the patient with respect to the par-
enteral one. The permeability barrier, together with the
small area available to drug absorption, still remains
the main limitation to the protein or peptide delivery
via buccal route (Sayani and Chien, 1996).

Chitosan is a naturally occurring, non-toxic, bio-
compatible and biodegradable polysaccharide (Paul
and Sharma, 2000). For its good mucoadhesive prop-
erties (Lehr et al., 1992; Henriksen et al., 1996), chi-
tosan has been employed in mucosal site-specific sys-
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junctions between cells (Dodane et al., 1999), while the
mechanism of penetration enhancement across pluris-
tratified epithelia, which lack tight junctions, has still
to be clarified (Kotzé et al., 1998; Senel et al., 2000;
Senel and Hincal, 2001).

The effectiveness of chitosan as penetration en-
hancer is impaired by its insolubility at pH above 6 (for
example, at the physiological pH of the buccal cavity).
An attempt has been made to solve the chitosan sol-
ubility problems by synthesizing the partially quater-
nized derivativeN-trimethyl chitosan chloride (TMC),
which is soluble irrespective of pH and has proved a
potent penetration enhancer of hydrophilic and/or high
molecular weight molecules across the intestinal ep-
ithelium (Kotzé et al., 1997, 1998; Van Der Merwe et
al., 2004), and also, of poorly water-soluble drugs, such
as ofloxacin, across the cornea (Di Colo et al., 2004)
in neutral environments. TMC acts on epithelial cell
monolayers by means of the same mechanism shown
by chitosan: opening the tight junctions between cells
and favouring the paracellular drug transport. The TMC
charge density, determined by the quaternization de-
gree, and the molecular weight have been extensively
studied as key factors to obtain both the mucoadhe-
sion (Sinswat and Tengamnuay, 2003) and the penetra-
tion enhancement towards intestinal (Kotzé et al., 1997,
1998, 1999; Jonker et al., 2002), nasal (Hamman et al.,
2002) and corneal (Di Colo et al., 2004) epithelia.

Until now no studies have been performed on buc-
cal mucosa. Such a mucosa differs from the above
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l., 2002) mucosae (monostratified and endowed w

ight junctions), drug permeation across buccal (Sene
t al., 2000; Rossi et al., 2003a; Sandri et al., 2004)
nd vaginal (Rossi et al., 2003b) mucosae (pluristra

fied and lacking tight junctions) and across corn
pithelium (Di Colo et al., 2004) (pluristratified and
ith tight junctions) (Yi et al., 2000; Reichl and Mulle
oymann, 2003). In those epithelia that are rich in tig

unctions, the mechanism of penetration enhance
y chitosan is mainly due to a transient widening of
entioned epithelia for the reduced number of t
unctions and for the presence of a extracellular
rix rich in neutral and/or polar lipids that are t
ain barrier to drug absorption via paracellular ro

Harris and Robinson, 1992). For these reasons,
he present work, it seemed interesting to eval
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in pH 6.4 phosphate buffer, which simulates the buccal
fluid but not allows chitosan solubilization. Fluorescein
isothiocyanate dextran, a hydrophilic molecule (MW
4400 Da) (FD4) having a MW comparable with that of
peptides extensively used in therapeutics (such as in-
sulin (5733 Da) and calcitonin (3417 Da)) was used as
model molecule.

A rheological characterization of the polymer so-
lutions prepared in the two different media was per-
formed. Mucoadhesion measurements were carried out
by means of a tensile stress tester using pig cheek
mucosa as biological substrate. Bovine submaxillary
mucin was also employed to verify if a commercial
mucin (ready to use) could be a suitable substrate to
investigate the mucoadhesive properties of the poly-
mers studied. The polymer penetration enhancement
properties were investigated by means of a Franz dif-
fusion cell apparatus using pig cheek mucosa as model
membrane. In order to verify the suitability of the in
vitro/ex vivo model the permeability of fluorescein
isothiocyanate dextran in aqueous solution was also
tested.

2. Materials and methods

2.1. Materials

The trimethyl chitosans were obtained from two
chitosans 90% deacetylated, one of higher MW
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Submaxillary bovin mucin (Sigma, I) was used as
ready to use biological substrate for mucoadhesion
measurements.

2.2. Sample preparation

The polymers were hydrated in distilled water,
medium which allowed solubilization of the starting
chitosan salts and of the TMCs. The TMCs were also
hydrated using pH 6.4 phosphate buffer (USP 25), to
simulate the buccal environment. The starting chitosan
salts were not soluble in such an environment. The
polymer solutions (10 g) were prepared at a concen-
tration equal to 4% (w/w) by gentle stirring at room
temperature.

FD4 was added to each polymer solution under stir-
ring at 0.2% (w/w) concentration.

2.3. Viscosity measurements

Each polymer solution was subjected to viscos-
ity measurements by means of a rotational rheometer
(Bohlin CS Rheometer, Bohlin Instrument Division,
Metrics Group Ltd., Cirencester, UK). A cone plate
combination (CP 4/20) was used as a measuring sys-
tem. All measurements were carried out at 37◦C, after
a rest time of 3 min.

The apparent viscosity was measured after applica-
tion of 100 s−1 shear rate for 1 min.
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1460 kDa), from crab shells (ChH) (Sigma I),
ther one of lower MW (580 kDa), from shrimps (Ch
Chito-clear FG90, Primex, N) using procedures
cribed in the literature (Sieval et al., 1998). Two series
f polymers were obtained. The series called H, c
cterized by higher MW, included the starting chito
ydrochloride ChH HCl and the three trimethyl c

osans that differed from quaternization degree (Q
MChH1 (QD = 4%), TMChH2 (QD = 35%), TM
hH3 (QD = 90%). In parallel the series called L, ch
cterized by lower MW, included the starting chito
ydrochloride ChL HCl and the three trimethyl c

osans: TMChL1 (QD = 3%), TMChL2 (QD = 46%
MChL3 (QD = 78%). All the polymers were prev
usly characterized byDi Colo et al. (2004).

Fluorescein isothiocyanate dextran (FD4) (Sig
), a hydrophilic and high MW molecule (MW
400 Da) was used as model.
.4. Mucoadhesion measurements

The mucoadhesive properties of the polymer s
ions were evaluated by means of a tensile stress
Ferrari et al., 1996). Cheek buccal mucosa and s
axillary bovin mucin (Sigma, I) were employed
iological substrates. Porcine cheek mucosa, obta

rom a slaughterhouse, was deprived of the con
ive tissue with surgical scissors and stored at−20◦C
efore testing. The storage of mucosa does not a

he epithelial surface properties due to the glycopro
olecules of mucin (such storage conditions are wi
mployed in literature (Park and Munday., 2002; Ros
t al., 2003a, 2003b; Sandri et al., 2004)). Moreover
o significant differences have been observed bet

he results obtained using freshly excised mucosa
ucosa stored at−20◦C.
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The bovine submaxillary mucin was dispersed at
4% (w/w) concentration in pH 6.4 buffer.

Each polymer solution (100 mg) was layered on a
filter paper disc (area = 2 cm2) and fixed on the movable
carriage of the apparatus.

The cheek mucosa was fixed, faced to the formula-
tion, on the sample holder using a cyanoacrylate glue
and hydrated with 100�l pH 6.4 buffer.

The carriage was then moved until the contact be-
tween the sample holder and the movable carriage
was established. A preload of 2500 mN was applied
to allow the formation of the mucoadhesive joints.
After a 3 min rest, the preload was removed and
the movable carriage was moved forward at a con-
stant speed (4 mm min−1) up to the complete sepa-
ration of the two surfaces. Both displacement of the
movable carriage and force of detachment data were
recorded and simultaneously collected on a personal
computer.

The parameter work of adhesion (AUC) was calcu-
lated as the area under the force of detachment versus
displacement curve by means of the trapezoidal rule
(Ferrari et al., 1996).

The bovine submaxillary mucin (100�l), dispersed
at 4% (w/w) concentration in pH 6.4 buffer, was spread
on a filter paper disc (area = 2 cm2). The mucoadhesion
measurements in presence of mucin were carried out
in the same conditions as those used for measurements
effected in presence of mucosa.

Blank measurements were also performed using a
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2.5. Permeation measurements through porcine
cheek epithelium

Each polymer solution (100 mg) was subjected to
permeation measurement by means of Franz diffu-
sion cells (Permeager, USA) with a 20 mm diameter
orifice (3.14 cm2 area) thermostated at 37◦C. Fresh
porcine cheek mucosa was dipped for 1 min in pH 7.4
saline isotonic solution (KH2PO4 1.0 g l−1; Na2HPO4
8.10 g l−1; NaCl 4.11 g l−1) at 70◦C. Then the epithe-
lium was peeled from the edges of the mucosa (Ganem-
Quintanar et al., 2000). A circular epithelium mem-
brane of 5 cm2 area was placed between the donor and
the receptor chamber of a Franz diffusion cell. Each
polymer solution (100 mg) was applied on a portion of
the epithelium membrane (3.14 cm2) equal to the area
of the Franz cell orifice. pH 6.4 buffer (2 ml) was added
over the formulation in the donor chamber, to simulate
the buccal environment, whereas pH 7.4 saline isotonic
solution was used as acceptor phase.

At fixed time intervals, the acceptor phase (500�l)
was withdrawn and replaced with fresh buffer. The
model macromolecule FD4 was assayed by means of
the HPLC method described in the following para-
graph.

The permeation test was also effected using FD4
solutions (100�l) prepared in the media employed to
hydrate the polymers.

The parameter ER (“enhancement ratio”) was cal-
culated as follows:
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The normalized mucoadhesion param
AUC/AUC was calculated according to t

ollowing equation (Ferrari et al., 1997):

�AUC

AUC
= AUCbs − AUCblank

AUCblank

here: AUCbs= work of adhesion obtained in pre
nce of the biological substrate (mucosa or mucin
ersion); AUCblank= work of adhesion obtained fro
lank measurements.

Such a normalization allowed us to compare
ucoadhesive properties of polymer solutions c
cterized by different cohesive properties (viscos
Ferrari et al., 1997).
R = Qp(FD4)

Q(FD4)

here:Qp(FD4) = amount of FD4 permeated throu
uccal epithelium in presence of the polymer s
ion at the end of the permeation experiment (6
(FD4) = amount of FD4 permeated through buc
pithelium in absence of the polymer solution at
nd of the permeation experiment (6 h).

This parameter is an index of polymer capability
ncrease the absorption of the model macromole
D4 through the buccal epithelium.

.6. FD4 assay

FD4 was assayed by means of an HPLC me
odified byKamm et al. (2000). The HPLC appara

us (Perkin-Elmer, I) was equipped with a pump (bin
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pump series 200), an autosampler (series 200) and a flu-
orimetric detector (series 200). A C18 column (Hyper-
bond (C18 10�m, 300 mm× 3.9 mm), Hypersil, CPS
Analitica, I) was the stationary phase. The mobile phase
consisted of 2.5 mM KH2PO4 pH 5.0 (91.5%) and ace-
tonitrile (8.5%). The flow rate was 1 ml/min and the in-
jection volume was 20�l. The detection wavelengths
were: excitationλ = 490 nm and emissionλ = 515 nm.
Data acquisition and integration were carried out with
Total Chrom software (Perkin-Elmer, I). A calibration
curve was carried out using FD4 concentrations rang-
ing from 0.5 to 20�g ml−1. The method was linear in
the concentration range employed and the correlation
coefficientR2 was always greater than 0.9995.

2.7. Statistical evaluation

Statistical differences were determined using one-
way ANOVA and post hoc Sheffe test for multiple
comparisons (Siphar, Creteil, F). Differences between
groups were considered to be significant atp< 0.05.

3. Results and discussion

3.1. Viscosity properties

Fig. 1(a) and (b) shows the viscosity values (at
100 s−1 shear rate) measured for the polymers belong-
ing to series H and L hydrated, respectively, in distilled
w
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Fig. 1. Viscosity values of the series H (a) and L (b) (mean val-
ues± S.D.;n= 3).

nized nitrogen: the decrease in the repulsion between
the positively charged amino groups produces a de-
crease in viscosity.

3.2. Mucoadhesion properties

Fig. 2shows the results of the mucoadhesion mea-
surements performed on series H hydrated in distilled
water using porcine buccal mucosa and bovine sub-
maxillary mucin as biological substrates. When mucin
was used as biological substrate, TMChH3 showed the

Fig. 2. �AUC/AUC values of the series H polymer hydrated in dis-
tilled water (mean values± S.E.;n= 8. The error bars were calculated
by means of the propagation error theory).
ater and in pH 6.4 buffer.
As expected, in both media the viscosity value

eries H were higher than those of the series L.
oth series the starting chitosans showed the hig
iscosity values. The viscosity of TMC solutions
reased on increasing the quaternization degree.
ould be due to a partialO-methylation, which oc
urred in the reaction conditions (Di Colo et al., 2004).
othO-methylation andN-trimethylation should caus
decrease in the TMC capability of forming hydrog
onds with respect to starting chitosan salt (Hamman
t al., 2002). Such a phenomenon implies an incre

n polymer chain entanglement and a consequen
rease in viscosity properties. For all the polymers
olutions prepared in distilled water are character
y viscosity values higher than those observed fo
olutions prepared in pH 6.4 buffer. This could be
o the shield effect of pH 6.4 buffer ions on the qua



G. Sandri et al. / International Journal of Pharmaceutics 297 (2005) 146–155 151

best mucoadhesive performance (as indicated by the
highest value of�AUC/AUC), even better than that
of the starting chitosan ChH HCl (p< 0.001). The mu-
coadhesive properties of TMCs increased on increas-
ing the quaternization degree. This seems to be in dis-
agreement with the results obtained bySnyman et al.
(2003), who observed a decrease in maximum force
of detachment on increasing quaternization degree. It
is necessary to underline that the authors employ a pa-
rameter not normalized, which, then, takes into account
also the intrinsic cohesive properties of the polymers.
The different consistency of TMCs resulting from dif-
ferent quaternization degree could be in part responsi-
ble of the results obtained. The use of the normalized
�AUC/AUC parameter allows to eliminate the contri-
bution of sample consistency in the evaluation of the
mucoadhesive potential.

In presence of mucosa as biological substrate, the
starting ChH HCl showed a negative value of the nor-
malized parameter�AUC/AUC, lower than those ob-
served for TMCs. As observed in presence of mucin,
the increase in quaternization degree produced an in-
crease in�AUC/AUC values, even if only TMChH3
was characterized by a positive�AUC/AUC value.

Fig. 3 shows the results of the mucoadhesive mea-
surements performed on series L hydrated in distilled
water using porcine buccal mucosa and bovine sub-
maxillary mucin as biological substrates. In presence
of mucin, ChL HCl was characterized by the best mu-
coadhesive properties (p< 0.001), while TMCs pre-
s oad-
h erties
w HCl
s ram-
e se-

F is-
t ed
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ries H, the mucoadhesive performance increased on
increasing the quaternization degree.

The differences in mucoadhesive properties ob-
served for both the series in presence of the two sub-
strates are probably due to the better buffering capa-
bility of the mucosa with respect to the mucin disper-
sion. The starting chitosans were always characterized
by better mucoadhesive performance in presence of
mucin: this is probably due to polymer poor solubil-
ity properties at the mucoadhesive interface when mu-
cosa is used as substrate. The negative values observed
for TMChH1 and TMChH2 are probably due to the
same effect: the trimethylation degree, given the high
molecular weight of the polymers, is not sufficient to
increase the polymer solubility on the mucosal surface,
moreover the high polymer molecular weight can be
responsible for a lacking interpenetration between the
polymer chains and the mucin. A similar trimethylation
degree on lower molecular weight polymers (TMChL1
and TMChL2) results in positive values of the normal-
ized mucoadhesive parameter.

Contrary to that observed for series H, TMCs of se-
ries L are characterized by better mucoadhesive prop-
erties in presence of mucosa than in presence of mucin:
in absence of solubility problems at the mucoadhesive
interface, the buccal mucosa provides a more com-
plete substrate for interaction than mucin dispersion
due to mucin glycoprotein types and concentrations:
these features are also able to confer a proper pH on
the mucosa/polymer interface.
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ig. 3. �AUC/AUC values of the series L polymer hydrated in d
illed water (mean values± S.E.;n= 8. The error bars were calculat
y means of the propagation error theory).
Moreover, polymers of series L always show
reater values of the normalized mucoadhesive pa
ter: this behaviour probably results from a deep

eraction between the polymer chains and the m
lycoprotein of mucosa. The mucoadhesive join

n fact, favoured by chain flexibility, which allows t
olymer to better interpenetrate the mucin chains.

Figs. 4 and 5show the results of the mucoadhes
easurements carried out on H and L series, res

ively, upon hydration in pH 6.4 buffer. Also at pH 6
he increase in quaternization degree produced b
ucoadhesive properties for both series independ
f the substrate used (mucin dispersion or muco
hile the change in hydration medium did not aff

he mucoadhesive performance of TMCs of serie
MCs of series L were characterized by a better
oadhesive performance when distilled water was u
his is due to the fact that TMCs of series H had p
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Fig. 4. �AUC/AUC values of the series H polymer hydrated in pH
6.4 (mean values± S.E.; n= 8. The error bars were calculated by
means of the propagation error theory).

Fig. 5. �AUC/AUC values of the series L hydrated in pH 6.4 buffer
(mean values± S.E.;n= 8. The error bars were calculated by means
of the propagation error theory).

solubility at the mucoadhesive interface also when hy-
drated in distilled water.

3.3. Permeation measurements through porcine
cheek epithelium

Figs. 6 and 7show FD4 permeation profiles of poly-
mers of series H and L, respectively, hydrated in dis-

Fig. 6. FD4 amount (�g) permeated across buccal epithelium vs.
time profiles of the series H and the FD4 solution hydrated in distilled
water (mean values± S.E.;n= 6).

Fig. 7. FD4 amount (�g) permeated across buccal epithelium vs.
time profiles of the series L and the FD4 solution hydrated in distilled
water (mean values± S.E.;n= 6).

tilled water in comparison with a FD4 solution hydrated
in the same medium.

The FD4 solution showed the lowest permeation
profile: only 2�g of FD4 permeated across the ep-
ithelium in 6 h. This indicates that, as expected, the
permeation of the model macromolecule through the
buccal epithelium was poor and difficult in absence of
a penetration enhancer. The TMCs and the starting chi-
tosan of series H showed comparable permeation pro-
files (Fig. 6). This indicates that when distilled water
is used as hydration medium, the trimethylation does
not produce any significant effects on the penetration
enhancement properties of the starting chitosan.

TMCs of series L were characterized by FD4 perme-
ated amount after 6 h comparable to that observed for
the starting chitosan (Fig. 7). However, the permeation
profiles of TMCs were characterized by a faster in-
duction of the penetration enhancement effect than the
starting chitosan: in particular the TMCs reached the
maximum in the penetration enhancing effect within
1 h while the starting chitosan took 4 h to produce the
same effect.

Figs. 8 and 9show FD4 permeation profiles of
TMCs of series H and L, respectively, hydrated in pH
6.4 phosphate buffer, in comparison with a FD4 solu-
tion hydrated in the same medium.

Also in pH 6.4 buffer, FD4 solution showed the low-
est permeation profile; this confirms that the model
macromolecule poorly crossed the buccal epithelium
in absence of a penetration enhancer independently of
t

ter-
n ene-
t H3
he hydration medium employed.
For both series H and L, the increase in qua

ization degree produced an increase in the p
ration enhancement properties of TMCs: TMCh



G. Sandri et al. / International Journal of Pharmaceutics 297 (2005) 146–155 153

Fig. 8. FD4 amount (�g) permeated across buccal epithelium vs.
time profiles of the series H and the FD4 solution hydrated in pH 6.4
buffer (mean values± S.E.;n= 6).

and TMChL3 presented the highest FD4 permeation
profiles.

The different profiles of FD4 permeated versus time
obtained for the polymer solutions are probably due to
the different dismantling action of chitosans and TMCs
on the cell multilayer of the buccal epithelium. These
profiles which level off in the first hour, suggest that
the effect has a limited duration: in particular the in-
terference of the polymer with the deeper cell layers is
probably transient and the basal cells of the epithelium
can partially recover their structure if their exposure
to the polymer is prolonged. Only the most effective
polymers (TMChH3 and TMChL3) are capable of sus-
taining the penetration enhancement effect throughout
the experiment duration time.

Fig. 10shows the values of the ER parameter cal-
culated for series H (a) and the L (b) hydrated either in
distilled water or in pH 6.4 buffer.

The polymers belonging to both series, indepen-
dently of the hydration medium, showed ER values
greater than 2 indicating the capability of the polymers

F vs.
t 6.4
b

Fig. 10. ER parameter values calculated for the H (a) and L (b)
series and FD4 solution (mean values± S.E.n= 6). The error bars
calculated by means of the propagation error theory).

to increase more than twofold the FD4 amount that
crossed the buccal epithelium.

Polymers of series H and L showed comparable
ER values when distilled water was used as hydration
medium. The increase in quaternization degree does
not produce any significant change in ER value when
the polymers were hydrated in distilled water. When
pH 6.4 buffer was used, ER increased on increasing
quaternization degree independently of the series con-
sidered. The TMCs (TMChH3 and TMChL3) with the
maximum trimethylation degree presented the highest
ER values (p< 0.05). In particular TMChL3 was char-
acterized by an ER value equal to about 8, greater than
that observed for TMChH3.

4. Conclusions

The starting chitosans were characterized by higher
viscosity than those of TMCs; in particular the TMC
viscosity decreased on increasing the quaternization
degree independently of the hydration medium em-
ployed (distilled water or pH 6.4 phosphate buffer).
ig. 9. FD4 amount (�g) permeated across buccal epithelium
ime profiles of the series L and the FD4 solution hydrated in pH
uffer (mean values± S.E.;n= 6).
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TheO-methylation and theN-trimethylation probably
produce a decrease in TMC capability of forming hy-
drogen bonds (Snyman et al., 2003). This results in
a decrease in the viscosity properties. Each TMC hy-
drated in distilled water showed viscosity higher than
the same polymer hydrated in pH 6.4 buffer. The shield
effect of pH 6.4 buffer ions on the quaternized nitrogen
probably produces a decrease in the repulsion between
the positively charged amino groups causing a decrease
in the viscosity.

The trimethylation of chitosan allowed the overcom-
ing of the poor solubility properties of the starting chi-
tosans at pH close to neutrality and the preservation
or the improvement of the mucoadhesive properties of
chitosan dependently on the TMC quaternization de-
gree. In both media and independently of the biologi-
cal substrate used, the mucoadhesive performance in-
creased on increasing the quaternization degree. The
differences observed in the mucoadhesion parameter,
when the two different substrates are used, indicate that
commercial mucin does not always represent a suitable
alternative to mucosa, especially when polymers char-
acterized by a pH dependent solubility are considered.

Moreover, theN-trimethylation did not produce any
changes in the penetration enhancement properties of
FD4, the model macromolecule, when distilled wa-
ter was used as hydration medium, while it improved
the penetration enhancement capability when pH 6.4
buffer was used. Since chitosan already presents a high
affinity for water, it is likely that the trimethylation
d and
c anc-
i san
t er
s nc-
i

oad-
h than
t ized
b de-
g ration
e d the
s ti-
m and
w inst
t
c e the
d re-

sponsible for the formation of the mucoadhesive joint
are likely to be involved in penetration enhancement
mechanism. The polymer/mucin interpenetration prob-
ably weakens the epithelium barrier, perhaps partially
dismantling the structure of the extracellular matrix and
the intercellular joint.

TMChL3 seems to be the most promising polymer
for the development of a drug delivery system intended
for a mucosal buccal application to enhance the buc-
cal absorption of hydrophilic macromolecule such as
peptides with MW lower or close to that of FD4 (in-
sulin 5733 Da, calcitonin 3417 Da, buserelin 1239 Da,
leuprolide 1209 Da).

Further investigations are in progress to study the
mechanism of TMC penetration enhancement and the
epithelium structures involved in the enhancement ef-
fect.
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