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Abstract

The success of the chemotherapeutic treatment of hydatid disease is based upon the drug ability to operate on the germinal layer and on the
protoscolices of the hydatid cyst interior at adequate concentrations for sufficient periods. The goal of this study was to evaluate the ability of
the drug diffusion through the cyst membrane from sheep hydatid cysts and the increase of drug concentration in the cyst environment. In the
first part of this work, the permeation behaviour through the hydatid cyst membrane was studied with five model molecules, having different
molecular descriptors (log P, molecular weight, polar surface area . . .) onto static Franz glass diffusion cells. A good correlation has been observed
between the permeation coefficient and the partition coefficient, log P (r=0.951). In the second part, albendazole-loaded nanoparticles (about
300 nm) prepared by the emulsion solvent evaporation method have shown a sufficient entrapment efficiency (36.4 £ 6.4%) to raise the apparent
solubility of albendazole. The diffusion of drug from the nanoparticles across the hydatid cyst membrane was also improved compare to albendazole

suspension. These results have shown the interest of the albendazole-loaded nanoparticles for the treatment of hydatid cysts in the future.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydatid disease caused by Echinococcus granulosus is a
major zoonotic infection that is detrimental to both human
health and animal husbandry in many endemic areas as South
America, East and North Africa and China. The pathology of
the disease is mainly due to the physical pressure exerted on
the intermediate host’s viscera by the developing hydatid cyst
which contains larval worms and protoscoleces (Klotz et al.,
2000).

The three approaches available for the treatment of this
pathology are the surgery, the PAIR (puncture-aspiration-injec-
tion-reaspiration) percutaneous protocol and chemotherapy.

* Corresponding author. Present address: Laboratoire de Physico-Chimie des
Systemes Polyphasés, UMR CNRS 8612 — IFR 141, Université Paris-Sud, 5 rue
J.B. Clément, 92296 Chatenay-Malabry, France. Tel.: +33 1 46 83 54 65;
fax: +33 1 46 83 53 12.

E-mail address: vincent.faivre @u-psud.fr (V. Faivre).

0378-5173/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2007.11.040

Success rates of the systemic chemotherapy depend on
the cyst content and the agent used. Benzimidazoles such as
albendazole (ABZ) and its sulphoxide derivative, albendazole
sulphoxide (ABZ-SO), are the most preferred drugs employed
in the disseminated disease, in inoperable cases and for pro-
phylaxis before surgery (Horton, 1989, 1997; Bartoloni et al.,
1992).

Benzimidazole anthelmintics drugs are effective against
nematodes, cestodes and trematodes. The intrinsic effect of these
compounds on the parasite relies on a subsequent alteration
of basic cell functions as a result of their binding to parasite
tubulin and leading to a disruption of the tubulin-microtubule
dynamic equilibrium (Lacey, 1990). ABZ is more active in
vitro than the other benzimidazoles and has improved gas-
trointestinal absorption and bioavailability as well as reports
of better clinical results. However, the lack of water solubility
is an important physicochemical parameter for the formulation
of the highly potent benzimidazoles, namely, ABZ, fenbenda-
zole, mebendazole or ABZ-SO (Smego and Sebanego, 2005;
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Senyuz et al., 2001; Saimot, 2001). In the case of ABZ, in
order to prepare solutions, different approaches have been inves-
tigated during the last decade. Since ABZ is basic in nature,
its solubility could be notably increased by ionisation in an
acid medium, although this rise is not enough for the prepa-
ration of high ABZ concentration (Garcia et al., 2003). It
is also possible to go up its water solubility by the use of
surfactants, for instance, polysorbate, bile salts or cosolvents
(Transcutol®) (Torrado et al., 1996; Redondo et al., 1998).
Unfortunately, the absorption enhancer effects described with
the previous molecules are generally correlated to an irritation
of the digestive mucosa. A similar approach was also used with
hydroxypropyl-B-cyclodextrin (Garcia et al., 2003). Alterna-
tively, the ABZ solubility could be improved by formulation of
solid dispersion with polyvinylpyrrolidone (Daniel-Mwambete
et al., 2004) or poly-lactic acid nanoparticles (Rodrigues et al.,
1995).

In reality, after oral administration, ABZ is converted by first-
pass hepatic metabolism into its less active metabolite, ABZ-SO,
that achieves variable concentrations in blood, bile, liver tissue,
cyst fluid and wall, or crosses the blood-brain barrier (Smego and
Sebanego, 2005; Senyuz et al., 2001; Saimot, 2001; Lanusse et
al., 1998).

The basic structure of the hydatid cyst was described as fol-
lows. The cyst is filled with hydatid cyst fluid which contains
both protoscoleces and host-derived proteins, and surrounded
by a two-layered hydatid cyst wall. The innermost layer of
this structure is the live parasite tissue, named germinal layer,
which is a few cell bodies wide from which small packets of
protoscoleces bud into the cyst lumen. This layer lays down
around it an extensive (1-2 mm thick), acellular, carbohydrate-
rich, mechanically resistant structure named laminated layer
(Klotz et al., 2000). That supportive and defense structure pro-
tects the cyst from direct attack by host immune cells (Diaz et
al., 2000).

The success of the chemotherapeutic treatment of hydatid
disease is based upon the capacity of the drug to operate on
the germinal layer and the protoscolices of the hydatid cyst
interior at adequate concentrations for sufficient periods. To
reach this goal, two of the most important parameters are the
drug diffusion trough the cyst membrane and the drug con-
centration in the cyst environment. From this point of view,
in the present work, we have confronted the cyst membrane
with classical permeation method to clarify the drug physic-
ochemical parameters required to allow good drug diffusion
towards the hydatid cyst interior. Because of the benzimida-
zole low aqueous solubility, dyes have been used as model
molecules. Then, we decided to formulate benzimidazole-
loaded nanoparticles in order to increase the apparent solubility
of the drug and to avoid its hepatic metabolism. Furthermore,
it is well known that after parenteral administration, a mas-
sive accumulation of nanoparticles could be observed in the
liver and lungs (Soppimath et al., 2001; Moghimi and Szebeni,
2003). These two tissues being the most frequent resident
niches of the hydatid cyst in humans, benzimidazole-loaded
nanoparticles seem to be promising forms for the treatment of
hydatosis.

2. Materials and methods
2.1. Materials

Congo red, tartrazine and erythrosine were purchased
from Kuhlmann R.A.L. Carminic acid and gentian violet
were provided by Cooper. ABZ (ABZ) and poly(Db,L-lactide)
(PLA, molecular weight 90,000—120,000) were purchased from
Sigma—Aldrich. Methanol and acetonitrile were provided by
Prolabo. Acetic acid, sodium periodate (99%), acetone and
poly(vinyl alcohol) (PVA, molecular weight 13,000-23,000,
87-89% hydrolysed) were obtained from Carlo Erba, Acros
organics, Merck and Fluka, respectively.

All the solvents used without further purification were of
analytical grade.

2.2. Albendazole sulphoxide synthesis

ABZ-SO was prepared as reported (De Laurentis et al., 1996).

Three grams of NalO4 was added in 250 ml of a methanol—
water (1:1) mixture in a two-necked flask. This mixture has
been stirred at room temperature until a complete dissolu-
tion of the NalO4. Then a solution made up of 3g of ABZ
and 60ml of acetic acid has been added from a dropping
funnel. After 24h of stirring, the mixture was checked by
thin layer chromatography and filtrate under vacuum. Then,
a 50% solution of NaOH was slowly added to pH 7. The
solution turned cloudy due to the formation of a precipitate.
Three hundred millilitres of water has been incorporated to
avoid the precipitation of AcONa and stirred weakly dur-
ing 1h. The suspension was filtered under vacuum and the
filtrate was evaporated in order to eliminate methanol. An
ice bath was used to digest the filtrate and to obtain a sec-
ond precipitate which was filtrate under vacuum. Similar by
thin layer chromatography, the two precipitates were washed
several times with water. The raw material was dried under
vacuum until a constant weight was reached. Impurities (ABZ
sulphone and salt) were removed by silica gel column chro-
matography eluting with a mixture dichloromethane—methanol
(95:5).

The product was analyzed by the determination of the
melt point, infra-red spectroscopy, high-performance liquid
chromatography (HPLC) and nuclear magnetic resonance spec-
troscopy ('H-NMR and '3C-NMR).

2.3. Nanoparticle preparation

The particles were obtained by an emulsion solvent evapo-
ration method. D,L-Polylactide (50 mg) and the drug (ABZ or
ABZ-SO, 5mg) was dissolved in Sml of acetone. The solu-
tion was added dropwise under magnetic stirring (900 rpm) for
10 min with an aqueous phase (10ml) containing 100 mg of
poly(vinyl alcohol). The preparation was homogenized by a
13000 rpm stirring with an Ultra-turrax®. After filtration (Iso-
pore membrane, 0.5 um), acetone and water were evaporated
under vacuum and the volume of the preparation was adjusted
to Sml.
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ABZ aqueous suspension and unloaded nanospheres were
prepared by the same procedure, omitting polymer and ABZ,
respectively.

Rhodamine B-labelled nanoparticle suspension was prepared
following a similar procedure using of 4.5 mg Rhodamine B base
in place of ABZ in the acetone. 1ml of the obtained suspension
was washed by water, filtered through an Ultrafree®-CL filter
unit (Filter Ultrafree®-CL, pore size 0.1 wm, Millipore, Bed-
ford, USA) and subjected for 30 min centrifugation (1500 g) to
remove free fluorescent material.

2.4. Determination of the dye molecular descriptors

The following parameters have been used to characterized the
molecular properties of the studied dyes: the molecular weight,
M,,, the octanol-water partition coefficient, log P, the number
of hydrogen bond acceptors, Nacceptor, and donors, Ndonor, the
number of rotatable bonds, Nyotation, and the molecular polar
surface area, PSA.

All these parameters have been calculated using the
Molinspiration property calculator software (Molinspiration
Cheminformatics, Bratislava, Slovak Republic). Log P is cal-
culated by a methodology taking into account sum of
fragment-based contributions and correction factors. The num-
ber of rotatable bonds is a simple topological parameter which
describes the molecular flexibility. Rotatable bond is defined
as any single non-ring bond, bounded to non-terminal heavy
(i.e., non-hydrogen) atom. Amine C-N bonds are not con-
sidered because of their high rotational energy barrier (ca.
20-22 kcal/mol). The molecular polar surface area calculation is
based on a methodology published by Ertl et al. (2000) as a sum
of fragment contributions. O- and N-centered polar fragments
are also considered.

2.5. Hydatid cyst removal

The membranes of hydatid cysts were obtained from infected
sheep. At autopsy, the hepatic cysts were macroscopically local-
ized. A punction of hydatid fluid was made and the cyst was
open. The membranes of fertile cysts were taken off and kept
at —80°C in a 10% DMSO (cryoprotectant) aqueous solution
until use.

2.6. Ex vivo permeation studies through hydatid cyst
membranes

Before use, excised hydatid cysts were incubated three times
at room temperature in saline solution (0.9% NaCl) to remove
impurities. Hydatid cyst membrane samples (around 2cm?)
were cut carefully with a scalpel and mounted onto static Franz
glass diffusion cells containing 9 ml of saline solution (inner face
of the cyst membrane in contact with the receptor compartment).
Because of the low solubility of the drug, the saline solution has
been supplemented with 3% of ovalbumin during the experi-
ment with ABZ. The diffusion area was 0.79 cm?. The receptor
compartment was stirred with a magnetic bar at 37 £0.2°C
throughout the study. Mounted membranes were kept onto dif-

fusion cells for 1h before treatment. A 0.5ml sample of 1%
dye aqueous solution, free-ABZ aqueous suspension or ABZ-
loaded nanoparticle suspension was then deposited onto hydatid
cyst membrane. After 0.25, 0.5, 0.75, 1, 2, 3,4, 5, 6 and 24 h,
0.5 ml sample of receptor fluids were removed and replaced by
the same volume of fresh solution. The concentration of dyes or
ABZ in the receptor fluids was assayed by the analytical methods
below described.

2.7. Quantification of dye amounts

The determination of the dye concentrations in the
receptor compartment was obtained by simple UV-visible
spectrophotometric measurements using a systronics model
106A digital spectrophotometer. The concentration linearity
ranges were [1.2-39 pg/ml], [2.4-160 pg/ml], [1.2-20 pg/ml],
[1.2-39 pg/ml], and [0.6-9.8 pg/ml] for tatrazine, carminic
acid, gentian violet, congo red and erythrosine, respectively, with
squared correlation coefficient, rz, above 0.999 for all tested
molecules. The receptor solution samples could be diluted to
reach the previous ranges.

2.8. Permeation result analysis

The permeation results have been treated with the Fick’s first
law of diffusion:

dQ 1 Ky x D
J=—x—=
dr A h
where J is the drug flux, dQ/d¢ is the amount of dye diffused
per unit of time, A is the treated membrane surface area, K is
the partition coefficient, D is the diffusion coefficient, 4 is the
diffusional path length and AC is the concentration gradient of
dye.

Then the permeability coefficient, P, was determined by the
following equation:

_J
=G

where Cy is the dye concentration in the donor compartment.

x AC ey

P 2

2.9. Intra- and inter-variability of the weight of different
cyst membrane samples

The variability of sample weights was used to approach the
variability of the diffusional path length, 4. After removal with a
6 mm diameter punch, five samples of three different cysts were
weighted. The intra- and inter-cyst variation coefficients were
then determined.

2.10. Quantification of drug loading

Because of their different water solubility, two procedures
have been used to determine the drug loading: ABZ was quan-
tified inside particles and ABZ-SO outside.

The obtained ABZ nanoparticle suspension was filtered
through a 5um Millex®-SV membrane (Milipore, Bedford,
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USA) to eliminate precipitates formed during preparation due to
its poor aqueous solubility. Entrapment efficiency is calculated
as follow:

2.10.1. ABZ loading
ABZ entrapment efficiency (%) =

(ABZotal — ABZfree) <
ABZinitial

in which, ABZ, is the concentration of drug in the final
nanoparticle suspension (loaded and soluble unloaded ABZ).
ABZfee is the amount of soluble unloaded ABZ in the sus-
pension. ABZipitia is the initial amount (5 mg) of ABZ used to
prepare the ABZ particles. Owing to the very low water solubil-
ity, the soluble unloaded ABZ is negligible. Then, the loading
efficiency can be approximately calculated as follow:

100

ABZ . _ BZotal
entrapment efficiency (%) = ———— x 100
ABZipitial
2.10.2. ABZ-SO loading

After the preparation, the ABZ-SO loaded nanoparticles were
purified by ultracentrifugation. The preparations were divided in
aliquots of 1.5 ml and centrifuged at 25000 rpm during 30 min
at 4 °C. After re-suspension, the particles were re-centrifuged.
Finally, three centrifugations were made on each aliquot. The
amount of drug entrapped into nanoparticles was calculated by
difference between the initial amount of drug and the amount of
free ABZ-SO by the following relation:

ABZSO entrapment efficiency (%)
o (ABZSOinitial — ABZSOSupernatam) «
ABZSOhnitial

in which, ABZSOjyjia) is the initial amount (5 mg) of ABZ-SO
for formulation and ABZSOgypernatant 18 the sum of ABZ-SO
amounts quantified in the three supernatants.

100

2.11. Particle shape determination

The morphological examination of nanoparticles was per-
formed using a transmission electron microscope JEM-1200 EX
from JEOL (Japan). The negative staining was obtained with
a 4% sodium phosphotungstate solution (pH 7.2) on carbon-
parlodion grids.

2.12. Quantification of drug amounts

The drug amount (ABZ or ABZ-SO) was assayed by high-
performance liquid chromatography (HPLC) with a Hewlett
Packard 1050 series HPLC system (Germany), an isocratic
pump and an automatic sampler. For the two investigated drugs,
the column was an Inerstil ODS-3 (5 pm, 4.6 mm x 250 mm,
OAI6069) from GL Sciences Inc. (Japan). The other HPLC
parameters depend on the drug of interest. For ABZ, the mobile
phase was a methanol-water (75:25) mixture. Sample volume
injected was 50 ul. The flow rate was settled at 0.8 ml/min
and the detection was performed at 291 nm. The retention time
was 10.6 min and for concentrations between 0 and 20 pg/ml,
peak area increases were linear with a squared correlation
factor, rz, of 0.9999. Concerning the ABZ-SO, the mobile

phase was a mixture of acetonitrile—water—85% phosphoric acid
(200 m1:800 ml: 188 wl). Sample volume injected was 30 wl. The
flow rate was 1.0 ml/min and the detection was performed at
290 nm. The retention time was 7.5 min and for concentrations
between 0 and 50 pg/ml, peak area increases were linear with a
squared correlation factor, 2, hi gher than 0.9999.

2.13. Particle size analysis

The mean particle size and the size distribution of nanopar-
ticles were estimated by light scattering (dispersant refractive
index = 1.33; detector angle=90°; wavelength=670nm) with
a Zetamaster® II (Malvern Instruments, Orsay, France). To
estimate the stability at 4 °C, the measurements were made
immediately and during 60 days following preparation. Before
measurements, the nanoparticles suspensions were diluted in
deionised water.

2.14. Particle zeta potential

The measurements of zeta potential were performed using the
technique of electrophoretic laser Doppler anemometry with a
Zetamaster® I1 (Malvern Instruments, Orsay, France). The deter-
minations were carried on in three different media: deionised
water and HEPES buffer (pH 7.4, NaCl 150 mM) supplemented
or not with 10% (v/v) of fetal bovine serum.

2.15. Distribution of fluorescent probe across cyst germinal
membrane

Hydatid cyst germinal membrane was mounted onto Franz
static diffusion cell and 0.5 ml of rhodamine B base-labelled
nanoparticle suspension or ABZ aqueous suspension was added
to the donor compartment. The receptor compartment com-
prised of 9ml of ovalbumine saline solution was maintained
at 37°C and stirred with a magnetic bar. After 24 h the mem-
brane was removed from the diffusion cell, residual formulation
was removed by washing with distilled water. The membrane
was then examined by using a confocal laser scanning micro-
scope (Leica-SP2, Mannheim, Germany; gain 1.000, excitation
and emission wavelengths: 514 and 522 nm, pinhole: 121 pwm).
All images were acquired with identical settings.

2.16. Permeation studies across whole cyst membrane

The entire hydatid cysts were incubated in either rhodamine
B-loaded nanoparticle suspension or ABZ-loaded nanoparticle
suspension. After 3 h, the cysts were taken out and punctured by a
needle to aspirate the intra-cystic media. These media were then
subjected for microscopic study and ABZ assay, respectively.

2.17. Statistical analysis

Statistical calculations were executed using the Kaleidagraph
tools (Synergy software). Comparisons were analyzed by using
one-way ANOVA with post hoc testing using Bonferroni’s cor-
rection. Except if noted, the chosen level of significance was
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Table 1
Molecular descriptors of the studied dyes
Dye My (g/m()l) LOg P Nacceplor Ndonor Nyiolation PSA (AZ) Nrotation
Gentian violet 372.5 2.64 3 0 0 9.5 4
Tartrazine 465.5 —-0.47 13 1 1 217.3 6
Carminic acid 492.4 —0.99 13 9 2 242.5 3
Congo red 650.7 5.09 12 4 3 2159 7
Erythrosine 833.9 4.33 5 0 1 93.4 2
The underlined values are out of the “rule of five” ranges (see text).
P<0.05 or P<0.01. As the group were small (n=3), normal Table 2
distribution was assumed and not further tested. Values of the dye permeation coefficient

Dye Permeation coefficient (cm/s) x 10~
3. Results and discussion Gentian violet 1.14 + 0.50

Tartrazine 0.62 £+ 0.46*
3.1. Physicochemical properties of the dyes Carminic acid 0.27 + 0.25>¢

Congo red 1.31 £ 0.47¢

Erythrosine 1.52 4+ 0.08*°

The properties of the dyes are described in the Table 1. It is
important to note that the obtained molecular descriptor values,
especially the partition coefficient, are comparable with values
expressed in chemical databases (http://chemdb.niaid.nih.gov,
http://hmdb.med.ualberta.ca and http://cdb.ics.uci.edu). For
each studied parameter, some dye describing values are higher
than the generally admitting limits between important and poor
permeation abilities. Thus, a set of rules imposing limitations
on log P, molecular weight, and number of hydrogen bond
donors and acceptors introduced by Lipinski has become partic-
ularly popular in the field of membrane permeation prediction
(Lipinski et al., 1997). These limitations are known as the
“rule of five” because each border value deals with 5. The
rule states that poor absorption and permeation are more likely
when: there are more than 5 H-bond donors, the molecular
weight is over 500, the log P is over 5 and there are more
than 10 H-bond acceptors. However, the compound classes that
are substrates for biological transporters are exceptions to the
rule.

Molecular polar surface area (PSA), i.e., surface belonging
to polar atoms, is a descriptor that was shown to correlate well
with passive molecular transport through membranes as Caco-2
layer or blood-brain barrier and to allow prediction of transport
properties of drug (Veber et al., 2002). With the chosen dyes,
a large range of PSA was investigated, from 9.5 to 242.5 A2
Navia and Chaturvedi (1996) suggested the importance of the
molecular flexibility, quantified by the Nyoation parameter, for
example in the case of the digestive absorption.

3.2. Permeation coefficient

The permeation coefficient values are summarized in the
Table 2. In a previous work, Garcia-Llamazares et al. stud-
ied the membrane permeability of secondary hydatid cyst to
ABZ-SO by incubation of whole cysts in a drug-containing
medium (Garcia-Llamazares et al., 1998). In spite of the dif-
ferent methodology, the authors obtained ABZ-SO permeation
coefficients between 0.56 x 107> and 0.81 x 107> cm/s depend-
ing on the treated or untreated state of the cysts. In the present

The curve fitting was conducted for each individual diffusion experiment, and
data represent the mean =+ standard deviation of three or four determinations.

4 p<0.01.

b p<0.05.

¢ p<0.05.

study, the permeation coefficients of the dyes are in a similar
range, from 0.27 x 1075 to 1.52 x 1075 cm/s.

Except for erythrosine, the permeation standard deviations
are relatively important (variation coefficients from 5 to 93%
depending on the dye). Several parameters dealing with the
experimental method or with the membrane state could explain
such important variation coefficients. First, the membrane of the
hydatid cyst is irregular in thickness. The weight of cyst mem-
brane samples having similar surface area is summarized in the
Table 3. The inter-cyst variation coefficient is around 30% con-
firming morphological differences among cysts. In addition, a
similar intra-cyst variation coefficient should be noted, suggest-
ing membrane thickness variations even in a same cyst. With
the Franz cells we used in the present experiments, an approach
to overcome this problem was to normalize the results by the
weight of each membrane sample as classically made with skin
for example. Actually, the cyst membrane was thin and very eas-
ily damaged, it was not possible to manipulate the same sample
for the weighting and the permeation experiments. It is evident
from the Eqgs. (1) and (2) that a change of sample weight, cor-
responding to the change of the membrane thickness, modifies
the diffusional path length, /, as well as the permeation coeffi-
cient. However, Garcia—Llamazes and co-authors, who worked

Table 3
Weight intra- and inter-variations of hydatid cyst membrane samples

Cyst 1 5.6£1.2mg (21.6%)
Cyst 2 9.8 +2.6 mg (26.5%)
Cyst 3 10.0 £ 3.3 mg (33.0%)
Inter-cyst variation coefficient 30%

Data represent the mean =+ standard deviation of three (inter-cyst variation) or
five (intra-cyst variation) determinations.
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with whole cysts and avoided the intra-cyst variation, obtained
variation coefficient from 29 to 46% (Garcia-Llamazares et al.,
1998). Besides the inter-cysts membrane thickness fluctuations,
these authors observed permeation coefficient differences due
to the past of the cysts. Indeed, they noted a loss of cyst per-
meability to ABZ-SO following its treatment with Netobimin.
Furthermore, Xiao etal. (1992) observed a significantly decrease
of the glucose content in the hydatid fluid of cysts from mice
treated with mebendazole after intravenous glucose administra-
tion, suggesting that mebendazole had an inhibitory effect on
the transport of exogenous glucose to the cyst wall. Similarly,
the stage of development, the maturation and the localization of
the cysts would also alter their permeation properties (Holcman
and Heath, 1997).

3.3. Permeation coefficient versus dye descriptors

With our results, no linear relationship between permeation
coefficient and the Nyoiion, polar surface area, and Nyiolations
parameters could be observed (figures not shown, correlation
coefficients, r, lower than 0.68), suggesting that these molecu-
lar descriptors could not be used as simple diffusion predictive
factor. Contrary to the previous ones, the permeation coefficient
correlates closely with the partition coefficient log P (r=0.951,
P <0.05) as described in Fig. 1. From the present results, it is
possible to propose a simple model in order to determine the dif-
fusion of molecule through the hydatid cyst membrane. Thus, the
permeation coefficient, P, could be estimated from the partition
coefficient, log P, by using the following equation:

P=598x10"%4+1.77x 107 x log P (3)

In their study, Garcia-Llamazares et al. (1998) measured a per-
meation coefficient equal to 8.06 x 1070 4 2.30 x 10~ cm/s for
the ABZ-SO diffusion through untreated hydatid cyst mem-
brane (Garcia-Llamazares et al., 1998). With the Eq. (3), and

2107
y =5.9822e-6 + 1.7742e-6x ; R=0.951 p<0.05
g
ab
1,510° | {
o [
£
L a ®
>
E 110° |-
o]
(1]
)]
=
—
a 'y
510° |- £
0 1 1 1 1 1 I
2 1 0 1 2 3 4 5 6

log P

Fig. 1. Permeation coefficients vs. partition coefficient, log P, of the studied dyes
with linearization established by the Kaleidagraph tools (Synergy software).

using the partition coefficient calculated with the molinspiration
tools (log P=1.60), the calculated permeation coefficient of the
ABZ-SO is equal to 8.81 x 107% cm/s. These two permeation
coefficients are remarkably similar.

Our results confirm the preponderant role played by the
lipophilicity of the anthelmintic drugs and the barrier function
of the cyst germinal layer. By considering the general diffu-
sion routes, the laminated and germinal layer model provides an
interesting structural base for the understanding of the relevant
molecule transport process across the cyst wall. Compounds are
able to move due to their thermic energy in the direction of a con-
centration gradient (passive diffusion). Passive diffusion through
a biomembrane may occur via its lipid structures (transcellular
pathway) or in its water-filled pores (inter-, para-cellular pore
or tight junction pathway) (Camenisch et al., 1996). The log P
dependence of the dye diffusion strongly suggests a transcellular
pathway through the lipid structures instead of along aqueous
pores. The laminated layer of the cyst wall is made up of a
number of acellular laminations and besides giving support to
the cyst, it is presumed to protect the parasite from the host’s
immune responses. It consists of a protein-polysaccharide com-
plex with a carbohydrate component that builds up with glucose,
galactose, glucosamine and galactosamine. If these carbohy-
drates could protect the parasite from the immune response of
the host, probably inhibiting complement activation, they could
not be a barrier for the diffusion of hydrophilic molecules due to
their important polarities. Contrary to the previous one, the ger-
minal layer is made of undifferentiated proliferative totipotential
cells, which produce brood capsules projecting into the lumen
of the mother cysts. This lipid-rich syncytium would certainly
favour the diffusion of lipophilic molecules (important log P)
and drastically reduce the diffusion of the more hydrophilic ones
(negative log P).

Mottier et al. (2003) reported a high correlation between
molecular lipid solubility (expressed as log P) and the avail-
ability (expressed as Area Under Curve) of benzimidazole
compounds within the helminth parasite used as a model
(Moniezia benedeni). In their study, the total drug amount
recovered in Moniezia benedeni increases linearly with the
octanol-water partition coefficient with a correlation coeffi-
cient, r, equal to 0.87. With a similar approach Alvarez et al.
(2001) described the more important total ABZ recovered in
Ascaris suum and Fasciola hepatica compared with ABZ-SO.
The authors explained such difference by the fact that a lipophilic
drug as ABZ may have a greater capability to across the external
surface of the parasite than its more polar sulphoxide metabolite.
Traditionally, the nematode’s cuticle, the cestode’s tegument and
the hydatid cyst membrane have been considered to be barriers
limiting entry of molecules into the parasite. However, among
others (Geary et al., 1995; Reisin et al., 1977), the two last cited
works and the present report confirm that the passive diffusion
could be a major route of entry for substances in parasite tissues.

In the specific case of the hydatid cyst wall, as the log P of
the most important benzimidazole drugs is comprised between
2 and 4 (Mottier et al., 2003), corresponding to a permeation
coefficient around 1 x 10~ cm/s (Fig. 1), the penetration of the
drugs into the cyst will not constitute a limiting factor for the
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Table 4
Characterization results of the unloaded and loaded nanoparticles

Unloaded particles ABZ-loaded particles ABZSO-loaded particles

Mean size (nm)

After preparation 194.6 £+ 14.4 288.2 £ 10.8 1975 £ 139

After 15 days 185.6 £ 6.4 2782 £ 11.6 212.8 £ 132

After 60 days 2252 £ 29.1 322.6 £ 42.9 205.4 £+ 29.1
Zeta potential (mV)

In water —57+15 —9.7+ 16 —14.8 £ 4.7

In HEPES buffer 3.0+ 0.3 —27+12 —23+12

In FBS medium —6.8 £ 0.3 —36+14 —45+ 13
Entrapment efficiency (%) - 364 + 64 64 +5.1

Data represent the mean = standard deviation of three determinations.

their effectiveness. By way of contrast, the passive diffusion is
governed by the concentration gradient across the membrane of
interest (Egs. (1) and (2)). Because of their poor water solubility
(Dayan, 2003), leading to a low concentration gradient, the ben-
zimidazole flux should be reduced. To optimize the anthelmintic
therapy, the challenge is now to increase this concentration gra-
dient with appropriate formulations.

3.4. Nanoparticle characterization

The characterization results have been summarized in the
Table 4. The size of the particles is around 200 nm, from 194.6 to
288.2 nm, depending on the loaded-drug. The weak increase of
size (and standard deviation) observed for each formulation after
2 months is not statistically significant (P <0.05). This stability
of size suggests the absence of matrix surface erosion and the
good physicochemical stability of our nanoparticles in storage

albendazole

conditions despite a quite low zeta potential. The spherical shape
of the nanoparticles has been clearly observed with microscopy
as described in the Fig. 2. Furthermore, the micrographs seem
to confirm the mean size increase obtained with ABZ-loaded
particles in comparison with ABZ-SO-loaded one.

Highly negative zeta potential values, around —20 to
—30mV, are expected for pure polyester nanoparticles thanks
to the presence of the carboxyl groups on the polymeric chain
extremities (Quintanar-Guerrero et al., 1996; Konan et al., 2003).
In the present work, the zeta potential values tend to zero in
rapport with the residual PVA chains on the nanoparticle sur-
face. Leading to a shield between the nanoparticle surface and
the surrounding medium, PVA would mask the carboxyl groups
existing on the particle surface (Konan et al., 2003). During
the process of preparation, it has been frequently described
that drug could be adsorb on nanoparticles. This adsorption
has often explained zeta potential fluctuations. ABZ and ABZ-

albendazole sulphoxide

Fig. 2. Transmission electron microscopy pictures of the nanoparticles.
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SO are amphoteric molecule where the protonation steps are
well separated from each other (Alog K >4). Thus, the pK, val-
ues of ABZ are 3.37 and 9.93 and then, only the neutral form
will be present from pH 5.4 to 7.9. Furthermore, Botsoglou et
al. (1997) described that ABZ-SO is a free base form for pH
between 4.7 and a superior limit higher than 7.4. More recently,
Wu et al. (2005), proposed a more accurate model concerning
the ABZ-SO ionisation steps: the molecule will be protonated
on the amine group in position 1 for pH values inferior to 3.5 and
the deprotonation occurs on the amine group in position 3 at pH
higher than 9.8. Then, at the two studied pH, ABZ and ABZ-SO
mostly remain in non-ionised states. Moreover, a pH decrease
would lead to protonation of the position 1 amine group and then
the surface charge would increase.

It is interesting to note the absence of quantitative masking
effect due to our drugs in their neutral forms, suggesting the
absence of drug adsorption on the particle surface.

The entrapment efficiencies of the two drugs are completely
different: it is six times more important with ABZ in relation to
its sulphoxide metabolite (Table 4). As ABZ-SO is more soluble
in a 1% PVA solution than ABZ (640 p.g/ml versus 1.3 pg/ml),
we could assume that an important amount of ABZ-SO has been
solubilized in the aqueous phase during the emulsification step
of the nanoparticle preparation process.

For the drug release studies, only ABZ-loaded nanoparti-
cles have been investigated for essentially three reasons, (i) the
more important entrapment efficiency obtained with this drug,
(ii) the more important log P of ABZ, leading to a better diffu-
sion through the cyst membrane (see above) and (iii) the higher
therapeutic efficacy described with ABZ in the literature (Smego
and Sebanego, 2005; Senyuz et al., 2001; Saimot, 2001).

3.5. Permeation studies across cyst membrane

The Fig. 3 describes the ABZ permeation through hydatid
cyst membrane from ABZ-loaded nanoparticles in comparison
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Fig. 3. In vitro delivery of albendazole from albendazole-loaded nanoparticles
and raw albendazole suspension through hydatid cyst membranes.

with a free ABZ suspension by using vertical Franz cells. Despite
of an important variability (probably due membrane thickness
differences as suggested in the previous parts of this paper),
an increase of the drug in the receptor compartment could be
observed in the case of the nanoparticles. This could be probably
explained by the better dispersion of the drug obtained with
nanoparticles compared with raw suspensions.

To complete this experiment, whole cysts were incubated
in ABZ-loaded nanoparticle suspension during 3 h. After that
time, the cysts were washed, punctured by a needle to aspirate
the intra-cystic media and the drug quantified in it. After three
hours of incubation, the intra-cystic ABZ concentration was

Quter face

Inner face

Fig. 4. Confocal microscopy pictures describing Echinococcus granulosus scolex penetrated by rhodamine B base (a) and rhodamine B base heterogeneous

accumulation in the outer (b) and inner (c) face of the hydatid cyst membrane.
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1£0.5 pg/ml. A similar incubation was used with rhodamine-
loaded nanoparticles. Such fluorescent dye was used as model
molecule to follow the drug accumulation in the cyst. The cyst
liquid (Fig. 4a) and the cyst membrane (Fig. 4b and c) were then
observed with confocal microscopy. After the 3 h incubation
with rhodamine B base-loaded nanoparticles, the intra-cystic
media was coloured in red, due to rhodamine B. Moreover,
there were many protoscoleces labelled with the fluorescent
dye. Reconstructed confocal microscopy (Fig. 4b and c) sug-
gests important knowledge concerning our system. First there
is an important accumulation of fluorescent probe in the mem-
brane. As a matter of fact, this retention seems to take place
extensively in the inner layer of the membrane as shown the red
colour distribution in the Fig. 4b and c. This accumulation in
the innermost layer confirms the role of diffusion controlling
barrier played by the germinal layer of the cyst wall as con-
cluded after the dye permeation experiments. In addition, in a
same plan, the co-existence of coloured and uncoloured regions
should be noted. This heterogeneous distribution evokes an accu-
mulation of the nanoparticles in particular region of the cyst wall
rather than a simple diffusion of the dye which generally leads
to continuous layer of fluorescence. In reality, we have shown
that during the incubation time (3 h), approximately 35% of the
encapsulated rhodamine B is able to leave the nanoparticle (data
not shown) and from the confocal microscopy picture, it is not
possible to discriminate the loaded nanoparticles and the free
rhodamine B.

It is interesting to note that the success of the chemothera-
peutic treatment of hydatid disease requires the ability of the
drug to operate on the germinal layer and on the protoscoleces
of the hydatid cyst interior at adequate concentrations (Morris,
1987). By considering rhodamine B base as a model drug of
benzimidazole (similar log P range) (Mottier et al., 2003), these
two goals are clearly reached. In vitro, effective concentra-
tion of intra-cystic ABZ is 0.1 pg/ml (Morris et al., 1987).
This concentration is largely obtained in vitro with ABZ-loaded
nanoparticles (1 pwg/ml after a 3 h incubation).

4. Conclusion

The diffusion of several model molecules through the hydatid
cyst membrane has been described in this report. The permeation
coefficients correlate closely with the octanol-water partition
coefficient of the studied compounds: the more lipophilic they
are, the more important is their diffusion. This penetration
behaviour confirms the role of diffusion barrier played by the
innermost layer of the cyst wall (germinal layer). The prepa-
ration of benzimidazole-loaded nanoparticles seems interesting
for the treatment of hydatid cyst, especially in the case of ABZ.
Indeed, this drug has a good encapsulation rate and an inter-
esting partition coefficient. In comparison with a simple drug
suspension, we observed a significant increase of the drug diffu-
sion from the formulation to the interior of the cyst. This passive
diffusion through the hydatid cyst membrane was favoured by
the important log P of ABZ as concluded in the first part of this
paper and by the increase of the ABZ apparent solubility with
regard to the nanoparticle form.

Thanks to the liver accumulation after nanoparticles injection
and the good candidate of ABZ for a passive diffusion through
the cyst wall, ABZ-loaded nanoparticles seem to be promising
forms for the treatment of the hydatidosis. Therefore, the in
vivo behaviour of these nanoparticles should be investigated to
complete the present work.
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