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bstract

A novel liposomal formulation of meglumine antimoniate (MA), consisting of vesicles of reduced size, has been evaluated in dogs with visceral
eishmaniasis to determine its pharmacokinetics as well as the impact of vesicle size on the targeting of antimony to the bone marrow. Encapsulation
f MA in liposomes was achieved through freeze-drying of empty liposomes in the presence of sucrose and rehydration with a solution of MA.
he resulting formulation, with a mean vesicle diameter of about 400 nm, was given to mongrel dogs with visceral leishmaniasis as an i.v. bolus

njection at 4.2 mg Sb/kg of body weight. The pharmacokinetics of antimony were assessed in the blood and in organs of the mononuclear phagocyte
ystem and compared to those achieved with the free drug and the drug encapsulated in large sized liposomes (mean diameter of 1200 nm). The
argeting of antimony to the bone marrow was improved (approximately three-fold) with the novel liposomal formulation, when compared to the
ormulation of MA in large sized liposomes. This study provides the first direct experimental evidence that passive targeting of liposomes to the
one marrow of dogs is improved by the reduction of vesicle size from the micron to the nanometer scale.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the 1970s, a major advance occurred when it was found that
iposome-encapsulated antimonial drugs were hundreds of times

ore effective than unencapsulated ones for the treatment of
xperimental visceral leishmaniasis (VL) (Alving, 1986). This
pectacular effect of liposome encapsulation was attributed to
he drug sustained release property of liposomes and to their
atural tendency to be cleared from the circulation by the fixed
acrophages of the mononuclear phagocyte system (MPS),
ainly the liver, spleen and bone marrow, which are the major

ites of parasite infection. Similar results were obtained with

∗ Corresponding author. Tel.: +55 31 34992940; fax: +55 31 34992924.
E-mail address: frezard@icb.ufmg.br (F. Frézard).

other antileishmanial agents (Alving et al., 1980; New et al.,
1981) and other vesicular systems made from non-ionic surfac-
tants (Baillie et al., 1986), instead of phospholipids. Much effort
has also been devoted to the search for effective liposomal for-
mulations in dogs (Chapman et al., 1984; Collins et al., 1993;
Valladares et al., 1997, 2001; Nieto et al., 2003; Schettini et al.,
2003, 2005), as these animals respond poorly to conventional
antimonial therapy and are the main reservoir for VL (Alvar
et al., 1994). Nevertheless, no effective therapeutic protocol,
achieving consistent parasitological cure in infected dogs, has
been reported so far.

Despite the need to improve antimonial chemotherapy and the
extremely promising results obtained with liposomes in experi-
mental models of VL, no pharmaceutical formulation associat-
ing liposomes and antimonials has reached commercialization so
far. This fact can be attributed, at least in part, to the technological
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difficulty of achieving long-term stability in the case of liposo-
mal formulations of water-soluble drugs. This is in contrast with
the lipophilic fungicidal and leishmanicidal drug, amphotericin
B, whose liposomal formulation, called AmBisome, has recently
been approved by the Food and Drug Administration for treat-
ment of VL (Meyerhoff, 1999). On the other hand, the high cost
of the latter formulation makes difficult its large-scale use in
developing countries.

A novel liposomal formulation (LMA) has recently been
proposed for the antimonial drug, meglumine antimoniate, that
is obtained by rehydrating freeze-dried empty liposomes with
a solution of the antimonial compound (Frézard et al., 2000,
2005; Demicheli and Frézard, 2005). A significant technolog-
ical advantage of this method over conventional ones (Alving
and Steck, 1980; Rao, 1986) is that the liposomal formulation
may be stored as freeze-dried empty liposomes and that rehy-
dration may be performed just before use. This formulation has
been evaluated in both healthy and Leishmania chagasi-infected
mongrel dogs for its ability to improve the bioavailability of the
antimonial drug and to cure the infected animals (Schettini et
al., 2003, 2005). A single intravenous bolus injection of LMA
in healthy dogs (about 4 mg Sb/kg of body weight) resulted in
high antimony levels in the liver and spleen for a long period
of time. On the other hand, the bone marrow showed compar-
atively lower antimony concentrations (Schettini et al., 2003).
Moreover, following a multiple dose-regimen in dogs with VL,
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and enzyme-linked immunosorbent assay (ELISA), demonstra-
tion of Leishmania amastigotes in Giemsa-stained bone mar-
row aspirates and polymerase chain reaction using L. donovani
complex-specific primers (Roura et al., 1999).

2.2. Materials

Cholesterol (CHOL) and dicetylphosphate (DCP) were pur-
chased from Sigma Co. (St. Louis, MO, USA). Distearoylphos-
phatidylcholine (DSPC) was obtained from Avanti Polar Lipids
Inc. (Alabaster, AL, USA). N-methyl-d-glucamine and anti-
mony pentachloride (SbCl5, 99%) were obtained from Aldrich
Chemical Co. (Milwaukee, WI, USA).

2.3. Preparation of meglumine antimoniate

Meglumine antimoniate was synthesized, as previously
described (Demicheli et al., 2003), from equimolar amounts of
N-methyl-d-glucamine and pentavalent antimony oxyhydrate.
The resulting product contained approximately 30% antimony
by weight, as determined by plasma emission spectroscopy
(ICP-OES) using a Perkin-Elmer Optima 3000 plasma emission
spectrometer.

2.4. Preparation and characterization of meglumine
antimoniate-containing liposomes
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MA resulted in a significant reduction of parasite burden, but
as unable to clear Leishmania parasites from the bone mar-

ow (Schettini et al., 2005), suggesting that the improvement of
ntimony targeting to this tissue may be critical for achieving
ure with LMA. It was also hypothesized that the large size of
iposomes in LMA (mean diameter greater than 1 �m) may be
esponsible for the low targeting of antimony to the bone mar-
ow.

The present work describes a modification of the
ehydration–rehydration method, based on the use of sucrose as
ryoprotectant, that allows encapsulation of meglumine antimo-
iate in vesicles of reduced size. Different physicochemical and
harmacological properties of the resulting formulation have
een evaluated, including the kinetics of drug release in vitro,
he pharmacokinetics of antimony in the blood and in different

PS organs of dogs with VL and the impact of vesicle size
eduction on the concentration of antimony in the bone mar-
ow. Infected dogs, instead of healthy animals, were used in this
tudy because the infection, that affects mainly the MPS organs,
s expected to alter significantly liposome pharmacokinetics.

. Materials and methods

.1. Animals

Male mongrel dogs (weighing 5–26 kg), naturally infected
ith Leishmania chagasi and destined to euthanasia, were
btained from the Centro de Zoonoses of the Prefeitura Munic-
pal de Belo Horizonte (MG, Brazil). Animals were found to be
ositive according to the following tests for L. chagasi: indirect
mmunofluorescence (IFAT), complement fixation test (RFC)
Small unilamellar vesicles (SUVs) were prepared by ultra-
onication of a suspension of multilamellar vesicles in de-
onized water made from DSPC, CHOL and DCP (molar ratio
f 5:4:1), at the final lipid concentration of 55 g/l. After filtra-
ion through sterile 0.22 �m membrane, the SUVs suspension
as mixed either with water (preparation 1) or with an aqueous

ucrose solution (preparation 2) at a sugar/lipid mass ratio of
:1 and a final sugar concentration of 0.3 M. The resulting mix-
ure was immediately frozen in liquid nitrogen and subsequently
yophilized (Labconco freeze-dryer, 4.5 l).

Rehydration of the dried powder was performed with an aque-
us meglumine antimoniate solution (antimony concentration of
0 g/l) as follows: 40% of the original SUVs volume of meglu-
ine antimoniate solution was added to the lyophilized powder

nd the mixture was vortexed and incubated for 30 min at 55 ◦C;
he same volume of phosphate buffer saline (PBS: 0.15 M NaCl,
.01 M phosphate, pH 7.4) was then added and the mixture was
ortexed and incubated for 30 min at 55 ◦C. Drug-containing
iposomes were separated from the non-encapsulated drug by
entrifugation (14,000 × g, 30 min). The liposome pellet was
hen washed twice and finally resuspended in PBS at a final
ntimony concentration of about 10 g/l. The amount of anti-
ony was determined in the resulting liposome suspension by

CP-OES, after digestion of the sample with nitric acid. Phos-
holipid concentration was determined in the final liposome
uspensions using a colorimetric assay (Stewart, 1980). The size
f the vesicles in suspension was determined by photon corre-
ation spectroscopy at 25 ◦C and a 90◦ scattering angle using a
hannel correlator (Malvern Instruments, type 3000HS) in con-
unction with a He/Ne laser (wavelength 633 nm, nominal power
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output 32 mW). The mean hydrodynamic diameter and polydis-
persity index were determined.

2.5. Kinetics of release of antimony from liposomes

Liposomal preparations were diluted in PBS at a final lipid
concentration of 5 g/l and incubated at 37 ◦C under constant stir-
ring (microstirring bars). After different times of incubation,
samples were centrifuged (14.000 × g, 30 min), supernatants
were recovered and antimony was determined by ICP-OES.

2.6. Pharmacokinetics and tissue distribution of antimony
in dogs

Animals were divided into three groups. The first group (10
animals) received an intravenous bolus injection of meglumine
antimoniate-containing liposomes prepared without sucrose
(preparation 1) at 5.7 mg Sb/kg of body weight and bone mar-
row aspirates were obtained after 96 h. The second group (5
animals) received an intravenous bolus injection of meglumine
antimoniate (meglumine antimoniate in distilled water at 0.66 M
Sb) at 100 mg Sb/kg of body weight and animals were then
sacrificed 96 h after administration. The third group (14 ani-
mals) received an intravenous bolus injection of meglumine
antimoniate-containing liposomes prepared with sucrose (prepa-
ration 2) at 4.2 mg Sb/kg of body weight. Animals were then
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The bone marrow was estimated to be 2.2% of the total body
weight in dogs (Hussain et al., 1989).

2.7. Pharmacokinetic analysis

Pharmacokinetic parameters were determined for liposomal
meglumine antimoniate using compartmental analysis. Exper-
imental blood concentration–time data were best fitted by a
two-compartment open model with i.v. bolus input. Iterative
weighted nonlinear least-squares regression with the Rstrip 4.03
computer program was used and model selection was guided
by Akaike’s information criterion (Yamaoka et al., 1978). Fit-
ted parameters included the disposition phase half-life (t1/2�),
the terminal phase half-life (t1/2�), the area under the blood
concentration–time curve projected to infinity (AUC0–∞), the
volume of distribution at steady state (Vss), the total body clear-
ance (CL) and the mean residence time projected to infinity
(MRT0–∞).

2.8. Statistical analysis

Comparisons between the tissue levels of antimony at differ-
ent times and in different organs were performed by analysis of
variance (one-way ANOVA, with Tukey’s multiple comparison
post test). The difference between bone marrow antimony levels
after large and small liposomes was evaluated using Student ’s
u
s
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acrificed, 24 h (3 animals), 48 h (3 animals), 72 h (3 animals)
nd 96 h (5 animals) after administration. Before sacrifice at
6 h, blood samples were obtained from animals at the follow-
ng time intervals: 5, 10, 20, 30, 40, 60, 80, 100, 120, 150 min, 3,
, 6, 8, 24, 48, 72 and 96 h. In the second and third groups, liver
nd spleen were recovered, homogenized and frozen at −20 ◦C.
n the case of the bone marrow, two samples were obtained from
oth the femur and humerus and the uptake values were aver-
ged.

A barbituric drug (sodium thiopental) was used to perform the
umane euthanasia of the dogs, as described previously (Smith
t al., 1986) and routinely used at the Veterinary Hospital of
he Federal University of Minas Gerais. The present research
dhered to the Principles of Laboratory Animal Care (NIH pub-
ication #85-23, revised in 1985) and received approval from
he Ethics Committee in Animal Experimentation of the Fed-
ral University of Minas Gerais.

Antimony was determined in all tissues as previously
escribed (Schettini et al., 2003, 2005). Tissues were submit-
ed to digestion with nitric acid in a microwave oven (CEM,

DS 200). Antimony was assessed by electrothermal atomic
bsorption spectrometry, using a Perkin-Elmer Z 5100 graphite
urnace atomic absorption spectrometer. All analyses were per-
ormed using a continuous background correction. The standard
urve for determination of Sb concentrations was linear over the
ange of concentration tested (0.1–100 �g/ml). The quantifica-
ion limits of the analytical method were 0.2 �g Sb/ml for blood
amples, 0.19 �g Sb/g for bone marrow samples, 0.70 �g Sb/g
or liver samples, 0.76 �g Sb/g for spleen samples.

The proportion of total antimony dose recovered from liver
nd spleen were calculated using the actual weight of the organs.
npaired t-test. A two-tailed P value of <0.05 was considered
tatistically significant.

. Results

.1. Novel method for encapsulation of meglumine
ntimoniate in liposomes of reduced size

We previously reported that the rehydration of freeze-dried
mpty liposomes with a solution of meglumine antimoniate
llows encapsulation of the drug in liposomes with a high
rapping efficiency (Frézard et al., 2000, 2005; Demicheli and
rézard, 2005). However, the large size of these liposomes (mean
iameter greater than 1 �m) presents a problem for intravenous
dministration. In addition, this formulation promoted relatively
ow antimony levels in the bone marrow of dogs with VL and did
ot eliminate parasites from this tissue (Schettini et al., 2005).
n an attempt to overcome these limitations, a modification was
ntroduced in the process of liposome preparation (Frézard et al.,
004), so as to obtain liposomes of reduced size, taking advan-
age of the ability of cryoprotective sugars to control membrane
usion during freeze-drying (Womersley et al., 1986).

Table 1 shows the influence of two disaccharides on the
ize and drug encapsulation efficiency of liposomes. Accord-
ngly, reduction of liposome mean hydrodynamic diameters was
chieved with both sugars, with no significant change of drug
ncapsulation efficiencies (35–50%) and final Sb/lipid ratios
about 0.25:1, w/w). Sucrose was more effective at a sugar/lipid
ass ratio of 3:1 than at 1:1 ratio in promoting particle size

eduction. Strikingly, the polydispersity index of the liposome
opulation was also significantly reduced in the presence of
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Table 1
Influence of cryoprotective sugars in the process of liposome preparation on the characteristics of meglumine antimoniate-containing liposomes

Processa Initial sugar/lipid ratio (w/w) Mean diameter (nm) ± S.D.b Encapsulation efficiency (% Sb) ± S.D.b

Without sugar 0 1200 ± 450 39 ± 3
With sucrose 1:1 510 ± 100 43 ± 4

3:1 410 ± 75 40 ± 4
With trehalose 3:1 460 ± 180 53 ± 9

a Small unilamellar vesicles made from DSPC, CHOL and DCP (molar ratio of 5:4:1) were freeze-dried in the presence or absence of sugar and then rehydrated
with a solution of meglumine antimoniate at a Sb/lipid mass ratio of 0.58:1.

b SD: standard deviation (n = 3–8).

sugar. Thus, sucrose at a sugar/lipid ratio of 3:1 resulted in signif-
icant reductions of the liposome diameter, from 1200 to 410 nm,
and of the polydispersity index, from 0.7 to 0.3.

Fig. 1 shows the impact of sucrose on the kinetic of release
of antimony from liposomes at 37 ◦C, after elimination of non-
encapsulated drug and resuspension of liposomes in PBS. The
kinetics of drug release were biphasic, with a first phase of fast
drug release, followed by a second phase of sustained release.
The amount and rate of drug release during the first phase
were found to be significantly higher for the formulation pre-
pared with sucrose, when compared to that prepared without
sugar. Thus, the presence of sucrose enhanced antimony release
from liposomes. This effect of sucrose may be explained by
the increase in osmotic pressure difference between internal and
external compartments, as a result of the co-encapsulation of
sucrose and meglumine antimoniate.

3.2. Pharmacokinetics of antimony in the blood, liver,
spleen and bone marrow of dogs following administration
of liposomes with reduced size

The novel liposomal formulation of meglumine antimoniate
was further evaluated in mongrel dogs naturally infected with L.
chagasi. For this purpose, the liposomal drug was given intra-
venously as a bolus injection at 4.2 mg Sb/kg and 20 mg lipid/kg
o
m
m
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Fig. 2. Pharmacokinetics of antimony in the blood of dogs with VL, after
intravenous bolus injection of meglumine antimoniate-containing liposomes
prepared with sucrose, at 4.2 mg Sb/kg of body weight. Data are given as
means ± standard deviation (n = 4–5 animals). Data were fitted to a biexponen-
tial decay. The model fitted the mean data well with a coefficient of determination
(r2) of 0.995.

3 h after administration, showing a first rapid phase followed by
a second slower phase. From 3 to 96 h, the blood concentra-
tions of antimony were below the method quantification limit
(0.2 �g Sb/ml). Table 2 displays the pharmacokinetic parame-
ters obtained from this experiment.

Fig. 3 shows the distribution of antimony in the MPS organs
which are known to harbor Leishmania parasites, at different
times after injection of the liposomal drug. High levels of anti-
mony, in the range of 25–60 �g Sb/g of wet organ, were found
in the liver and spleen of animals. On the other hand, in the
bone marrow, about 10-fold lower antimony levels, in the range
of 1.2–5 �g Sb/g of wet tissue, were determined. Strikingly, no

Fig. 3. Distribution of antimony in dogs with VL, after intravenous bolus injec-
tion of meglumine antimoniate-containing liposomes prepared in the presence
of sucrose, at 4.2 mg Sb/kg of body weight. Data are given as means ± standard
d

f body weight. Fig. 2 shows the pharmacokinetics of anti-
ony in the blood. Data are consistent with a biexponential open
odel. The elimination of antimony from blood occurred within

ig. 1. Kinetics of release of antimony at 37 ◦C from meglumine antimoniate-
ontaining liposomes prepared with (filled circles) or without (empty circles)
ucrose and resuspended in drug-free PBS. Data are given as means ± standard
eviation (n = 3).
 eviation (n = 3–5 animals).
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Table 2
Pharmacokinetic parameters in dogs with VLa, corresponding to analysis of blood concentration after intravenous injection of meglumine antimoniate-containing
liposomes

Animal Weight (kg) t1/2� (min−1) t1/2� (min−1) AUC0–∞ (g min/l) Vss (ml/kg) CL (ml/min/kg) MRT0–∞ (min)

1 15.8 11.9 47.1 0.83 230.6 5.1 45.4
2 13.5 0.57 34.5 1.78 34.0 2.4 14.4
3 26.2 0.59 46.6 2.99 27.8 1.4 19.8
4 11.7 31.8 72.8 0.63 306.7 6.7 39.9
5 13.0 3.2 27.7 0.54 270.4 7.8 34.9

Mean 16.0 10 46 1.35 174 4.7 31
S.D. 5.9 14 18 1.04 133 2.8 14

a Dogs (n = 5) were given a single bolus intravenous injection of meglumine antimoniate-containing liposomes prepared with sucrose, at 4.2 mg Sb/kg of body
weight. Abbreviations: t1/2�, disposition phase half-life; t1/2�, terminal phase half-life; AUC0–∞, area under the blood concentration–time curve projected to infinity;
Vss, volume of distribution at steady state; CL, total body clearance; MRT0–∞ mean residence time projected to infinity.

significant variation of antimony levels as a function of time
was observed in the three organs (one-way ANOVA, P > 0.05),
indicating a long persistence of antimony in these organs for at
least 4 days.

3.3. Impact of drug encapsulation on antimony levels in
MPS organs

Fig. 4 compares the levels of antimony achieved in the dif-
ferent MPS organs, 96 h after administration either of the novel
liposomal formulation (4.2 mg Sb/kg) or of the free drug given
at a therapeutic dose (100 mg Sb/kg). According to this data,
the liposomal drug promoted a marked targeting of antimony
to MPS tissues. Even at a 23-fold lower dose of antimony, the
liposomal formulation resulted in antimony levels, two-fold, 63-
fold and 68-fold higher in the bone marrow, liver and spleen,
respectively, when compared to the free drug. It is also notewor-
thy that the antimony concentration after liposomal drug was
significantly lower in the bone marrow than in the other MPS
organs. This is in contrast with the free drug that did not show
any significant difference in antimony levels between the three
MPS organs (one-way ANOVA, P > 0.05).

The proportions of total antimony dose recovered from the
liver, spleen and bone marrow were also calculated (Table 3)
to further evaluate the impact of drug encapsulation on in vivo
antimony distribution. This data clearly confirms that treatment
w
t

F
w
p
t
(

Table 3
The proportion (%, mean ± S.D.) of the total antimony dose recovered from
liver, spleen and bone marrow of dogs, 96 h after dosing with free or liposomal
meglumine antimoniatea

Percentage of injected dose

Free Liposomal

Liver 0.021 ± 0.019 38.0 ± 6.5
Spleen 0.0035 ± 0.0029 7.0 ± 4.3
Bone marrow 0.027 ± 0.007 1.15 ± 0.32

a Animals were given a single intravenous bolus injection of either free
(100 mg Sb/kg) or liposomal meglumine antimoniate prepared with sucrose
(4.2 mg Sb/kg).

3.4. Influence of liposome size on antimony targeting to the
bone marrow of infected dogs

Fig. 5 compares the antimony level achieved in the bone
marrow of dogs 96 h after injection of the novel liposomal for-
mulation at 4.2 mg Sb/kg to that after a liposomal formulation
exhibiting higher vesicle size (prepared without sucrose) given
at 5.7 mg Sb/kg.

Fig. 5. Influence of liposome size on antimony level in the bone marrow of
infected dogs, 96 h after intravenous bolus injection of meglumine antimoniate-
containing liposomes. Small liposomes (prepared in the presence of sucrose,
with a mean vesicle diameter of 410 nm) were given at 4.2 mg Sb/kg of body
w
m
(
t

ith the liposomal drug directed a much greater proportion of
he dose to these tissues.

ig. 4. Comparison of antimony levels at 96 h in different MPS organs of dogs
ith VL after administration of meglumine antimoniate-containing liposomes
repared with sucrose (4.2 mg Sb/kg) or free meglumine antimoniate given at a
herapeutic dose (100 mg Sb/kg). Data are given as means ± standard deviation
n = 4–5 animals).
eight (n = 5). Large liposomes (prepared in the absence of sucrose, with a
ean vesicle diameter of 1200 nm) were given at 5.7 mg Sb/kg of body weight

n = 10). Data are given as means ± standard deviation. *P = 0.003 for unpaired
-test.
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A significantly (three-fold) higher antimony level was found
in the bone marrow of infected dogs after small sized liposomes
(mean diameter of 410 nm) than after large sized ones (mean
diameter of 1200 nm). This data strongly suggests that the reduc-
tion of liposome size promoted a higher drug targeting to the
bone marrow of dogs.

4. Discussion

Two advantageous encapsulation methods have recently been
proposed by our group for meglumine antimoniate (Frézard
et al., 2000, 2005; Demicheli and Frézard, 2005). The first
method used the dehydration–rehydration procedure (Kirby and
Gregoriadis, 1984), that consists of mixing a suspension of lipo-
somes (SUVs) prepared in water with an aqueous drug solution
and then freeze-drying the mixture. Rehydration of the result-
ing lyophilized powder with water and saline under controlled
conditions of temperature and lipid concentration resulted in
multilamellar vesicles with high drug encapsulation efficiency
(>30%). The second method consisted of freeze-drying a sus-
pension of SUVs prepared in water and then rehydrating the
lyophilized powder with a solution of meglumine antimoniate
(Frézard et al., 2000, 2005; Demicheli and Frézard, 2005). A sig-
nificant technological advantage of these methods, when com-
pared to conventional ones (Alving and Steck, 1980; Rao, 1986),
is that the liposomal formulation may be stored as an inter-
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400 nm, we were unable to prepare by this process liposomes
with a mean diameter of less than 200 nm, at least with this
specific lipid composition.

The pharmacokinetics of antimony in the blood of dogs, fol-
lowing intravenous administration of the resulting liposomal
formulation, was found to be biphasic and characterized by elim-
ination half-lives of about 10 and 45 min. At least one of the two
observed phases should correspond to the capture of liposomes
by MPS organs, as more than 45% of injected antimony was
encountered in the liver, spleen and bone marrow. Assuming
that meglumine antimoniate remained essentially encapsulated
after entering blood circulation, the biphasic profile of the blood
pharmacokinetic curve may be interpreted by the existence of
two distinct populations of phagocytic cells with either differ-
ing capture efficiencies or differing saturation levels. It is also
noteworthy that the observed pharmacokinetic profile differs
markedly from that of meglumine antimoniate alone in dogs,
which exhibited a slower terminal phase with a half-life of 6–11 h
(Valladares et al., 1996, 2001).

The long tissue persistence of antimony, following intra-
venous administration of the liposomal drug in dogs, constitutes
an important finding of the present study. We observed no sig-
nificant variation of antimony levels in the MPS organs over a
period of at least 3 days after administration. The tissue persis-
tence of antimony can be compared to that achieved with either
the free drug (Valladares et al., 1996) or the drug encapsulated
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ediate lyophilized product: as a liposome–drug mixture (first
ethod) or as pre-formed empty liposomes (second method).
he final rehydration step may then be performed just before
dministration, using water (first method) or a meglumine anti-
oniate solution (second method). A significant advantage of

he second method is that it does not expose the drug to freeze-
rying, thereby reducing the risk of chemical alteration of the
rug (Roberts et al., 1998). Finally, the resulting formulation
lso showed the expected high antileishmanial activity in ham-
ters infected with L. chagasi (Frézard et al., 2000). On the
ther hand, the large size of vesicles (mean diameter greater
han 1 �m) in these formulations appears to be a problem for
herapeutic use, because of the expected side effects following
ntravenous administration and, presumably, of the low drug tar-
eting to the bone marrow of dogs (Schettini et al., 2003, 2005).
n this context, the modification of the process of preparation of
hese formulations, based on the use of sucrose as cryoprotec-
ant, represents an important achievement, since vesicles with
ignificantly reduced size were obtained without affecting the
rug encapsulation efficiency. Methods of drug encapsulation,
elying on the rehydration of freeze-dried empty liposomes with
drug solution, have been described previously (Yachi et al.,

996; Frézard et al., 2000; Peer and Margalit, 2000; Stevens
nd Lee, 2003). However, the use of a cryoprotectant in this
rocess in order to control the final size of vesicles, although
lready employed in active encapsulation methods (Stevens and
ee, 2003), had not yet been proposed for passive encapsulation.
herefore, the demonstration of the feasibility of this process is
n important contribution of the present study to the field of lipo-
ome technology (Frézard et al., 2004). Even though the mean
iameter of liposomes was significantly reduced from 1200 to
n liposomes of the same lipid composition but of larger size
Schettini et al., 2005). Valladares et al. (1996), in their study
f the pharmacokinetics of free meglumine antimoniate in dogs,
ttributed the terminal phase of plasma drug elimination (with
alf-life of about 10 h) to the release of antimony from the tis-
ues. On the other hand, Schettini et al. (2005) have reported a
alf-life of about 4 days for the elimination of antimony from
he bone marrow of dogs with VL after administration of meg-
umine antimoniate-containing liposomes with a mean diameter
n the micron range (Schettini et al., 2005). Accordingly, the
ate of antimony elimination from the bone marrow of dogs
ould be slightly faster after large sized liposomes than after

mall sized ones. In order to account for the apparent difference
n the rate of tissue elimination between the free and encap-
ulated drugs, two hypotheses can be suggested. The free and
ncapsulated drugs may exhibit different tissue and/or cellular
istributions. Alternatively, the degradation of liposomes within
he phagolysosomes of macrophages may be the rate-limiting
tep for the release of antimony from MPS organs. Since the
resent formulation is made from a high phase transition tem-
erature phospholipid (DSPC) and a high proportion of CHOL, a
low rate of lysosomal degradation is indeed expected (Moghimi
nd Patel, 1998). A possible explanation for the influence of vesi-
le size on the retention of antimony by the bone marrow may be
hat the higher number of vesicles, expected in the formulation
f smaller liposomes, resulted in a higher number of vesicles
er macrophage and in a reduction of the effectiveness of these
ells for liposome degradation.

The demonstration that small sized vesicles resulted in a
hree-fold higher antimony level in the bone marrow of dogs
hen compared to larger vesicles (given at a 20% higher dose
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of antimony) represents an important contribution of this work.
Three different studies led us to hypothesize that small sized
liposomes may target more effectively the bone marrow of dogs.
Small sized liposomes (mean diameter less than 100 nm) con-
taining an antimonial drug were more effective than large sized
vesicles in reducing the number of Leishmania parasites in the
bone marrow of mice (Carter et al., 1989). Moreover, small lipo-
somes (mean diameter less than 150 nm), made from equimolar
amounts of CHOL and DSPC, showed a prolonged circulation
time and a much higher accumulation in the bone marrow of rats,
when compared to larger vesicles (Senior et al., 1985). Never-
theless, these results obtained in mice and rats may not apply
to dogs, since the capture of lipoprotein particles by the bone
marrow was found to be strongly species-dependent (Hussain
et al., 1989). Finally, small non-ionic surfactant vesicles (mean
diameter less than 100 nm) given at 0.68 mg Sb/kg (Collins et al.,
1993) promoted antimony levels in the bone marrow of healthy
dogs similar to those of larger conventional liposomes (mean
diameter greater than 1000 nm) given at 3.8 mg Sb/kg (Schettini
et al., 2003). The present study, however, is the first to demon-
strate unambiguously, in infected dogs and for liposomes with
the same lipid composition and a mean diameter in the range of
300–2000 nm, that smaller vesicles improved the drug targeting
to the bone marrow.

Despite the numerous investigations on the factors affecting
the in vivo fate of liposomes (Senior et al., 1985; Hwang, 1987;
W
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of antimony, when compared to the free drug and to a liposomal
formulation with larger vesicle size. Future studies will aim at
evaluating the antileishmanial efficacy of this novel formulation
in dogs naturally infected with L. chagasi.
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farmacêuticas do antimoniato de meglumina em lipossomas e uso das
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