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This work describes the bioadhesive properties of poly(methyl vinyl ether-co-maleic anhydride) (Gantrez
AN) nanoparticles (NP) associated with various types of dextran (two hydroxyl-functionalized dextrans
and one amino-derivative of dextran). The association of dextran to the polymer was performed either
prior NP formation or by the attachment of dextran to the surface of the just formed NP. The amount of
dextran associated to the nanoparticles was quantified by a HPLC/ELSD method and dextran presence in
the nanoparticles was confirmed by IR spectroscopy, 'H NMR and in vitro agglutination assay. The in vivo

I[()ee{(‘g’r‘;rjs" bioadhesion study has demonstrated significantly higher adhesive interactions with the gastrointestinal
Nanoparticles tract of rats for all types of dextran associated nanoparticles compared with control nanoparticles. For
Poly(anhydride) nanoparticles associated with the aminated-dextran, the curves of bioadhesion were characterized by

Bioadhesion a maximum of adhesion just after administration followed by a rapid and constant decline with time.
Oral On the contrary, nanoparticles associated to conventional dextrans displayed a maximum bioadhesion
between 1 and 3 h post-administration. These results encourage us for further use of these systems for

oral delivery of drugs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been a great interest in developing
nanoparticulate systems in order to overcome some drawbacks of
drug therapy, including poor bioavailability after oral administra-
tion of several drugs.

The orally administered particles may interact with the gas-
trointestinal surface and develop adhesive phenomena (mucoad-
hesion or bioadhesion), leading to an increase of their residence
time in close contact with the mucosa or to a localization of the
delivery systemin a particular region of the gut (Irache et al., 2005).
However, increasing the absorption efficiency of the orally adminis-
tered nanoparticles is an important goal of many researchers. Thus,
in the last years, several strategies have been developed including
the association of nanoparticles with monoclonal antibodies spe-
cific for M cells (Pappo et al., 1991), their surface modification with
lectins (Florence et al., 1995; Rodrigues et al., 2003) or polyethy-
lene glycols (De Ascentiis et al., 1995; Yoncheva et al., 2007) and
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their coating with mucoadhesive polymers (Takeuchi et al., 2001;
Sarmento et al., 2007).

In this context, the development of polymeric carriers associ-
ated with polysaccharides has progressed recently. Among others,
chitosans and dextrans appear to be the most popular polysaccha-
rides for the modification of the surface of submicron carriers. In
general, both compounds display a certain ability to develop adhe-
sive interactions with different mucosal components (Bertholon et
al., 2006a,b).

Chitosan is a deacetylated form of chitin comprising copolymers
of glucosamine and N-acetyl glucosamine linked by [3-(1-4) link-
ages (Borges et al., 2005). It appears that chitosan would promote
the absorption of proteins across the mucosal surfaces due to its
mucoadhesive properties and to its ability to induce a transient
opening of the tight junctions (Illum et al., 1994; Van der Lubben
et al,, 2001). The adhesive properties of chitosan would be related
with the development of electrostatic interactions with glycopro-
teins of mucus (Bertholon et al., 2006a). On the other hand, chitosan
may also have an immunomodulatory effect as it has been shown
to stimulate production of cytokines from immune cells (Otterlei
etal., 1994) and enhance a naturally Th2/Th3-based microenviron-
ment at the mucosal level in the absence of antigen (Porporatto et
al., 2005).

Dextran is a polymer of glucose in which the glucosidic linkages
are predominantly of the a-(1-6) type. Dextrans are amorphous
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powders, freely soluble in water and are considered as inert in
biological systems (Kojima et al., 1980; Williams and Taylor, 1992).

In fact, they are biodegraded by dextranases which are local-
ized in various organs of human body (Wang et al., 2002; Prabu et
al., 2008). Due to their beneficial properties, dextrans have largely
been used in clinic for the prophylaxis of thrombosis and throm-
boembolism and for the prevention or treatment of hypovolemic
shock (McBride et al., 1999; Williams and Taylor, 1992).

Concerning the use of dextrans in the field of nanoparticulate
systems, the presence of dextran chains at the surface of nanopar-
ticles or liposomes decreased the uptake of these systems by
the mononuclear phagocyte systems and conferred them “stealth”
properties (Passirani et al., 1998; Jaulin et al., 2000). Additionally,
it has been reported that dextran coated nanoparticles possessed
a certain ability to induce a steric repulsion for plasma proteins
(Lemarchand et al., 2005).

Recently, our group of research have designed polymeric carri-
ers based on a copolymer between methyl vinyl ether and maleic
anhydride [poly(anhydride), Gantrez AN] and different types of
dextran. Gantrez AN is a polymer widely used for pharmaceutical
and medical purposes. In addition, it has been proposed as a suit-
able material for the preparation of nanoparticulate carriers with
bioadhesive properties (Arbés et al., 2002b). Furthermore, various
studies have shown that the modification of surface properties of
this carrier lead to an increase of its affinity for the intestinal mucosa
(Arbés et al., 2003).

The general aim of this work was to associate different types
of dextran to poly(anhydride) nanoparticles, in order to obtain a
particulate carrier with increased affinity for specific sites of the
gastrointestinal tract. For this purpose, three different types of dex-
tran were used: dextran with different molecular weights (40,000
and 70,000) and dextran with amino groups.

2. Materials and methods
2.1. Chemicals

Gantrez® AN 119 [poly(methyl vinyl ether-co-maleic anhy-
dride); MW 200,000] was a gift from ISP (Barcelona, Spain). Dextran
MW 70,000 (Dex70), dextran MW 40,000 (Dex40), rhodamine
B isothiocyanate (RBITC), were purchased from Sigma-Aldrich
Chemie (Germany). Aminodextran MW 70,000 (AmDex70) was
obtained from Invitrogen (Spain). The simulated gastric (SGF; pH
1.2, pepsin 0.32%, w/v) and intestinal fluids (SIF; pH 7.5, pancre-
atin 1%, w/v) were prepared as described in USP XXVIII. All other
chemicals used were of reagent grade and obtained from Merck
(Spain).

2.2. Preparation of poly(anhydride) nanoparticles

Poly(methyl vinyl ether-co-maleic anhydride) or poly(anhy-
dride) nanoparticles were prepared by a solvent displacement
method (Arboés et al., 2002b). For dextran association, two differ-
ent methods were assayed. Method A consisted of the incubation
of the coplymer with either Dex40 or Dex70 in the organic phase
of acetone, prior to nanoparticle formation by the addition of an
ethanol-water mixture (1:1). The organic phase was then elimi-
nated under reduced pressure (Buchi R-144, Switzerland).

Method B consisted of the preparation of unloaded
poly(anhydride) nanoparticles, which were subsequently coated
with dextran by incubation in water at room temperature.

In the case of Method A, the incubation times tested were 5, 15
and 30 min, while for the Method B, the previously formed nanopar-
ticles were incubated with dextran aqueous solution for 30, 60 and
90 min.

In both cases, the nanoparticles were purified twice by cen-
trifugation at 20,000 rpm, for 20 min (Sigma 3K30, Germany). The
supernatants resulted in the purification steps were recovered in
order to quantify the unloaded dextran by HPLC. For the bioad-
hesion study, the nanoparticles were fluorescently labeled by
incubation with 1.25 mg of rhodamine B isothiocyanate (RBITC).

Finally, the nanoparticles were lyophilized using sucrose (5%)
as cryoprotector. The control nanoparticles (NP) were prepared as
described above without using dextran.

2.3. Characterization of the nanoparticles

2.3.1. Particle size, zeta potential and morphology

The particle size and zeta potential were determined by pho-
ton correlation spectroscopy and electrophoretic laser Doppler
anemometry using a Zetamaster analyzer (Malvern Instruments,
UK). For this purpose, samples were diluted with deionized water
and measured at 25°C with a scattering angle of 90°. The zeta
potential was also measured in simulated gastric (pH 1.2) and
intestinal (pH 7.5) fluids, prepared in the absence of enzymes.

The shape and morphology of the nanoparticles were assessed
by scanning electron microscopy (SEM). Prior analysis, freeze-
dried nanoparticles were resuspended in ultrapure water and
centrifuged at 27,000 x g for 20 min at 4 °C. The supernatants (con-
taining the cryoprotector) were rejected and the pellets were
mounted on a glass plate adhered with an adhesive tape onto metal
stubs and dried under hot flow air. Finally, the particles were cov-
ered with molecular gold in order to perform the SEM photographs.

2.3.2. Dextran analysis

The amount of dextran associated to the particles was deter-
mined by quantification of unloaded dextran in the supernatants
obtained during the purification steps using a HPLC/ELSD method
previously described (Zabaleta et al., 2007), with some minor mod-
ifications. Briefly, the separation of dextran was performed with
an Agilent model 1100 series LC (Waldbronn, Germany) appara-
tus, using a PL Aquagel-OH column (300 nm x 7.5 mm), at 40°C.
The mobile phase consisted of a mixture of methanol and water
in a gradient elution at a flow-rate of 1 ml/min. The detector used
was an ELSD 2000 (Alltech, IL, USA), in the following conditions:
drift tube temperature 110°C and nitrogen flow 3 1/min. Aliquots
of the supernatant obtained from the purification step by centrifu-
gation were taken, diluted with double distilled water and 40 .l
were injected into the chromatographic system.

Under these chromatographic conditions, no interferences
between dextrans and the poly(anhydride) were observed. The
retention times were 6.27 4 0.03 min for Dex40 and 5.74 4+ 0.05 min
for Dex70. For both dextrans, calibration curves were performed in
the range between 0.1 and 0.9 mg/ml. Detection and quantification
limits were 0.025 and 0.1 mg/ml, respectively. The assay showed a
polynomial relationship between the response and the correspond-
ing concentration of dextran in the range of the calibration curve.
The polynomial regression for Dex40 and Dex70 displayed corre-
lation coefficients greater than 0.998 and 0.999 respectively. The
accuracy values during the same day were lower than 15% for both
dextrans at all of the concentrations tested.

The amount of dextran associated to the nanoparticles was cal-
culated as the difference between the initial amount of dextran
added and the amount of dextran determined in the supernatants.

In order to confirm dextran association to the poly(anhydride)
nanoparticles, infrared spectroscopy (IR) and nuclear magnetic res-
onance (!H NMR) analysis were performed. The infrared spectra
were registered using Nicolet-FTIR Avatar 360 connected with
OMNIC ESP software. On the other hand, TH NMR spectra were
obtained in a Brucer Avance 400 spectrometer (Germany). For
this purpose, exact amounts of samples were dissolved in deuter-
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ated DMSO (dimethyl sulfoxide) and the spectra were obtained at
ns =6400. The analyzed samples were dextran associated nanopar-
ticles and free dextran, all of them being processed in the same ratio
and experimental conditions.

2.3.3. Aminodextran analysis

To confirm the association of AmDex70 to the nanoparticles,
in vitro agglutination assay of NP-AmDex70 with concanavalin A
was used. This study was performed by measuring the turbidity
change, as a function of time, at 405 nm (Labsystems iEMS Reader
MF, Finland), after co-incubation of 1 mg/ml nanoparticles aqueous
suspension with 1 mg/ml of concanavalin A solution in water.

2.3.4. RBITC quantification

The amount of RBITC loaded into the nanoparticles was deter-
mined by colorimetry at wavelength 540 nm (Labsystems iEMS
Reader MF, Finland). The RBITC loading was calculated using the
concentration found after total hydrolysis of 2 mg nanoparticles in
0.1N NaOH for 24h at 37°C.

The release of RBITC from nanoparticles was determined after
incubation of 10 mg particles in 1 ml of simulated gastric medium
(pH 1.2) at 37 °C for 2 h followed up by 24 h of incubation in 1 ml of
simulated intestinal medium (pH 7.4). These media were prepared
as described in USP XXVIIL

For quantification, standard curves of RBITC in 0.1N NaOH were
used (concentration range of 0.5-30 mg/ml; r>0.999).

2.4. Bioadhesion studies

The bioadhesion study was performed using a protocol pre-
viously described (Arbés et al., 2002a), in compliance with the
regulations of the responsible Committee of the University of
Navarra in line with the European legislation on animal experi-
ments (86/609/EU). RBITC loaded nanoparticles were administered
orally to male Wistar rats fasted overnight (average weight 225 g,
Harlan, Spain), divided in groups of 3 animals each. The animals
were housed under normal conditions and 12 h before the experi-
ment were placed in metabolic cages and fasted overnight but with
free access to water.

Each animal received a single oral dose of 1ml aqueous
suspension containing 10 mg nanoparticles loaded with RBITC
(approximately 45mg particles/kg body weight). The animals
were sacrificed by cervical dislocation at 0.5, 1, 3 and 8 h post-
administration. The abdominal cavity was opened and the stomach,
small intestine and cecum were removed. Then, the gut was divided
into six anatomical regions: stomach (Sto), intestine (I1, 12, I3 and
14) and cecum (Ce). Each segment was opened lengthwise along
the mesentery and rinsed with phosphate buffered saline (pH 7.4).
Further, the stomach, small intestine and cecum were cut into
segments of 2 cm length and digested in 1 ml 3N NaOH for 24 h.
RBITC was extracted from the digested samples by addition of
2 ml methanol, vortexed for 1 min and centrifuged at 4000 rpm for
10 min. Aliquots (1 ml) of the resulted supernatants were assayed
for RBITC by spectrofluorimetry at Aex 540nm and Aem 580 nm
(GENios, TECAN, Austria) in order to calculate the fraction of
adhered nanoparticles to the mucosa. For calculations, standard
curves of RBITC were prepared by addition of RBITC-solutions in
3N NaOH (0.5-10 pg/ml) to tissue segments following the same
treatment steps (r>0.996).

For each nanoparticle formulation, the total adhered fraction of
the nanoparticles in the whole gastrointestinal tract was plotted vs.
time. From these curves, the following parameters of bioadhesion
were estimated: the maximal amount of nanoparticles adhered to
the gut surface (Qmax ), the area under the curve of bioadhesion from
0 to 8 h post-administration (AUC,qp, ), the mean residence time of
the adhered fraction of nanoparticles in the mucosa (MRT,q) and

the terminal elimination rate of the adhered fraction (K,qp). All of
these parameters were calculated with the WinNonlin 1.5 software
(Pharsight Corporation, USA).

2.5. Statistical analysis

The bioadhesion data and physico-chemical characteristics
were compared using Student’s t-test. p values of <0.05 were con-
sidered significant. All calculations were performed using SPSS®
statistical software program (SPSS® 10, Microsoft, USA).

3. Results and discussion

3.1. Optimization of preparation method and characterization of
dextran-poly(anhydride) nanoparticles

Dextran-poly(anhydride) nanoparticles were prepared by two
different methods in order to study the different possibilities to
obtain the higher degree of association between dextran and the
polymer nanoparticles. In this optimization process, three main
parameters were evaluated: type of dextran (dextran 40, dextran
70 and aminated-dextran 70), method of preparation (Method A
and Method B, see Section 2) and the incubation time between the
polysaccharide and the polymer or the just formed nanoparticles. In
a preliminary work, the bulk concentration of dextran (expressed
as the ratio between the polysaccharide and the copolymer) was
fixed at a ratio of 0.20 by weight. When dextran/poly(anhydride)
ratios higher than 0.20 (by weight) were used in the preparation
process, the average dextran association efficiency decreased.

Fig. 1 shows the influence of the preparation method and of the
incubation time on the dextran association to nanoparticles. When
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Fig. 1. Influence of the preparation method and of the incubation time on either
dextran 40 (Dex40) or dextran 70 (Dex70) association to poly(anhydride) nanopar-
ticles. Nanoparticles were obtained by Method A (a) and Method B (b). Experimental
conditions: dextran/poly(anhydride) ratio of 0.20 by weight.
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nanoparticles were prepared by “Method A” (incubation between
the polysaccharide and the copolymer between the formation of
nanoparticles), the amount of associated dextran to the resulting
nanoparticles slightly increased by increasing the incubation time.
In any case, the amount of polysaccharide associated to nanopar-
ticles was higher for Dex40 than for Dex70. On the other hand,
when nanoparticles were prepared by “Method B” (incubation of
nanoparticles with dextrans), depending on the polysaccharide
used, adifferent behavior was observed. Thus, for Dex40, the degree
of dextran association decreased by increasing the time of incu-
bation. On the contrary, for Dex70, little modifications of dextran
content were observed by prolonging the time of incubation from
30 to 90 min. In any case, Method B provided a higher degree of
association between dextran and poly(anhydride) nanoparticles
than “Method A” (about 2-3 times higher).

The optimum incubation time was found to be 30 min for both
methods and both types of dextran.

For AmDex70, the presence of amino functional groups resulted
in a high reactivity with the acid anhydride residues of Gantrez
AN. This fact is in agreement with previous results described by
Yoncheva et al. (2007) that obtained higher pegylation degrees of
poly(anhydride) nanoparticles when using amino-functionalized
poly(ethylene glycols) (PEGs) than with conventional (hydroxy-
functionalized) PEGs. As a result, dextran-nanoparticles prepared
with this amino-derivative were only prepared by Method B and,
in this case, the selected dextran/poly(anhydride) ratio was 0.003.
In order to confirm the presence of functional aminodextran on
the surface of the nanoparticles, the concanavalin A agglutination
test was performed. This test showed a turbidity increase that was
found to be double for NP-AmDex70 than for control nanoparti-
cles, confirming the presence of amino groups on the surface of the
nanoparticles.

On the basis of these results, some formulations were selected
for further characterization and bioadhesion study. The formula-
tions selected were: NP-AmDex70 (prepared by Method B with
0.3 mg AmDex70 and incubation time 1h); NP-Dex70b (prepared
by Method B with 20 mg Dex70, 30 min of incubation); NP-Dex70a
(prepared by Method A with 20 mg Dex70, 30 min of incubation);
NP-Dex40b (prepared by Method B with 20 mg Dex40, 30 min of
incubation).

Table 1 summarizes the main physico-chemical properties of
these formulations. All the formulations displayed a homogeneous
size of about 150nm and low polydispersity. These measure-
ments were confirmed by SEM analysis, in which the nanoparticles
displayed a spherical shape (Fig. 2). The zeta potential values
were negative and similar for all the formulations tested. This
fact was also observed when zeta potential was measured in
simulated gastric and intestinal conditions (SGF and SIF with-
out enzymes). Under acidic conditions the zeta potential for
all the dextran-nanoparticles was very low (ranged from —5 to
—-8mV), whereas under simulated intestinal conditions, these
parameters were around —35 mV (data not shown). These results
appeared to confirm the chemical interaction between the pri-
mary amine residues of AmDex70 and the anhydride group of the
copolymer.

Concerning the amount of dextran associated to nanoparti-
cles, NP-Dex70b displayed a dextran content that was found to
be approximately 2 times higher (p<0.05) than for NP-Dex70a
nanoparticles (49 vs. 24 pg/mg NP). Also, the association of Dextran
40 was significantly higher than that of Dextran 70 using the same
preparation conditions (p < 0.05 for NP-Dex70b vs. NP-Dex40b). On
the contrary, there were no differences concerning the RBITC load-
ing between the selected formulations.

Fig. 3 shows the overlaid IR spectra of dextran, conventional
nanoparticles and dextran associated nanoparticles. The intense
bands observed at 1780 and 1850 cm~"! are characteristics for the

Fig. 2. Scanning electron microscopy (SEM) for lyophilized (a) NP, (b) NP-Dex70a
and (c) NP-Dex70b.
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Table 1

Physico-chemical properties of dextran associated nanoparticles. Data are expressed as mean=S.D., n=6.

Sample Size (nm) Zeta potential (mV) Dextran content (pg/mg NP)? RBITC content (ug/mg NP)P
NP 140 + 1.5 —-26 + 1.0 - 17.2 £ 0.5
NP-AmDex70 155 + 0.6 -26 +£25 n.d. 16.6 + 0.7
NP-Dex70b 155 + 2.1 -28+1.2 49.2+6 15.1 £ 0.5
NP-Dex70a 124 + 0.6 -30+1.8 23.8+4 17.5 + 0.6
NP-Dex40b 150 £ 1.5 -31+35 62.8+6 144 + 0.2

2 Quantity of dextran loaded to the nanoparticles (g/mg) determined by HPLC/ELSD method.

b RBITC content in pg/mg nanoparticles, measured by colorimetry.

anhydride group of Gantrez AN. The spectrum clearly demonstrates
the association of dextran to the nanoparticles, as indicated by the
following typical bands for dextran present in the spectrum of the
nanoparticles: a broad absorption band at 3400 cm™!, distinctive
for OH groups of dextran, the glycosidic C~-H band at 2900 cm~! and
the peculiar absorption band for the C-O-C linkage in the dextran
ring around 1630cm~1. However, no apparent chemical covalent
bonds between the two compounds (dextran and polymer) were
detected in the spectra of nanoparticles. By 'H NMR we could also
evidence dextran association to the particles.

On the other hand, by 'H NMR analysis (Fig. 4), two types of
peaks characteristics for dextrans (dextran 40 and dextran 70) were
visualized. The first peak corresponded to the protons of methylene
units of dextran (at 4.85 ppm), whereas another 3 peaks (between
4.5 and 4.95 ppm) were characteristics of the hydroxylic protons
of dextran. Again, the spectra of dextran-nanoparticles did not
clearly reveal any type of covalent bond between the —~OH groups
of dextran and the anhydride groups of the polymer. All of these
observations appear to suggest that the association between either
dextran 40 or dextran 70 with the poly(anhydride) is mediated by
physical entrapment in the core of the nanoparticles and/or adsorp-
tion at their surface. Comparing with polyethylenglycols (PEG),
dextrans would show a lower reactivity with the anhydride groups
of the copolymer. In fact, using PEG 2000 and methoxy-PEG 2000,
Yoncheva et al. (2005, 2007) demonstrated by 'H NMR that pegy-
lation of poly(anhydride) nanoparticles occurs by means of a direct
reaction between the terminal hydroxyl of PEG and the anhydride
groups of Gantrez AN.

3.2. Bioadhesion studies

In vivo bioadhesion studies were performed using RBITC
loaded nanoparticles (10 mg, approximately 45mg particles/kg

(a)

(b)

(c)

body weight), that were administered perorally to male Wistar rats
fasted overnight.

To ensure that the fluorescence determined in the gastroin-
testinal parts was due to the fluorescence of the nanoparticles,
in vitro release of RBITC was evaluated. The percentage of RBITC
released in 2 h in simulated gastric fluid was around 10% and 20%
in simulated intestinal fluid. Therefore, it was assumed that the
fluorescence detected in the gastrointestinal tract was due to the
RBITC-associated to the nanoparticles.

Fig. 5 represents the gut distribution of the adhered frac-
tions of dextran associated to poly(anhydride) nanoparticles
(NP-AmDex70, NP-Dex70a, NP-Dex70b and NP-Dex40b) and con-
trol nanoparticles (NP), as a function of time. All the formulations
tested displayed a higher degree of association with the gut mucosa
during the first 1h than after a long time post-administration. In
addition, it was observed a homogeneous distribution in the whole
gut for all the formulations tested, without any marked specificity
for a particular region of the gut. In any case, all the nanoparticle
formulations, irrespective of the presence and type of dextran, dis-
played a tendency to concentrate in the stomach mucosa and, in a
high degree, in the upper regions of the small intestine (duodenum
and jejunum). Overall, NP-AmDex70 showed the highest ability to
develop bioadhesive interactions (Fig. 5b); although, the amount
of nanoparticles decreased rapidly with time. On the contrary, for
NP-Dex70b and NP-Dex40b, a significant amount of the given dose
of nanoparticles remained adhered to the jejunum and ileum of
animals (I2-14 portions in Fig. 5d and e) 3 h post-administration.

Fig. 6 shows the curves of bioadhesion obtained by representing
the total amount of the adhered particles to the whole gastrointesti-
nal tract over time, whereas Table 2 summarizes the parameters of
bioadhesion for the different formulations tested, calculated from
the curves of bioadhesion. Concerning the curves, it was clear that
the formulations could be ascribed to one of the two different

3500 3000 2500

2000 1500 1000 500

Wavenumbers (cm-1)

Fig. 3. Infrared spectra of (a) dextran; (b) conventional poly(anhydride) nanoparticles and (c) dextran associated poly(anhydride) nanoparticles (NP-Dex70a).
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Fig. 4. 'H NMR spectra of NP-Dex40b (top) and free dextran (bottom) obtained in DMSO at ns =6400.

profiles of bioadhesion observed. Thus, for NP, NP-AmDex70 and
NP-Dex70a, the profile was characterized by an initial maximum
of bioadhesion followed by a rapid decline of the amount of the
adhered particles to the whole gut mucosa. Interestingly, this maxi-
mum of bioadhesion was higher for NP-AmDex70 than for the other
formulations. In this case, more than 55% of the given dose of NP-
AmDex70 was recovered adhered to the mucosa, whereas for NP
or NP-Dex70a this value was only about 35% (Table 2).

On the other hand, for NP-Dex40b and NP-Dex70D, a different
profile of the curve of bioadhesion was found. In this case, the
curves were characterized by an increase of the adhered amount
of nanoparticles which reach the maximum in the period ranged
from 1 and 3 h post-administration.

Concerning the intensity of the adhesive interactions (AUCyqp ),
all the dextran associated nanoparticles displayed significantly
higher values of AUC,q; than control nanoparticles (p <0.05), sug-
gesting an improvement in the intensity of the adhesion due to
dextran association. On the other hand, the higher elimination
rate of the adhered fraction was found for NP-Dex70b and NP-
AmDex70. Finally, all the formulations had similar residence times
of the adhered fraction to the mucosa (MRT), around 3-3.7 h.

From these results some conclusions can be drawn. All types
of nanoparticles tested in our experiment were able to develop

bioadhesive interactions with the gastrointestinal tract of animals,
mainly following two types of bioadhesion profiles. Moreover, we
could observe that all dextran associated nanoparticles showed a
higher bioadhesive capacity than control nanoparticles. It is clear
that the type of dextran and the method used for nanoparticle
preparation are the main factors that influenced their behavior in
the gastrointestinal tract of rats. Thus, nanoparticles prepared with
Method B showed a prolonged interaction with the gut mucosa
while nanoparticles prepared with Method A had a profile simi-
lar to that of control nanoparticles, characterized by a decrease of
the initial adhesion capacity in time. This observation sustained
our assumption that preparing the nanoparticles with Method
B would lead to dextran association at their surface, which will
become more hydrophilic, while by Method A the nanoparticles
would have the dextran mostly distributed in the core of nanopar-
ticles.

In general, it seemed that dextran association to the nanopar-
ticles facilitates the diffusion through the mucus layer due to
the higher hydrophilicity conferred leading to stronger adhesive
interactions with the gut mucosa. These results agree well with
previous observations that the association of poly(anhydride) with
hydrophilic molecules such as polyethylene glycols (Yoncheva
et al, 2007) and thiamine (Salman et al, 2007) leads to

Table 2

Bioadhesion parameters, derived from the curves of bioadhesion.
Treatment Qmax® (M) AUC,q,° (mgh) Kaan® (h71) MRTY (h)
NP 3.25 + 043 12.23 £ 0.97 0.15 + 0.05 3.17 £ 032
NP-AmDex70 545 + 0.61" 17.74 + 1.48" 0.25 £+ 0.06 3.40 £ 0.64
NP-Dex70b 3.95 + 0.84 19.41 + 1.26" 0.21 £ 0.13 3.00 £+ 0.30
NP-Dex70a 3.37 £ 0.39 15.56 + 1.31° 0.16 + 0.05 3.54 £ 0.59
NP-Dex40b 3.12 £ 038 16.22 + 1.72° 0.13 £+ 0.08 3.66 + 0.60

2 Maximal amount of particles adhered to the gut mucosa.
b Area under the curve of bioadhesion.
¢ Terminal elimination rate of the adhered fraction.

d Mean residence time of the adhered fraction of nanoparticles in contact with the mucosa.

" p<0.05 for dextran associated nanoparticles vs. control nanoparticles (NP).
™ p<0.01 for dextran associated nanoparticles vs. control nanoparticles (NP).
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Fig. 5. Evolution of the amount of adhered nanoparticles within the gut of rats after the oral administration of a single dose of 10 mg RBITC loaded nanoparticles. (a) Control
nanoparticles (NP); (b) NP-AmDex70; (c) NP-Dex70a; (d) NP-Dex70b; (e) NP-Dex40b. Each value represents the mean of 3 experiments.

a higher intensity of the bioadhesive interactions developed.
In addition, all of these bioadhesive carriers were charac-
terized by a discrete initial capacity to develop bioadhesive
interactions and a maximum of adhesion between 1 and 3 h post-
administration.

On the contrary, when AmDex70 was associated to Gantrez
nanoparticles the profile of adhesion was similar to that obtained by
Arbés et al. (2002a) for BSA-coated poly(anhydride) nanoparticles,
with an initial maximum of adhesion (30 min post-administration),
followed by a decrease of the adhered fraction along the time.
Also, the intensity of the bioadhesive phenomena calculated as
AUC,q, was approximately 1.5 times higher for both AmDex70
and BSA-nanoparticles than for plain poly(anhydride) nanoparti-
cles. Therefore, it is plausible to speculate that the interactions
between NP-AmDex70 and the gut mucosa would be mainly
restricted to the upper area of the mucosa. Similarly, this different

behavior of NP-AmDex70 (compared with conventional dextran-
nanoparticles) would be ascribed to a different conformation of
the aminodextran on the surface of nanoparticles after its chem-
ical interaction with the anhydride group of the copolymer. This
fact would agree with previous data concerning the mucoadhe-
siveness of chitosans (Fernandez-Urrusuno et al., 1999; Sogias et
al., 2008), which are also characterized by the presence of primary
amino groups.

On the other hand, dextran-poly(anhydride) nanoparticles (NP-
Dex70 and NP-Dex40), as for pegylated nanoparticles, would be
capable to minimise their interaction with components of the
intestinal lumen or with the mucus layer. This fact would facil-
itate their “filtration” through the intestinal content and their
interaction directly with the surface of the enterocytes. Obviously,
this would be the reason for which the maximum of bioadhesion
appears later than for NP-AmDex70 or control nanoparticles.
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Fig. 6. Curves of bioadhesion representing the total adhered amount of nanopar-
ticles in the whole gastrointestinal tract over time, after the oral administration of
10 mg nanoparticles. Data are expressed as mean +S.D. (n=3 for each time of the
experiment).

4. Conclusion

This work has demonstrated the possibility to associate dif-
ferent types of dextran to poly(anhydride) nanoparticles by two
simple methods. The higher association degree of dextran was
achieved when nanoparticles were coated with the low molecular
weight dextran or the dextran functionalized with amino groups.
Even if no chemical linkage between conventional dextrans and
the copolymer could be identified by spectral analysis, it seems
that the interactions between both compounds are strong enough
to influence the bioadhesion properties of the non-associated
nanoparticles. All types of dextran-nanoparticles had significantly
higher affinity for the gastrointestinal tract of rats than control
nanoparticles. However, their behavior was influenced by the pres-
ence of functional groups. Thus, for NP-AmDex70, the maximum
of bioadhesion was found 30 min post-administration when close
to 60% of the given dose was found adhered to the gut mucosa.
On the other hand, for NP-Dex70 or NP-Dex40, the maximum of
bioadhesion took place between 1 and 3 h post-administration.
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