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Abstract

Among the chitosan derivatives, trimethylchitosan (TMC) has been shown to have penetration enhancement properties also in intestinal
environment. In addition, the use of nanoparticulate systems has the advantage of protecting peptidic drugs from intestinal degradations,
due to internalisation behaviour. Therefore, the aim of this paper was to evaluate nanoparticulate systems based on TMC. In particular the
mucoadhesive and absorption enhancement properties of nanoparticles based on TMC with different quaternization degree (QD) intended
for the intestinal administration of macromolecules (peptides) have been evaluated. Comparison with chitosan (CS-HCI) nanoparticles was
made. The nanoparticles were loaded with fluorescein isothiocyanate dextran (FD4, MW 4400 Da), used as the model macromolecule. The
intestinal penetration enhancement properties of nanoparticles were investigated in an in vitro Caco-2 cell model and an ex vivo rat jejunum
model. The mucoadhesion of the nanosystems was evaluated using excised rat jejunum. All of the nanoparticulate systems interacted with
the Caco-2 cells decreasing the transepithelial electric resistance (TEER) and increasing Lucifer Yellow (LY) Papp (paracellular pathway
marker). All the nanosystems improved FD4 Papp, with the exception of the nanoparticles based on TMC with the highest QD. In this case
an entrapment of nanoparticles into Caco-2 cells was supposed. Analogous results were obtained using the excised rat jejunum model. The
increase in QD of TMC was seen to favour the mucoadhesion, resulting in a prolonged residence time on intestinal mucosa. The nanopar-
ticle penetration into excised rat jejunum tissue, observed by means of CLSM, suggested that the mucoadhesive properties delayed the
absorption of nanoparticles, however they produced an increase in the contact time with intestinal epithelium, offering a better chance
for internalisation. The improvement of mucoadhesion and of nanoparticle internalisation with respect to chitosan nanosystems makes
the TMCs nanosystems suitable carriers for the intestinal absorption of peptides.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction The parenteral route, invasive and characterized by poor
patient compliance, still remains the most employed.
Significant advances in biotechnology and biochemistry =~ Moreover such macromolecules are unstable and charac-
have led to the discovery of a large number of bioactive  terized by short half-life, so frequent injections are
molecules and vaccines based on peptides and proteins. required.
The poor bioavailability of peptide drugs when adminis-
e _ ) tered via oral route depends on the rapid hydrolytic and
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Recently, nanoparticulate systems have been identified
as suitable peptide/protein carriers. In particular nanopar-
ticles are able to protect drugs from degradation, to
improve permeation/penetration of the drugs across muco-
sal surface and also to control the release of the encapsulat-
ed or adsorbed drug [1-3].

Nanoparticles possess marked mucoadhesion properties
that have been related to the combination of the particle
size and the particle superficial charge [4]. Furthermore
nanoparticles have been referred to as capable of being
absorbed into mucosal tissue [5].

Chitosan is a cationic polysaccharide characterized by
good mucoadhesive properties [6,7], and has been shown
to be a penetration enhancer in acidic environment towards
monostratified and pluristratified epithelia both endowed
with and lacking tight junctions [8,9].

Chitosan nanoparticles are able to be internalised into
intestinal, nasal and ocular epithelial cells [10-13]. The
uptake of chitosan nanoparticles seems to be related to
the size and the superficial charge: the higher the superficial
positive charge, the stronger is the affinity between nano-
particles and the negatively charged cell membranes
[14,15].

N-Trimethylchitosan chloride (TMC), a chitosan deriv-
ative synthesized by the partial quaternization (trimethyla-
tion) of chitosan, is characterized by fixed positive charges
irrespective of pH [16-18]. TMC has proved as an effective
penetration enhancer of hydrophilic and/or high molecular
weight molecules across the intestinal epithelium [16-20]
even in neutral environments by means of the same mech-
anism of chitosan (tight junctions opening and widening of
paracellular pathway). The TMC charge density, deter-
mined by the quaternization degree, is a key factor in
obtaining both the mucoadhesion [20] and the penetration
enhancement towards intestinal [16-19,21] epithelium.
Until now, to our knowledge, no evaluation of TMC nano-
particulate systems designed for intestinal delivery has been
performed.

Given these premises, the aim of the present work was to
develop nanoparticulate systems based on trimethylchito-
san and intended for the intestinal transmucosal adminis-
tration of high molecular weight hydrophilic molecules,
such as peptides. The nanosystems were loaded with a
model macromolecule, fluorescein isothiocyanate dextran
(MW 4400 Da). Three trimethylchitosans, with different
quaternization (trimethylation) degrees, synthesized from
the same chitosan (580 kDa), were selected. The nanoparti-
cles obtained with the starting chitosan and the derived
trimethylchitosan were prepared by means of ionotropic
gelation [23].

The penetration enhancement properties of nanoparti-
cles were investigated using two different approaches: in vi-
tro permeation test on Caco-2 cell monolayers and ex vivo
study using excised rat jejunum.

All the nanoparticulate systems were characterized for
mucoadhesion properties towards excised rat jejunum by
means of “washability” tests simulating the in vivo

removal effects of intestinal fluids exerted by the peristalsis
and by the gastrointestinal content.

Both the Caco-2 cell monolayers and the intestinal tissue
were subjected, after treatment, to microscopic analysis by
means of Confocal Laser Scanning Microscopy (CLSM) to
identify the pattern of interaction of the nanoparticles with
the biological substrates, in particular their internalization
behaviour.

2. Materials and methods
2.1. Materials

The trimethylchitosans were obtained from a chitosan
90% deacetylated (MW 580 kDa), from shrimp (CS-HCI)
(Chito-clear FG90, Primex, N) using procedures described
in the literature [22,23]. A series of three trimethylchitosan
hydrochloride, which differed in quaternization degree
(QD), was obtained: TMC1 (QD =4%), TMC2 (QD =
35%), TMC3 (QD = 90%). All the polymers were previous-
ly characterized by Di Colo et al. [25]. Pentasodium tri-
polyposphate (TPP) (Sigma, I) was used as chitosan and
trimethylchitosan cross-linking agent.

Fluorescein isothiocyanate dextran (FD4) (Sigma, I), a
hydrophilic and high MW molecule (MW 4400 Da), was
used as a model.

Lucifer Yellow (LY) (Sigma, I) was used as a hydro-
philic marker of the tight junction integrity (paracellular
pathway).

2.2. Methods

2.2.1. Nanoparticle preparation

Chitosan and trimethylchitosan nanoparticles were pre-
pared according to the mild procedure previously devel-
oped by Calvo et al. [24] based on ionotropic gelation of
chitosan and trimethylchitosans (polycations) with TPP
polyanion. The ionotropic gelation takes place when the
positively charged amino groups of chitosan and trim-
ethylchitosans interact with the negatively charged TPP.
Chitosan and trimethylchitosans were dissolved at
2.5mg/ml in distilled water by means of gentle stirring
while TPP was dissolved at 1.25 mg/ml in distilled water.
The optimal weight ratio between polymer and TPP was
evaluated by means of turbidimetric analysis [25]. Different
amounts of TPP solution were added by drops to 3 ml of
chitosan or trimethylchitosan solutions and the mixture
was diluted to 4.5 ml. Therefore the mixtures based on
polymers and TPP were prepared with a fixed chitosan con-
centration of 1.67 mg/ml and TPP concentrations ranging
from 0.07 to 0.42 mg/ml. The turbidity of each mixture
was evaluated by means of spectrophotometric detection
at 420 nm (Lamba 25, Perkin-Elmer, I). The nanoparticles
produce an opalescent colloidal suspension. The turbidity
of the colloidal suspension increases up to a maximum fol-
lowing the addition of the cross-linking agent (TPP):
according to the literature this maximum corresponds to
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the amount of TPP necessary to obtain the maximum yield
in nanoparticles. Any further addition of TPP produces
nanoparticle aggregation: these aggregates (particle sus-
pension) precipitate causing a decrease in turbidity. On
the basis of these results, nanoparticles were prepared using
the amount of TPP necessary to obtain the maximum yield
without particle aggregation: in the case of CS-HCI and
TMC3 a final nanoparticle concentration of 0.28 mg/ml
of TPP was used, while in TMC1 and TMC2 nanoparticles
were prepared using 0.42 mg/ml of TPP.

The nanoparticles were spontaneously formed upon the
incorporation of TPP to the polymer solution under vigor-
ous stirring. The FD4 loaded nanoparticles were prepared
using the same procedure: FD4 was dissolved at 10 mg/ml
in TPP solution obtaining the final concentration ranging
from 0.22 (for CS-HCI and TMC3 nanoparticles) to
0.33 mg/ml (TMC1 and TMC2 nanoparticles) in the poly-
mer—TPP mixture, depending on the polymer—TPP ratio
used.

Nanoparticles were centrifuged at 10,000g for 30 min
and suspended at the desired concentration (3.5 mg/ml)
for characterization and the in vitro and ex vivo investiga-
tions in Hanks’ balanced salt solution (HBSS: CaCl, anhy-
drous 140 mg/l, MgCl,-6H,O 100 mg/l, MgSO,7H,0
100 mg/l, KCl 400 mg/l, KH,PO, 60 mg/l, NaHCO;
350 mg/l, NaCl 8000 mg/l, Na,HPO, 48 mg/l, p-glucose
1000 mg/1, Phenol Red 10 mg/l, Gibco-BRL, NY, USA)
buffered at pH 5.5 with HCI 1 N.

2.2.2. Nanoparticle characterization

The size distribution and the mean particle size were
determined by means of a Coulter Counter method. The
Coulter Counter apparatus (Coulter Multisizer 11, Beck-
man Coulter, UK) was equipped with a 15 pm orifice diam-
eter tube (size range: 0.427-13.30 um). Each nanoparticle
suspension was diluted in prefiltered physiologic solution
(0.9% w/v NaCl) following the procedure of the apparatus.
Each sample was dispersed by means of an ultrasound
apparatus (Julabo USRS, Julabo Labortechnik GmbH,
G) for 5Smin to disaggregate the nanoparticles and three
subsequent measurements were performed for each sample.
The data were recorded and processed by means of soft-
ware (Coulter Multisizer, AccuComp, ver. 3.01a, Beckman
Coulter, UK). In order to validate the Coulter Counter
measurements, CLSM microphotographs of each sample
were taken.

The manufacturing yield of each nanoparticulate system
was calculated following the procedure described below.
Each nanoparticle suspension was centrifuged as previous-
ly described, and the supernatant removed. The precipitat-
ed nanoparticles were rinsed twice with distilled water, and
freeze dried (Powerdry LL 1500-55, Heto, Analitica De
Mori, I). The yield % was calculated as the ratio between
the freeze dried sample weight and the expected weight.

The percent value of FD4 loaded (FD4 % loaded) was
calculated as follows: first the amount of drug associated
with nanoparticles was calculated as the difference between

the total amount of FD4 added to the system called FD4,
(theoretic) and FD4 recovered in the supernatant assuming
that the FD4 not recovered in the supernatant was encap-
sulated in the nanoparticles. Subsequently the ratio
between FD4 encapsulated in nanoparticles and the nano-
particles amount (yield) was calculated and expressed as
percentage (% FD4 loaded): according to the following
equation:

FD4 loaded % = (FD4, — FD4,)/NP 100

where FD4, is the FD4 theoretic amount employed for
nanoparticle preparation, FD4, is the FD4 free amount
recovered in the supernatant, NP is the amount of nano-
particles prepared as calculated by the manufacturing yield.

FD4 remaining in the supernatant or loaded into the
nanosystems was assayed by means of a spectrofluorimeter
(LS50B, Perkin-Elmer, 1) at A, =485nm and
Aem = 515 nm.

The encapsulation efficiency (EE%) of FD4 was calcu-
lated as the ratio between FD4 loaded into the nanopartic-
ulate systems with respect to the total amount of FD4
employed for nanoparticle preparation as follows [26]:

EE % = (FD4, — FD4,)/FD4, % 100

where FD4, is the FD4 theoretic amount employed for
nanoparticle preparation, FD4, is the FD4 free amount
recovered in the supernatant.

2.2.3. Permeability studies performed by means of Caco-2
cell monolayer

The nanoparticle suspensions prepared in pH 5.5 HBSS
were subjected to permeability tests across Caco-2 cell
monolayers.

Caco-2 cells (TC7) (passage 37) were seeded on tissue-
culture-treated polycarbonate filters (area 113.1 mm?; inner
diameter 13.85 mm) in 12-well plates (Greiner Bio-one,
PBlinternational, Italy) at seeding density of
2.5x 10’ cells/cm?. Dulbecco’s modified Eagle’s medium
(DMEM, pH 7.40; Bioindustries, Israel) supplemented
with 10% foetal bovine serum, benzylpenicillin G (160 U/
ml) and streptomycin sulphate (100 pg/ml) (Bioindustries,
Israel) and also with 1% nonessential aminoacids (Sigma,
I) was used as culture medium. Cell cultures were kept at
37 °C in an atmosphere of 95% air and 5% CO, and 95%
of relative humidity. Filters were used for transepithelial
electrical resistance (TEER) measurements and transport
experiments 21-23 days after seeding.

Five hundred microliters of the nanoparticle suspen-
sions at 3.5 mg/ml in HBSS at pH 5.5, prepared as previ-
ously described in the ‘“Nanoparticle preparation”
paragraph, were used as the apical (donor) phase of the
monolayers. HBSS at pH 7.4 (2 ml) was used as the baso-
lateral (receptor) phase and added to the basolateral side of
the monolayers. At 0.5, 1, 2, 3 h each filter and its mount-
ing donor chamber filled at the apical phase was moved
into a fresh basolateral (receptor) phase. All the receptor
phases were collected and the permeated FD4 was assayed
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by means of the spectrofluorimetric method previously
described. After 3 h, the apical and the basolateral phases
were withdrawn and each Caco-2 monolayer was rinsed
and put in contact with a LY solution at 25 pug/ml in HBSS
and fresh HBSS as basolateral phase. After 1 h contact
time the permeated LY was assayed by means of a spectro-
fluorimetric method (Aex =428 nm; Ao, = 521 nm). The
apparent permeability coefficient (P,,,) was calculated
using the following equation [19]:

Pay = d0O/dt/(4-60 - Cy)

where dQ/dt is the permeability rate (drug amount perme-
ated per min), 4 is the diffusion area of the monolayer, C,
is the initial FD4 or LY concentration.

The FD4 recovery was subsequently calculated accord-
ing to the following equation:
+ FD4p

basolateral

% FD4 recovery = (FD4"

apical )/FD4£O
* 100

apical

where FD4:13pical is the amount of FD4 remained in the api-
cal phase at the end of the permeation experiment (3 h),
FD4_ . is the amount of FD4 recovered in the basolat-
eral phase at the end of the permeation experiment (3 h),
FD4;%ical is the amount of FD4 present in the apical phase
at the beginning of the permeation experiment (3 h).

During the experiments the integrity of the monolayers
was assessed by means of TEER measurements at fixed
times using a Millicell ERS-meter (Millipore Corp., Bed-
ford, MA, USA).

Twenty-four hours after the end of the permeation
experiment, each filter supporting the monolayers was
mounted onto microscope slides for the observation at

CLSM.

2.3. Mucoadhesion measurements

A Franz diffusion cell (Permeager, USA) with a donor
chamber modified as described in [27,28] was used. Briefly,
in the donor chamber, a stream of buffer was maintained
through two holes. The incoming buffer flux was regulated
by means of an HPLC pump (model 300, Gynkotek,
Munich, G). The outcoming buffer was collected in a bea-
ker and continuously stirred. Rat jejunum tissue was
placed between the donor and acceptor chambers of the
cell laying on a filter paper disc imbibed in HBSS in turn
placed on a Parafilm® membrane (impermeable to fluids).
The receptor chamber of the cell was filled with distilled
water whose only function was to keep the jejunum tissue
thermo-regulated. =~ The nanoparticulate  suspension
(500 pl) was placed on the excised rat jejunum
(area = 2 cm?) and physiologic solution (NaCl 0.9% w/v)
at 37 °C was fluxed at 0.7 ml/min over the formulation to
mimic the washing action of intestine fluids. Five hundred
microlitre samples of the fluid outcoming from the donor
chamber were withdrawn at fixed times. The amount of

drug “washed away” was determined in a receptor beaker
at defined times by means of a spectrofluorimetric method.
The amount of nanoparticles not removed by the buffer
stream adhered and interacted with the biological substrate
providing an indirect evaluation of the mucoadhesion.

2.4. Permeation measurements across excised rat jejunum
tissue

The nanoparticles, suspended in HBSS buffered at pH
5.5, were subjected to permeation measurement by means
of Franz diffusion cells with a 2 cm? orifice area (Permea-
gear, USA) thermostated at 37 °C. Freshly excised rat jeju-
num tissue, laying on a filter paper, was placed between the
donor and the acceptor chambers of the Franz diffusion
cell. Each nanoparticle suspension (500 pl) was placed in
the donor chamber on rat jejunum tissue. HBSS (pH 7.4)
was used as acceptor phase (sink conditions in the acceptor
phase were maintained during the test).

At fixed time intervals, 500 ul samples of the acceptor
phase were withdrawn and replaced with fresh bulffer.
FD4 was assayed by means of spectrofluorimetric
detection.

The permeation test was also performed by using FD4
solution in HBSS, pH 5.5, having the same concentration
of nanoparticulate systems.

The apparent permeability coefficient (P,p,) was calcu-
lated using the equation [18] previously described.

2.5. Evaluation of nanoparticle penetration into excised rat
Jjejunum tissue

The nanoparticle suspensions in HBSS, pH 5.5, were
subjected to penetration measurements in excised rat jeju-
num tissue by means of a Franz diffusion cell. The rat jeju-
num was employed immediately after the death of the
animals. Each nanoparticle suspension (500 pl) was applied
on rat jejunum tissue (area =2 cm?) fixed between the
donor and the receptor chamber of a Franz diffusion cell.
The acceptor chamber was filled with pH 7.4 HBSS to
maintain the mucosa hydrated and thermostated.

The penetration test was also performed by using FD4
solution in HBSS, pH 5.5, having the same concentration
as the nanoparticulate systems.

At the end of the experiment (1 h) the sample was
removed from the tissue which was rinsed twice with pH
7.4 HBSS, was included in the OTC compound (Leika
Microsystem, G), frozen in liquid nitrogen and stored at
—80 °C.

2.6. Statistical evaluation

Statistical differences were determined using one-way
ANOVA and post hoc Sheffe tests for multiple compari-
sons (Siphar, Creteil, F). Differences between groups were
considered to be significant at p < 0.05.
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2.7. Confocal laser scanning microscopy (CLSM)

CLSM was utilized to visualize the eventual internalisa-
tion of nanoparticles. 24 h after the end of the permeation
experiments performed in vitro with Caco-2 cell monolay-
er, the filter, with the cell monolayer, was dehydrated for
12 h and subsequently fixed by dipping in ethanol. Each fil-
ter was placed on a microscope slide.

For the observation of tissue samples, slices perpendicu-
lar to the mucosa surface, 10 um in thickness, were cut
from the rat jejunum included in the OTC Compound
using a cryostat (Leica CM1510, Leica Microsystem, I) at
—20 °C. Each slice was placed on a microscope slide, dehy-
drated for 12h and subsequently fixed by dipping the
microscope slides in acetone.

The nuclei of cell monolayers and of the tissue slice were
stained by dipping the biological substrates into a solution
(1:100,000) of Hoechst 33258 (Sigma, I).

Each microscope slide, either with Caco-2 cell monolay-
er on a filter or with a rat jejunum slice, was mounted using
PVA-DABCO, polyvinyl alcohol mounting medium with
DABCO antifading (mixture of tris(hydroxymethyl)amini-
nomethane, tris/hydroxymethyl)aminomethane hydrochlo-
ride, polyvinyl alchol 22,000 Da, glycerol anhydrous and
1,4-diazabicyclo[2,2,2]octane; (BioChemika, Fluka, I) and
covered with cover glass.

The slides were observed using a Confocal Laser Scan-
ning Microscope using Ae, =485nm and A., =515nm
for the visualization of FD4 and A =346 nm ., =
460 nm for the visualization of Hoechst 33258. The
acquired images were processed by means of a software
(Leika Microsystem, I).

To obtain depth information from specific sections (xz-
and yz-sections), the confocal images of xy planes were first
acquired (parallel to the plane of the slice surface). To gener-
ate the xz- and the yz-sections, two horizontal lines were
drawn across the regions of interest in the z =0 pm-xy-
plane, and the digitalized image data of the successive xy-
sections were optically sliced through along the z-axis. The
result was the xz- and yz-planar optical cross-sections [29].

Table 1

3. Results and discussion
3.1. Nanoparticle characterizations

Table 1 shows diameters (nm) and preparation yields
(%) of all the nanoparticulate systems, blank and FD4
loaded. In the case of the FD4 loaded nanoparticulate sys-
tems, the FD4 loading (%) and the encapsulation efficiency
(EE%) are also given.

The loading of FD4 into all the nanoparticulate systems
did not cause any significant differences in particle size: this
result demonstrated that the FD4 association in the nano-
particulate systems did not produce an increase in particle
size. Furthermore, for all the nanoparticulate systems, the
chitosan amino group quaternization, through trimethyla-
tion, corresponded to a decrease in particle size; this effect
becomes more evident with the increase in the quaterniza-
tion degree (QD) of the trimethylchitosan (TMC)
(p <0.01). Fig. 1 shows a CLSM microphotograph of
TMCI1 (lower quaternization degree) nanoparticles as an
example. The nanoparticles are characterized by a spherical
shape.

As for the production yields of the blank systems, nano-
particles based on TMC3 presented the lowest yield per-
centage (about 6%) (p <0.05) followed by CS-HCI (10%)
(p <0.05), TMC2 (19%) (p <0.001) and TMCI1 (64%)
(p <0.001). In the case of FD4 loaded systems, nanoparti-
cles based on CS-HCI (the starting chitosan) showed the
lowest production yield (10%) (p < 0.05) while the systems
based on TMCI1 (having the lowest QD) and TMC2 (hav-
ing the intermediate QD) were characterized by similar
yields (about 25-30%). The systems based on TMC3 (hav-
ing the highest QD) showed slightly, but significantly, low-
er production yield (20%) with respect to the other
trimethylchitosan systems (p < 0.05). Only for the system
based on CS-HCI, the FD4 loading did not change the pro-
duction yield.

Nanosystems based on CS-HCl and TMC3 showed
comparable percentages of the FD4 loaded even if CS-HCI
nanoparticles presented a slightly higher FD4 association

Particle size (nm), yield of preparation (%), FD4 loaded (%), encapsulation efficiency (EE) (%) evaluated for all the nanoparticulate systems with and

without FD4 (mean values 4+ SD; n = 6)

Particle size (nm) Yield % FD4 loaded % EE%

CS-HCl Blank 904 + 77 8.57 +4.04

FD4 1034 +48 10.84 +0.83 89.82 4+ 0.88 89.82 +0.87
TMCI1 Blank 862 + 78 64.01 £+ 0.01

FD4 1015 + 68 2529 +3.25 4792 +0.24 87.86 + 0.44
T™C2 Blank 808 +4 18.67 +3.77

FD4 779 + 19 34.48 +£9.75 35.10 +0.02 87.75 +0.07
TMC3 Blank 577+ 6 5.71 £ 0.01

FD4 588 +0.82 17.95+3.63 86.94 £+ 0.08 86.94 £+ 0.09

CS-HC, starting chitosan.

TMCI1, quaternization degree of 4%.
TMC2, quaternization degree of 35%.
TMC3, quaternization degree of 90%.
EE, encapsulation efficiency.
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b 00 pm

Fig. 1. CLSM microphotograph of TMC1 nanoparticles (as example).

(» <0.001). In the other nanoparticulate systems the per-
centages of FD4 loaded were lower: in particular, TMC2
showed the lowest FD4 loading percentage with respect
to all of the other systems (p <0.001). Since all the
nanoparticulate systems showed only slightly different
encapsulation efficiency values (EE%) (CS-HCI>
TMCI1 = TMC2 > TMC3; p <0.05) the FD4 loading per-
centages strictly depended on the production yields. The
nanosystems based on CS-HCl and TMC3 are character-
ized by FD4 % loaded of about 90%. This is probably
due to the amount of TPP used to prepare the systems
which was lower than that used for TMCl and TMC2
preparations, as the aggregation of particles due to the
additions of higher amounts of TPP did not allow the
employment of preparation conditions of the other
nanosystems.

3.2. Permeability studies performed by means of Caco-2 cell
monolayer

Fig. 2 reports the Papp (cm/s) values of FD4 (the model
macromolecule) and Lucifer Yellow (LY) (the fluorescent
probe which is not permeable in the presence of intact tight
junctions) calculated for all of the nanoparticulate systems
and for the FD4 solution tested as Control.

The nanoparticulate systems based on CS-HCI, TMCl1
and TMC2 were characterized by Papp values for FD4 sig-
nificantly higher than that of Control (p <0.01). Moreover,
they were also characterized by comparable Papp values
(not significantly different). On the contrary, the nanosys-
tem of TMC3 showed FD4 Papp value not significantly
different from that of the Control: this indicates that the
transport of FD4 across the Caco-2 cell monolayer was
not improved by the presence of the TMC3 nanoparticles.

1,E-05 -
£05 OFD4

1,e-05| BILY l

8,E-06
6,E-06
4,E-06 -
2,E-06 -
0,E+00

Papp (cm/s)

=

CS.HCI TMC1 TMC2 TMC3 Control
% FD4 recovery  93.38 77.33 70.78 54.86 98.21
+se +1.91 +15.26 +18.91 +4.72 +15.26

Fig. 2. Papp (cm/s) values of FD4 and LY calculated for permeability
experiment performed using Caco-2 cell monolayers observed for all the
nanoparticulate systems and the Control, FD4 solution (mean val-
ues &+ SE; n = 6). In the inset the FD4 amount % recovery that followed
permeability experiment are reported (mean values + SE; n = 6).

Looking at the total amounts of FD4 recovered and
reported in the inset below Fig. 2, it is possible to see that
the nanosystem based on TMC3 was characterized by the
lowest percentage of FD4 amount recovered (about 55%)
(p <0.05). All the other nanoparticulate systems presented
variable recovery percentages, even though in no cases
could a statistically significant difference be appreciated
with respect to the FD4 solution (Control). One of the
hypotheses that could explain the low recovery of FD4 fol-
lowing the treatment of Caco-2 monolayers with nanopar-
ticles based on TMC3 is that in this sample the FD4 loaded
nanoparticles are entrapped in the cells.

The Papp values of Lucifer Yellow, the fluorescent
marker of the paracellular pathway, calculated for the
Caco-2 monolayer treated with all the nanoparticulate sys-
tems were significantly higher than that of the monolayer
treated only with the FD4 solution. This indicates that
for all of the samples, the contact with the nanoparticulate
systems produced an opening of the junction complexes
(tight junctions) between the cells.

These results were also confirmed by the TEER % pro-
files (Fig. 3). All the nanoparticulate systems showed
TEER % profiles significantly lower than that of the

—=&—CS. HCI —&-TMC1
—4—TMC2 —a—TMC3
—o—ControII

100

80

60

TEER %

40

20

0 T T T |
0 1 2 3 4

Time (h)

Fig. 3. TEER % vs time profiles observed for all the nanoparticulate
systems and the Control, FD4 solution (mean values + SE; n = 6).
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Control (p < 0.05) and all comparable to each other. In the
first time (at 30 min) of the TEER profile, the nanopartic-
ulate system based on TMC3 presented a slower decrease
of the TEER % in comparison with all the other nanopar-
ticles (p < 0.05) to indicate a slower induction of the inter-
actions with the biological substrate. The lowering of the
transepithelial electrical resistance % (TEER 9%) profiles
implicates that all the nanoparticulate systems, excluding
the difference previously mentioned, were responsible for
the modulation of the cell junction integrity: this feature
was also supported by the permeation of the LY across
the cell monolayers treated with the nanoparticles. These
results are in agreement with those previously reported
by Ma and Lim [5].

Fig. 4 reports the CLSM microphotographs of the
Caco-2 monolayers treated with the nanosystems [(a)
CS-HCI; (b) TMCI; (¢) TMC2; (d) TMC3] and the confo-
cal xz-image microphotograph of the TMC2 sample, given
as an example.

Fig. 4. CLSM microphotograph of the Caco-2 monolayers with nano-
particles obtained after the permeation experiment: (a) CS-HCI; (b)
TMCI; (¢) TMC2; (d) TMC3; (e) CLSM microphotograph with xz- and
yz-sections of a Caco-2 monolayer treated with TMC2 nanoparticles (as
an example an encircled nanoparticle in the xy-plane and in both the xz-
and yz-sections is shown).

The Caco-2 monolayer treated with the nanoparticles
based on CS-HCI presented diffuse green spots of FD4
close to the blue spots of the nuclei to indicate that the
model macromolecule was present in the cells but no longer
entrapped in the nanosystems (Fig. 4a).

The Caco-2 monolayers after the contact with the nano-
particulate systems based on TMC1 and TMC2 were char-
acterized by the presence, close to the nuclei, of some thick
green spots, with the particle size comparable to that of the
nanoparticles: this feature indicates that not only the nan-
opaticulate systems were internalised into the Caco-2 cells
but also that they could be found intact up to 24 h in the
cells (Figs. 4b and c). The three-dimensional xz- and yz-
projections of a CLSM microphotograph (nanoparticles
based on TMC2 as example) demonstrated that the nano-
particles were deeply penetrated into the cells, due to the
presence of the nanoparticles close to the nuclei (Fig. 4e).

The Caco-2 cell monolayer after the contact with nano-
particles based on TMC3 showed the presence of an even
higher number of thick green spots, localized in the cells
close to the nuclei, characterized by sizes comparable to
those of the nanoparticles. This is illustrated in Fig. 4d.
The major internalization of the TMC3 nanoparticles into
the Caco-2 cells could reasonably explain the low value of
FD4 Papp (comparable to that of the Control) and also by
the low recovery of FD4.

In all the CLSM microphotographs, the staining of
Caco-2 cell nuclei highlighted the fact that the chromatin
resulted as dense as that of viable cells, indicating the lack
of a markedly toxic effect of any of the nanoparticulate
systems.

3.3. Mucoadhesion properties

Fig. 5 shows the profiles of FD4 amount % washed
away vs time obtained by the different nanoparticulate sys-
tems and the Control using the rat jejunum as a biological
substrate. All the nanoparticulate systems were character-
ized by profiles lower than that of the Control up to
45 min (p <0.05) while, due to measurement variability,
there were no significant differences between the nanopar-

—m—CS.HCI
01 _a—TMC2
—e— Control

—B8—TMC1
—A—TMC

% FD4 washed away

30
Time (min)
Fig. 5. FD4 amount % washed away vs time profiles observed for all the

nanoparticulate systems and the Control, FD4 solution (mean val-
ues + SE; n =6).
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ticulate systems up to 45 min. For longer times, the systems
based on TMC2 and TMC3 were characterized by lower
washed away profiles (p < 0.05). In the experiment and in
the tissue preparation before the experiment, care was tak-
en in order to maintain the mucus layer that covered the
tissue, and moreover, the freshly excised jejunum tissue
was still mucus secreting during the experiment. The results
show that the nanoparticles were able to strongly adhere to
the mucus layer significantly prolonging their in vivo resi-
dence on mucosa surface, with respect to the Control.
Even if all the nanoparticulate systems were able to
interact with the biological substrate, the increase in qua-
terization degree of trimethylchitosan seems to confer a
greater resistance toward the removal effect of the buffer
stream, as can be seen for the samples TMC2 and
TMC3, which resisted the washing action up to 1 h.

3.4. Permeation measurements across excised rat jejunum
tissue

Fig. 6 shows Papp (cm/s) values of FD4 calculated from
permeability experiments performed using excised rat jeju-
num with all the nanoparticulate systems and the FD4
solution (Control).

All the nanosystems showed Papp values markedly
higher than that of the Control (p < 0.001). Nanoparticles
based on TMC1 and TMC2 were characterized by the
highest Papp values, and not significantly different from
each other (p <0.01) while the nanoparticulate systems
based on CS-HCI and TMC3 presented similar Papp val-
ues. The effect of chitosan trimethylation on the FD4 per-
meation is characterized by an increase up to an optimal
value corresponding to the intermediate degree (TMC2),
the FD4 permeation dropped at the maximum quaterniza-
tion degree. In this regard, the ex vivo trend exactly reflects
the in vitro one.

3.5. Evaluation of nanoparticle penetration into excised rat
Jjejunum tissue

An insight into the possible reasons for the permeation
trends was found in the CLSM observation of the tissue

1,E-04
1,E-04
8,E-05

6,E-05

Papp (cm/s)

4,E-05

2,E-05 ’—'—l
0,E+00

CS.HCI TMC1 TMC2 TMC3

Control

Fig. 6. Papp (cm/s) values of FD4 calculated for permeability experiment
performed using excised rat jejunum observed for all the nanoparticulate
systems and the Control, FD4 solution (mean values + SE; n = 6).

Luminal side

Fig. 7. CLSM microphotograph of the cross section (10 um) of rat
jejunum treated with TMC1 nanoparticles obtained after the penetration
experiment (1 h of contact time).

samples after 1 h and after 3 h of treatment with nanopar-
ticle samples.

Fig. 7 shows the CLSM of rat jejunum after the contact
with TMCI1 nanoparticles.

After 1 h of contact time the nanoparticles based on
both CS-HCI and TMCI1 were located inside the tissue
close to the cell nuclei: this result evidenced the capability
of these nanoparticulate systems to penetrate into the
tissues.

Fig. 8 shows the CLSM of rat jejunum after the contact
with TMC2 nanoparticles as an example. In this case, as
for the TMC3 (data not shown) after 1 h of contact time
the nanoparticles were located on the rat jejunum surfaces
conceivably as a consequence of the strong mucoadhesive
joint between the nanoparticles and the mucus layer cover-
ing the epithelial cells: this behaviour was in line with the
washability experiment, in which TMC2 and TMC3 nano-
systems showed the lowest wash away profiles. The muco-
adhesive properties could slow down the absorption of
nanoparticles into the cells with a sort of sequestering
effect. In spite of this effect that could be an obstacle for
nanoparticle absorption, the prolongation of the residence
time offered more possibilities of nanoparticle
internalisation.

Fig. 9 shows a CLSM microphotograph of the rat jeju-
num after the contact with TMC3 nanoparticles as an
example. After 3 h of contact time, green spots (that can
be identified with FD4 loaded nanoparticles) could be
found in the intestinal tissue in contact with the cell nuclei,
for all the nanoparticulate systems, confirming that all of
them were able to interact with the jejunum tissue and be
internalised in it.
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Luminal side

Fig. 8. CLSM microphotograph of the cross section (10 um) of rat
jejunum treated with TMC2 nanoparticles obtained after the penetration
experiment (1 h of contact time).

Luminal side

Fig. 9. CLSM microphotograph of the cross section (10 pm) of rat
jejunum after the contact with TMC2 nanoparticles (as example) obtained
after the permeation experiment (3 h of contact time).

4. Conclusions

The ionotropic gelation method was suitable to prepare
nanoparticles based on trimethylchitosans with good
encapsulation efficiency of fluorescein isothiocyanate dex-
tran, the model macromolecule having molecular weight

comparable to that of proteins commonly employed in
therapy (such as insulin 5733 Da and calcitonin 3417 Da).

The “in vitro” approach evidences that all the nanopar-
ticulate systems increased the widening of the paracellular
pathway. The nanosystems based on CS-HCl, TMCI and
TMC2 were able to improve the permeability of FD4. On
the contrary, the TMC3 nanosystem, in spite of its capabil-
ity to enlarge the paracellular pathway, did not increase
FD4 permeability with respect to the FD4 solution (Con-
trol): this is probably due the long lasting entrapment of
nanoparticles into Caco-2 cells (evidenced by a large
amount of green spots corresponding to nanoparticles vis-
ible in the CLSM microphotograph).

The “ex vivo” approach, to evaluate penetration
enhancement properties, confirms the same trend of the
“in vitro” one (Caco-2 cells). The increase in quaterniza-
tion degree of trimethylchitosan favours the mucoadhe-
sion, conceivably resulting in a prolonged residence time
of the nanosystems and consequently in a greater chance
of internalisation.

The comparison of mucoadhesive and penetration
enhancement properties points out that the mucoadhesive
properties slow down the absorption of nanoparticles
through the mucus layer into the cell. However, the
increase of the contact between the intestinal epithelium
and the nanosystems should offer more possibilities for
nanoparticle internalisation.

The improvement of mucoadhesion and of nanoparticle
internalisation capabilities makes trimethylchitosan-based
nanosystems suitable carriers for the oral administration
of macromolecules and, in particular, of peptides.
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