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a  b  s  t  r  a  c  t

Therapeutic  failures  attributed  to medical  management  of cystic  echinococcosis  (CE)  with  albendazole
(ABZ)  have  been  primarily  linked  to  the  poor  drug  absorption  rate  resulting  in low  drug  level  in plasma  and
hydatid cysts.  Lipid  nanocapsules  (LNCs)  represent  nanocarriers  designed  to  encapsulate  lipophilic  drugs,
such as  ABZ.  The  goals  of the  current  work  were:  (i)  to characterize  the  plasma  and  cyst  drug  exposure  after
the  administration  of ABZ  as ABZ-LNCs  or ABZ  suspension  (ABZ-SUSP)  in mice  infected  with  Echinococcus
granulosus,  and  ii) to  compare  the  clinical  efficacies  of  both  ABZ  formulations.  Enhanced  ABZ sulphox-
ide  (ABZ-SO)  concentration  profiles  were  obtained  in plasma  and  cysts  from  ABZ-LNC  treated  animals.
ABZSO  exposure  (AUC0–LOQ) was  significantly  higher  in  plasma  and  cyst  after  the  ABZ-LNC  treatments,
both  orally  and  subcutaneously,  compared  to  that  observed  after  oral  administration  of  ABZ-SUSP.  Addi-
ystic echinococcosis
chinococcus granulosus

tionally,  ABZSO  concentrations  measured  in  cysts from  ABZ-LNC  treated  mice  were 1.7-fold  higher  than
those  detected  in  plasma.  This  enhanced  drug  availability  correlated  with  an  increased  efficacy  against
secondary  CE  in mice  observed  for  the  ABZ-LNCs,  while  ABZ-SUSP  did  not  reach  differences  with  the
untreated  control  group.  This new  pharmacotechnically-based  strategy  could  be  a potential  alternative
to  improve  the  treatment  of human  CE.
. Introduction

Echinococcus granulosus is a tapeworm belonging to the fam-
ly Taeniidae. This zoonotic parasite maintains itself primarily in

 lifecycle between domestic dogs (definitive host) and domes-
ic ungulates (intermediate host). Humans become infected by the
ngestion of E. granulosus eggs shed in the feces of infected canids,

esulting in cystic echinococcosis (CE) (Budke et al., 2013). CE, a
hronic, complex, and still neglected infectious disease, is charac-
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terized by cystic lesions, most commonly in the liver and lungs
(Brunetti et al., 2011).

Depending on different factors such as cyst number, size and
location, viability status, the involved organ and location, the inter-
action between the expanding parasite and the adjacent host tissue
and bacterial and fungal infection, there are four treatment and
management options for CE: surgery, percutaneous procedures,
antiparasitic drug treatment or watch and wait (Stojkovic et al.,
2009). The evidence supporting any of the treatment modalities
from carefully designed clinical studies is insufficient. Conse-
quently, the choice of appropriate options for patients remains
controversial (Brunetti and White, 2012).
The drugs commonly used for anti-hydatid cysts treatment are
benzimidazoles (BZ), such as albendazole (ABZ) and mebendazole
(McManus et al., 2012). ABZ belongs to Class II of the biophar-
maceutical classification system, with high permeability and low
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queous solubility (0.2 �g/ml in water at 25 ◦C) (Jung et al., 1998).
onsequently, this compound has to be administrated at multiple
oses in order to provide therapeutic concentrations and accept-
ble anthelmintic efficacy (Cook, 1990).

Approximately a third of the patients treated with BZ drugs
ave been cured, 30–50% develop some evidence of a therapeu-
ic response while between 20 and 40% of cases do not respond
avorably (Moro and Schantz, 2009).

Therapeutic failures attributed to medical management of CE
ith ABZ have been primarily linked to the poor drug absorption

ate (<5%) resulting in low drug level in plasma and cysts (Shuhua
t al., 2002). On the other hand, the poor water solubility of ABZ
ffers only few formulation possibilities, limiting the administra-
ion routes (Alanazi et al., 2007). Therefore, increasing the aqueous
olubility and dissolution rate of ABZ is a relevant goal to optimize
he chemotherapeutic treatment of CE.

Regarding this, different efforts related to the formulation
rocess have been made to enhance ABZ water solubility and dis-
olution rate such as soybean oil emulsion (Shuhua et al., 2002),
iposomes (Dvorožňáková et al., 2004), cyclodextrins (Palomares-
lonso et al., 2010), and solid dispersions (Castro et al., 2012). In
ddition, several clinical studies have demonstrated that enhanced
ystemic availability of the parent drug/active metabolite obtained
y increased drug absorption correlates with an improved antipara-
itic effect (Shuhua et al., 2002; Dvorožňáková et al., 2004; Ceballos
t al., 2008; Palomares-Alonso et al., 2010; Pensel et al., 2014).

Lipid nanocapsules (LNCs) represent nanocarriers designed to
ncapsulate lipophilic drugs without using organic solvents. An
riginal phase-inversion process allows the production of nanocar-
iers ranging from 25 to 100 nm in a saline solution. The carrier has
n unimodal size distribution and a low polydispersity index. Struc-
urally, the lipophilic drug is solubilised into the central lipid core,
hich is surrounded by a membrane of lecithins and a pegylated

urfactant (Heurtault et al., 2002). LNCs have shown potential for
he delivery of many drugs by different routes, mainly parenteral
Lacoeuillea et al., 2007) as well as pulmonary (Hureaux et al., 2009)
nd more interestingly, the oral route (Peltier et al., 2006). The goals
f the current work were: (i) to characterize the plasma and cyst
rug exposure after the administration of ABZ as ABZ-LNCs or ABZ-
USP in mice infected with E. granulosus,  and (ii) to compare the
linical efficacies of both ABZ formulations.

. Materials and methods

.1. Chemicals

Reference standards of ABZ, ABZ-SO, ABZ-SO2 and oxibenda-
ole (OBZ) (used as an internal standard) were purchased from
igma–Aldrich (Dorset, United Kingdom). The solvents used for
he chemical extraction and chromatographic analysis were high-
erformance liquid chromatography (HPLC) grade (Baker, Inc.,
hillipsburg, NJ) and purified water was obtained from a MilliQ185
ystem (Millipore, Paris, France).

The lipophilic Labrafac® WL  1349 (caprylic-capric acid triglyc-
rides, European Pharmacopeia, IVth, 2002) and oleic acid were
rovided by Gattefossé (Saint-Priest, France). Lipoïd® S75-3 (soy-
ean lecithin containing at least 69% of phosphatidylcholine)
nd Solutol® HS15 were gifts from Lipoïd Gmbh (Ludwigshafen,
ermany) and BASF (Ludwigshafen, Germany), respectively. NaCl
as purchased from Prolabo VWR  International (Fontenay-sous-

ois, France).
.2. ABZ formulations

LNCs were prepared according to a modified process originally
ased on the work of Heurtault et al. (2002). Briefly, 5 mg  of ABZ
a 152 (2015) 185–194

was dissolved in oleic acid at 80 ◦C and mixed with Labrafac (Gate-
fosse, France). Then, Lipoid® S75-3 was added and the mixture was
heated again to solubilize Lipoid®. After cooling, Solutol® HS15,
NaCl and water were added and homogenized under magnetic stir-
ring. Three cycles of progressive heating and cooling between 60
and 90 ◦C were then performed and at 75 ◦C during the last cycle, an
irreversible shock was induced by dilution with cold water (12.5 ml
at 2 ◦C). Afterward, a slow magnetic stirring was applied to the
suspension of LNCs for 5 min  at room temperature and a final con-
centration of 0.28 mg/ml  was  achieved.

ABZ-SUSP (0.28 mg/ml) was  prepared by mixing the dissolution
of ABZ pure standard in deionized water (pH 7.0) under shaking for
12 h. Before its administration to mice, ABZ-SUSP was  vigorously
shaken.

ABZSO was dissolved in dimethyl sulphoxide (DMSO) at a drug
concentration of 0.1 mg/ml  and was  added to the medium 199
(Gibco BRL) resulting in final concentrations of 1.5, 1 and 0.5 �g/ml.
The final volume of drug solution added to the medium was  0.15%.
Control culture contained 0.15% DMSO.

2.3. Protoscolex collection

Protoscoleces show the capacity of being able to mature into
strobilar adult stages, when ingested by a definitive canid host, but
also of ‘re-differentiating’ into fully developed cysts when released
into the intermediate host body cavity upon cyst rupture (Smyth
et al., 1966). Protoscoleces of E. granulosus were collected asepti-
cally from liver and lung hydatid cysts of infected cattle slaughtered
in an abattoir located in the southeast of Buenos Aires province,
Argentina. Viability was  assessed by the methylene blue exclusion
test (Elissondo et al., 2006).

2.4. Experimental animals

Animal procedures and management protocols were approved
by the Institutional Animal Care and Use Committee (act 2555-
07-14) of the Faculty of Exact and Natural Sciences, National
University of Mar  del Plata, Mar  del Plata, Argentina and carried
out in accordance with the 2011 revised form of The Guide for the
Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health. Unnecessary animal suffering was avoided
throughout the study. Female CF-1 mice (5 months old at the
start of the experiments) were used. The animals were housed in
a temperature-controlled (22 ± 1 ◦C), light-cycled (12-h light/dark
cycle) room. Food and water were given ad libitum.

2.5. Experimental design

2.5.1. Pharmacokinetic study
One hundred thirty-two (132) mice were infected by intraperi-

toneal (i.p.) inoculation of 1500 protoscoleces/animal, suspended
in 0.5 ml  of medium 199 (Gibco). Five months post-infection (p.i),
animals received the following treatments: ABZ-LNCsoral, animals
were orally treated with ABZ as a LNC-based formulation; ABZ-
LNCssc, animals were subcutaneously (sc) treated with ABZ as
a LNC-based formulation; and ABZ-SUSPoral, animals were orally
treated with a suspension of ABZ. The oral dose was administered
using an intragastric tube. All treatments were given as a single
dose of 5 mg/kg ABZ (0.53 ml/animal). Blood and cyst samples were
obtained from sacrificed animals (n = 4 per collection point) at the
following times post-treatment: 5, 15, and 30 min  and 1, 2, 4, 6, 8,

10, 12 and 16 h. Plasma was separated by centrifugation at 2000 × g
for 15 min, placed into plastic tubes and frozen at −20 ◦C until
analysis by HPLC. Cyst samples were washed several times with
physiological solution and stored at −20 ◦C until analysis by HPLC.
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HPLC and pharmacokinetic analysis of the concentration data
ere as follows. Plasma (100 �l) and cyst (0.5 g) samples were

piked with OBZ as an internal standard (1 �g/ml). After 5 min,
lasma and cyst samples were supplemented with 1.5 ml  of ace-
onitrile, HPLC grade. Later, samples were shaken for 15 min  in

 multitube vortexer (VWR Scientific Products, West Chester, PA,
SA) and centrifuged at 3800 × g for 10 min. The supernatant was
oncentrated to dryness in a vacuum concentrator (Thermo Speed-
ac®, Milford, MA,  USA) and then reconstituted with 150 �l of
obile phase. Finally, 50 �l of this solution was  injected into the

hromatographic system
Chromatography was performed on Shimadzu HPLC equip-

ent (Shimadzu Corporation, Kyoto, Japan) with a UV–visible
pectrophotometric detector (SPD-10A) reading at 292 nm and a
18 reversed-phase column (5 �m,  250 mm by 4.6 mm;  Kromasil,
weden) used for analysis of ABZ and its metabolites. The calibra-
ion curves for each analyte, constructed by least-squares linear
egression analysis, showed good linearity, with correlation coef-
cients of 0.994. Mean absolute recovery percentages in plasma
nd cysts for concentrations ranging between 0.01 and 2 �g/ml
n = 5) were higher than 81.1 (ABZ-SO), 76.4 (ABZ-SO2), and 92.4%
ABZ), with coefficients of variation (CV) lower than 5.2, 4.3, and
.4%, respectively. The limit of quantification (LOQ) was defined as
he lowest measured concentration with a CV of ≤20%, accuracy of
20%, and an absolute recovery of ≥70%. The LOQ for ABZ and its
etabolites were 0.1 and 0.05 �g/ml respectively.

The peak concentration (Cmax) and time to peak concentration
Tmax) were read from the plotted concentration–time curves of
ach analyte. The area under the concentration-time curve from 0
p to the limit of quantification (AUC0–LOQ) for ABZ and metabo-

ites was calculated by the trapezoidal rule (Gibaldi and Perrier,
982), using the PK Solutions computer program (Summit Research
ervices, Ashland, OH, USA).

.5.2. In vivo effect against secondary cysts of E. granulosus
Female CF-1 mice (n = 60; body weight, 25 ± 5 g) were infected

ith E. granulosus protoscoleces as described above (see Section
.5.1). Five months p.i., mice were allocated into the following
xperimental groups (10 animals/group): (a) Control group, ani-
als receiving distilled water as a placebo; (b) Control Blank

NCsoral group, animals were treated with the LNCs formulation
ithout drug by the oral route; (c) Control Blank LNCssc group,

nimals were treated with the LNCs formulation without drug by
he sc route; (d) ABZ-SUSP group, animals were treated with the
uspension of ABZ by the oral route; (e) ABZ-LNCsoral group, ani-
als were treated with the ABZ LNC-based formulation by the oral

oute; (f) ABZ-LNCssc group, animals were treated with the ABZ
NC-based formulation by the sc route. Treatments were performed
aily during 30 days at the ABZ dose of 5 mg/kg (0.53 ml/animal).

.6. Determination of parasite weight and efficacy rate of
reatments

At the end of treatment period, animals were euthanized, and
ecropsy was carried out immediately thereafter. The cysts were
emoved from the peritoneal cavity. The weight of the cysts col-
ected from each animal was recorded using an analytical balance.
he efficacy of treatments (based on the weight of cysts from

nfected mice), was calculated by use of the following formula:

(XC − XT)

fficacy=

XC
× 100,

here XC is the mean cyst weight in the untreated control group
nd XT is the mean cysts weight in the treated group.
a 152 (2015) 185–194 187

2.7. Mouse infection and collection of cysts

Female CF-1 mice were infected with E. granulosus protoscole-
ces as described above (see Section 2.5.1). At 8 months p.i., mice
with experimental secondary CE were euthanized, and necropsy
was carried out immediately thereafter. At necropsy, the peritoneal
cavity was  opened and the hydatid cysts were carefully removed
(Elissondo et al., 2009)

2.8. Procedures for in vitro incubation of cysts

In order to evaluate the efficacy of ABZSO at low concentra-
tions, groups of 10 cysts (1-4 mm)  were placed in Leighton tubes
containing 10 ml  of medium 199 with ABZSO at the following final
concentrations of 1.5, 1 and 0.5 �g/ml. Cultures were maintained at
37 ◦C without changes of medium during the entire drug incubation
period (Elissondo et al., 2007). Culture tubes were followed macro-
and microscopically every day. Samples of cysts from each of the
dosing groups and the controls were taken and then fixed for elec-
tron microscopy. The criteria for cysts vitality was assessed on the
basis of structural vesicle integrity and the ultrastructural observa-
tion of the germinal layer as described by Elissondo et al. (2007). All
experiments were performed in triplicate and were repeated three
times.

2.9. Morphologic study

Samples of cysts recovered from each mouse were processed
for scanning (SEM) and transmission (TEM) electron microscopy
as described by Elissondo et al. (2007). Samples of cysts cultured
in vitro were processed for SEM (Elissondo et al., 2007).

2.10. Statistical analysis

Data are reported as arithmetic mean (±SD) and statistical
analysis was  performed using the Instat 3.0 Software (Graph Pad-
Software, CA, USA). The data obtained from pharmacokinetic and
clinical efficacy studies were compared by means of Kruskal–Wallis
(non parametric ANOVA) followed by Dunn’s multiple comparison
test. Log-rank test was used to assess the survival differences of
cysts after exposure to different concentration of ABZ-SO. These
statistical analyses were performed using the BioEstat 5.0 software
(Ayres et al., 2007). For all statistical comparisons, a P value less
than 0.05 (P < 0.05) was  considered significant.

3. Results

3.1. Pharmacokinetic study

ABZ-SO and ABZ-SO2 were the main analytes detected in plasma
and cyst after administration of ABZ-LNCs (oral or sc route) and
ABZ-SUSP (oral route) to infected mice. In addition, ABZ was the
analyte measured at the lowest concentrations in plasma of ABZ-
LNC treated mice, being over a short period between 5 and 15 min
post-treatment, with concentrations near to the limit of quan-
tification. The trace concentrations detected during a short-time
period precluded the development of a complete pharmacokinetic
analysis of the data determined for this molecule after the oral
administration of ABZ-LNC.

The concentration profiles (mean ± SD) of ABZ-SO and ABZ-
SO2 either in plasma or within recovered cysts from ABZ-LNCsoral,

ABZ-LNCssc or ABZ suspension groups are shown in Fig. 1. After
ABZ-LNCs treatment (oral or sc), ABZ-SO plasma concentration pro-
files were higher than those measured for ABZ-SO2 (Fig. 1a and b).
For the oral and sc administration, ABZ-SO plasma concentration
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Fig. 1. Plasma (left) and cystic (right) concentration profiles (mean ± SD) for ABZ-SO and ABZ-SO2 after oral or sc administration of ABZ-LNCs or ABZ suspension (5 mg/kg)
to  infected mice (n = 4 per time point). (a) Oral administration of ABZ-LNCs. (b) Subcutaneous injection of ABZ-LNCs. (c) Oral administration of ABZ suspension.
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Fig. 2. Comparative ABZ-SO mean (±SD) plasma and cyst concentration profiles obtained after administration of ABZ-LNCs or ABZ suspension (ABZ-SUSP) to infected mice
(n  = 4 per time point).

Table 1
Pharmacokinetic parameters (mean ± SD) for albendazole sulphoxide (ABZ-SO) obtained in plasma and cyst from infected mice after treatment (5 mg/kg) with different
albendazole (ABZ) formulations to mice: ABZ-LNCs (oral or sc) and ABZ suspension (ABZ-SUSP).

Pharmacokinetic parameters ABZ-LNCsoral ABZ-LNCssc ABZ-SUSP

Plasma Cyst Plasma Cyst Plasma Cyst

AUC0–LOQ (�g h/ml [g]a) 4.65 ± 0.71 a 9.37 ± 1.42 b 3.6 ± 0.33 c 8.4 ± 0.71 b 2.37 ± 0.35 d 4.25 ± 0.38 e
Cmax (�g/ml [g]b) 0.82 ± 0.1 a 1.27 ± 0.09 b 0.82 ± 0.11 a 1.41 ± 0.17 b 0.68 ± 0.11 a 0.73 ± 0.08 a
Tmax (h) 1 ± 0.71 a 3.5 ± 1 b 1.75 ± 0.5 a 3.5 ± 1 b 0.44 ± 0.37 c 2 ± 1.41 b

AUC0–LOQ: area under the concentration vs. time curve from 0 up to the limit of quantification. Cmax: peak plasma concentration; Tmax: time to Cmax.
Different letters (a, b, c, d, e) indicate statistically significant differences (P < 0.05) between experimental groups.
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a Plasma AUC is expressed as �g h/ml and cyst AUC as �g h/g.
b Plasma Cmax is expressed as �g/ml and cyst Cmax as �g/g.

ncreased to reach a Cmax (0.82 �g/ml) at 1 and 1.75 h post treat-
ent, respectively. Low ABZ-SO2 concentrations were measured

fter oral (0.16 �g/ml) or sc (0.19 �g/ml) administration, being
etectable up to 8 h post treatment. A similar pattern was observed

n cysts, where ABZ-SO concentrations were 5-fold higher than
hose observed for ABZ-SO2. After the oral administration of ABZ
ormulated as a suspension (ABZ-SUSP), ABZ-SO concentrations
apidly increased to reach a peak plasma concentration (Cmax)
f 0.68 �g/ml, as early as 0.44 h post treatment. Furthermore, low
BZ-SO2 plasma concentrations detected between 15 min  and 6 h
ere observed (Fig. 1c). In cysts, ABZ-SO and ABZ-SO2 achieved the

eak concentration at 2 and 4 h post-treatment, respectively. Like-
ise, the Cmax value for ABZ-SO2 in cysts (0.21 ± 0.06 �g/g) resulted

ower than that obtained for ABZ-SO (0.73 ± 0.08 �g/g) (Fig. 1c).
The comparative plasma and cyst concentration profiles of

BZ-SO obtained after oral or sc administration of ABZ-LNCs and
BZ-SUSP to infected mice are shown in Fig. 2. Table 1 sum-
arizes the plasma and cyst pharmacokinetics parameters (Cmax,

max and AUC0–LOQ) obtained for ABZ-SO after the oral or sc
dministration of ABZ as a LNC-based formulation or a conven-
ional suspension in infected mice. Enhanced ABZ-SO concentration
rofiles were obtained in plasma and cysts after ABZ-LNC
dministration.

The sc administration of ABZ-LNCs to mice, did not improve

he relative ABZ-SO plasma and cyst availability compared to that
bserved after the oral administration of the LCNs formulation.
imilar Cmax and AUC0–LOQ values were observed for both routes
f administration (Table 1).
Higher systemic drug concentration was  obtained after oral
or sc administration of ABZ-LNCs compared to the ABZ suspen-
sion. AUC0–LOQ values for ABZ-SO in ABZ-LNC treated mice were
increased more than 2-fold compared with ABZ suspension group.
Likewise, the concentrations of ABZ-SO in cysts from both ABZ-LNC
groups were greater than those measured in the ABZ-SUSP group.
These results were reflected in higher AUC0–LOQ values compared
to those obtained for ABZ-SUSP (Table 1).

Interestingly, AUC0–LOQ values for ABZ-SO measured in cysts
were 1.8, 2, 2.34 fold greater than those obtained in plasma
for the ABZ-SUSP, ABZ-LNCsoral and ABZ-LNCssc groups, respec-
tively. Furthermore, ABZ-SO concentrations in cyst from mice
treated with ABZ-LNC were 1.7 fold greater than those observed
in plasma.

3.2. In vivo efficacy study

Hydatid cysts developed in all infected animals involved in
the clinical efficacy study. Table 2 summarizes the cyst weights
(mean ± SD) recorded after treatments on the different exper-
imental groups involved in the efficacy study. There were no
statistically differences (P > 0.05) between the control groups (dis-
tilled water = 8.98 ± 4.61 g; blank LNCsoral = 10.13 ± 2.98 g; blank
LNCssc = 9.38 ± 4.38 g). On the other hand, mice that received ABZ

suspension exhibited a reduction (59%) in the weight of their cyst
masses relative to control mice. However, no significant difference
between control (8.98 ± 4.61 g) and ABZ-SUSP groups (5.38 ± 2.6 g)
was detected (P > 0.05). In contrast, ABZ-LNC treatment resulted in
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Fig. 3. Representative images of scanning and transmission electron microscopy (SEM and TEM, respectively) of hydatid cysts recovered from infected mice treated with
ABZ-LNCs or ABZ suspension during clinical efficacy study. ((a) and (b)) Control cysts. (a) Control cyst with an intact germinal layer (gl, germinal layer; ll, laminar layer; SEM
400×);  (b) Control cyst (ll, laminar layer; mt,  microtriches; dc, distal citoplasm; TEM 12,000×). ((c) and (d)) Cysts recovered from mice treated with ABZ-LNCs (5 mg/kg). (c)
Note  the extensive damage of the germinal layer (gl). Only cellular debris could be obser
TEM  12,000×). ((d) and (e)) Cysts recovered from mice treated with the ABZ suspension
vacuoles  (arrows) (TEM 12,000×).

Table 2
Clinical efficacy study. Mean (±SD) weights (g) of the hydatid cysts recovered
from infected mice from control, ABZ-LNCs and ABZ suspension (ABZ-SUSP) treated
groups (n = 10). Treatments were performed after 5 months post-infection during
30 days every 24 h, at the doses rate of 5 mg/kg.

Clinical efficacy

Wet  weight (g) of cysts mean ± SD % of efficacy

Untreated control group 8.98 ± 4.61 a –
Blank-LNCsoral 10.13 ± 2.98 a –
Blank-LNCssc 9.38 ± 4.38 a –
ABZ-SUSP 5.38 ± 2.6 a 46.9
ABZ-LNCsoral 0.91 ± 1.16 b 91.0
ABZ-LNCssc 1.26 ± 1.01 b 87.6

D
e

ifferent letters (a, b) indicate statistically significant differences (P < 0.05) between
xperimental groups.
ved (450×); (d) The internal tissue was severely affected, residual lamellar bodies;
 (5 mg/kg). (d) The germinal layer is altered (SEM 400×); (e) Note the presence of

a statistically significant reduction (P < 0.01) on the cysts weight
compared to those obtained for unmedicated mice. No difference
between the routes of administration was  observed (P > 0.05; ABZ-
LNCsoral = 0.91 ± 1.16 g; ABZ-LNCssc = 1.26 ± 1.01 g).

All cysts in the samples removed from control mice appeared
turgid, showing no observable collapse of the germinal layer and
no changes in the ultrastructure were detected (Fig. 3a). TEM anal-
ysis of cysts recovered from the untreated control group revealed
typical features of E. granulosus metacestodes, with a distinct acel-
lular outer laminated layer and a germinal layer without alterations
(Fig. 3b). Conversely, TEM and SEM analysis of the cysts recovered
from mice treated either with ABZ-LNCs (Fig. 3c and d) or ABZ-SUSP
(Fig. 3e and f) revealed changes in the germinal layer. However,

the damage extension appears to be greater after ABZ-LNCs com-
pared to the ABZ suspension treatment. The same ultrastructural
alterations were observed when ABZ-LNCs were administered by sc
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Fig. 4. Survival of E. granulosus cysts after exposure to ABZ-SO. Viability was m
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ig. 5. Morphological effects of ABZ-SO treatment on E. granulosus cysts. (a) Con-
rol cysts (4 days post-incubation). (b) Cysts incubated with 1.5 �g/ml of ABZ-SO
arrows, germinal layer; 4 days post-incubation) bar: 1 mm.

oute (data not shown). Regarding the ultrastructural study by SEM,
ebris of cells could be observed for ABZ-LNCs treatments (Fig. 3c)
hile only few cells with an intact morphology were detected for
BZ suspension treatment (Fig. 3e). TEM analysis of cysts recovered

rom ABZ-LNCs treated group showed marked alteration in the ger-
inal layer with internal tissue extensively distorted, vacuolated

reas and the presence of lamellar bodies (Fig. 3d). On the other
and, treatment with ABZ suspension provoked slight utrastruc-
ural alterations with the presence of vacuolated areas (Fig 3f).

.3. In vitro incubation of cysts with ABZ-SO

Survival of cysts incubated with the different concentrations of
BZ-SO is shown in Fig. 4. The viability of cysts incubated with
MSO was >90% after 10 days. Fig. 5a shows untreated cysts,

urgid, with a smooth surface and intact germinal and laminated
ayers. In contrast, viability of ABZ-SO-treated cysts was  reduced
Fig. 4). Dose- and time-dependent effects were observed. The loss
f turgidity and collapse of the germinal layer could be observed
arlier in cyst treated with ABZ-SO at the highest concentrations
Fig. 5b). At the lower concentration, similar morphological changes
ccurred, although at a lower rate (data not shown).

Control cultures exhibit no ultrastructural alterations in parasite
issue during the whole incubation period (Fig. 6a and b). Studies
y SEM revealed that the germinal layer of treated cysts lost the
ulticellular structure feature (Fig. 6c–g). There was  a correlation

etween the intensity of damage and the concentration assayed.

. Discussion

The anthelmintic activity of BZ compounds not only depends on
ts binding to parasite ß-tubulin but also on their ability to reach

igh and sustained concentrations at the site of parasite location
hat allow the delivery of effective concentrations of the com-
ound at the target within the parasite cells, in sufficient time, to
ause the therapeutic effect (Thompson and Geary, 1995). The low
easured on the basis of vesicle integrity (DMSO: dimethyl sulphoxide).

water solubility of BZ seriously limits their absorption and systemic
bioavailability. Clearly, the poor oral absorption of ABZ after admin-
istration in the conventional suspension/tablet formulations is a
serious disadvantage for the treatment of systemic infections such
as CE. Therefore, the use of pharmacotechnical strategies to over-
come this limitation may  markedly improve the in vivo efficacy of
ABZ against CE.

Differentes nanoscale drug delivery systems such as liposomes
(Wen  et al., 1996; Dvorožňáková et al., 2004), self-emulsifying
(Meena et al., 2012) or self-microemulsifying (Mukherjee and
Plakogiannis, 2010) delivery system form emulsions have been
developed in order to enhance ABZ solubility. However, solubility
alone is not sufficient; the drug must remain stable in gastroin-
testinal fluids, and when it reaches absorption areas (mainly the
duodenum and jejunum), it needs to overcome the mucus layer
to reach the apical side of enterocytes (Groo et al., 2013). More-
over, one of the main limitations of liposomes is their poor loading
capacity toward hydrophobic drugs that cannot be dissolved in
large amounts in the phospholipid bilayer or sequestered in the
liposomal aqueous core (Sharma et al., 1997).

LNC are synthetic particles having a hybrid structure between
polymer nanoparticles and liposomes. These capsules are com-
posed of FDA-approved medium chain triglycerides and a
combination of hydrophilic/lipophilic surfactants. Heurtault et al.
(2002, 2003) demonstrated that mean size and size distribution
of LNC can be precisely controlled and that the semi-rigid shell
imparts remarkable physical stability to the formulations. Such
nanocapsules can accommodate relatively high concentrations of
lipid-soluble drugs in their oily core. Unlike liposomes and most
nanoparticle formulations, these nanostructures, which present a
monodisperse size distribution, are prepared via a solvent-free pro-
cess that does not require any purification step (Hirsjärvi et al.,
2013). The fabrication of NCL, based on low-energy organic solvent-
free phase inversion process, can be easily scaled up (Hirsjärvi et al.,
2013). In addition, Dulieu and Bazile (2005) studied the freeze-
drying of aqueous suspensions of LNC and found that it was  possible
to freeze-dry them without altering their characteristics. Therefore,
LNC could be stabilized and incorporated in any dry dosage forms
for administration to patients: powder, hard gelatin capsules, even

tablets. Moreover, the lyophilized form of LNC could be used to
make an aqueous oral suspension to be reconstituted just before
administration. Therefore, this stable form of LNC (obtained by
freeze-drying) could allow an easy daily administration to patients.
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Fig. 6. Representative images of SEM of murine cysts incubated in vitro with 5-FU and PTX during 4 days. ((a) and (b)) Control cysts. (a) control cyst with an intact germinal
layer  (gl, germinal layer;SEM 400×); (b) Detail of germinal cells with intact morphology (1200×). (c) Cyst incubated with 0.5 �g/ml of ABZ-SO. The germinal layer is altered
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300×).  ((d) and (e)) Cysts incubated with 1 �g/ml of ABZ-SO. (d) Reduction of cell n
ote the extensive damage of the germinal layer (SEM 300×). ((f) and (g)) Cysts inc

he  germinal. Only cellular debris could be observed (300×); (g) Germinal layer det

In a previous study, ABZ-LNCs with approximately 50 nm size,
ow polydispersity index and high drug payload (>90%) were
btained (unpublished data). In the current experimental work,
e characterized the plasma and cyst exposure of ABZ, ABZ-SO

nd ABZ-SO2, and the clinical efficacy of ABZ against CE developed
n mice, after the administration of 5 mg/kg ABZ as a LNC-based
ormulation or a conventional suspension. Other authors have com-
ared the effect of different new drugs or formulations versus ABZ
t doses up to 200 mg/kg (Hemphill et al., 2014). As we  mentioned
bove, ABZ is barely absorbed from the gastrointestinal tract since
t is a poorly water-soluble drug. It was demonstrated that for

onogastric species, an increment in the dose is not correlated
o an increment in the AUC (McKellar et al., 1990). Moreover we
emonstrated that concentrations of ABZ as low as 0.5 mg/kg exert

 deleterious effect on hydatid cysts on the murine model of cystic
chinococcosis (Ceballos et al., 2008).

During the pharmacokinetic study, the parent drug was not
etected at any time post-treatment with ABZ suspension, in either
lasma or cysts. This is a consequence of intestinal and hepatic
rst-pass metabolism which is according to the results reported
y other authors in different animal species (Molina et al., 2007).
fter administration of LNC-ABZ, lower concentrations of ABZ were
etected in plasma of mice over a short period. ABZ-SO (active
etabolite) and ABZ-SO2 were the main analytes identified in

lasma and cysts from treated groups. The administration of ABZ-
NCs either by oral or sc route, correlated with an increased plasma
vailability of ABZ-SO compared to that observed after the admin-
stration of the suspension. In fact, the relative bioavailability of
he sulphoxide metabolite increased 96% after the treatment with

BZ-LNCs compared to ABZ-SUSP. These results agree with previ-
us studies, where the use of different formulations was assessed
o increase ABZ bioavailability (Shuhua et al., 2002; Ceballos et al.,
r could be seen (400×); (e) Detail of germinal cells with markedly altered (1500×).
d with ABZ-SO at the concentration of 1.5 �g/ml. (f) Note the extensive damage of

 from laminated layer (gl germinal layer; 60×).

2008; Palomares-Alonso et al., 2010; Castro et al., 2012). As similar
Cmax values for ABZ-SO were detected after the administration of
both ABZ formulations, the higher AUC value obtained after ABZ-
LNCs could be explained by the longer ABZ-SO residence time in
the bloodstream observed in these experimental groups. The con-
centrations of ABZ-SO in cysts from both ABZ-LNCs groups were
greater than those measured in the ABZ-SUSP group. Unlike the
data reported by Ceballos et al. (2011), we found that ABZ-SO expo-
sure in cysts were greater than those observed in plasma in all the
experimental groups. Interestingly, ABZ-SO peak concentrations
measured in cysts from mice treated with ABZ-LNCs were 1.7 fold
greater than those observed in plasma, whereas there was no dif-
ference between ABZ-SO cysts and plasma peak concentrations in
the animals treated with the ABZ suspension.

The higher the concentration profiles achieved at the tissue/
fluid of the parasite location, the greater the amount of drug reach-
ing the target parasite (Alvarez et al., 2007). Available scientific
evidence indicates that higher drug bioavailability correlates with
improved efficacy of BZD anthelmintics against CE developed in
mice (Shuhua et al., 2002; Ceballos et al., 2008; Palomares-Alonso
et al., 2010; Pensel et al., 2014). The enhancement in plasma drug
exposure induced by the LNCs formulation leads to an amount of
drug reaching the hydatid cysts and its overall anthelmintic effect.
On the other hand, even though the treatment with ABZ did not
result in a statistically significant reduction in cyst weight, evident
ultrastructural damage could be detected in germinal layer of cysts.
These results were consistent with the in vitro studies carried out
in cyst incubated at the range concentrations measured in pharma-
cokinetic studies. In agreement with other researches, the effect

of ABZ-SO was  dose and time exposure manner (Elissondo et al.,
2007, 2009). Moreover, there was a correlation between the inten-
sity of damage and the concentration assayed. The ultrastructural
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hanges induced in vitro and in vivo by ABZ-SO were similar to those
escribed for other BZ compounds such as flubendazole (Elissondo
t al., 2007, 2009).

The lipidic nature of the nanocapsules could explain the
mprovement of oral exposure of lipophiliccompound such as ABZ.
he presence of lipids and surfactants in LNC could facilitate the
astrointestinal dissolution of ABZ (a physicochemical mechanism)
Peltier et al., 2006). Moreover, the capacity of LNCs to increase oral
ioavailability of ABZ could also be explained by gastrointestinal
tability of particles and an improvement of intestinal permeabil-
ty LNCs increase ABZ transport across intestinal Caco-2 epithelial
ells using vesicle- mediated transcytosis (Roger et al., 2009a,b).

As liver and lungs are the most frequent resident niches of the
ydatid cyst in humans, new in vivo studies should be realized

n other animal model of echinococcosis in order to establish the
chievement of the drug inside cysts located in those target organs.
owever, we consider that even higher concentrations of ABZ-SO

ould be expected inside of liver and lung cysts. After oral admin-
stration of ABZ, an accumulation of ABZ-SO was  demonstrated in
iver and lungs of human patients (Meulemans et al., 1984).

In conclusion, the exposure of the hydatid cysts to enhanced
rug concentrations obtained after the administration of ABZ-
NCs would correlate with increased efficacy in mice. This new
harmacotechnically-based strategy could be a potential alterna-
ive to improve the treatment of human CE..
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