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h i g h l i g h t s

� D-AMB and Nano-D-AMB had the
same efficacy to reduce paw diameter
of infected mice.
� Nano-D-AMB promoted a greater

reduction in parasite number and cell
viability.
� Nano-D-AMB favored a longer

interval between drug
administrations.
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a b s t r a c t

The major goal of this work was to design a new nanoparticle drug delivery system for desoxycholate
amphotericin B (D-AMB), based on controlled particle size, looking for the most successful release of
the active agents in order to achieve the best site-specific action of the drug at the therapeutically optimal
rate and dose regimen. For this, AMB nanoencapsulated in poly(lactic-co-glycolic acid) (PLGA) and dim-
ercaptosuccinic acid (DMSA) nanoparticles (Nano-D-AMB) has been developed, and its efficacy was eval-
uated in the treatment of experimental cutaneous leishmaniasis in C57BL/6 mice, to test if our nano-drug
delivery system could favor the reduction of the dose frequency required to achieve the same therapeutic
level of free D-AMB, and so, an extended dosing interval. Magnetic citrate-coated maghemite nanoparti-
cles were added to this nanosystem (Nano-D-AMB-MG) aiming to increase controlled release of AMB by
magnetohyperthermia. Female mice (N = 6/group) were infected intradermally in the right footpad with
promastigotes of Leishmania amazonensis in the metacyclic phase, receiving the following intraperitoneal
treatments: 1% PBS for 10 consecutive days; D-AMB at 2 mg/kg/day for 10 days (totalizing 20 mg/kg/ani-
mal); Nano-D-AMB and Nano-D-AMB-MG at 6 mg/kg on the 1st, 4th and 7th days and at 2 mg/kg on the
10th day, also totalizing 20 mg/kg/animal by treatment end. The Nano-D-AMB-MG group was submitted
to an AC magnetic field, allowing the induction of magnetohyperthermia. The evaluations were through
paw diameter measurements; parasite number and cell viability were investigated by limiting dilution
assay. D-AMB-coated PLGA–DMSA nanoparticles showed the same efficacy as free D-AMB to reduce
paw diameter; however, the Nano-D-AMB treatment also promoted a significantly greater reduction in
parasite number and cell viability compared with free D-AMB. The nano-drug AMB delivery system
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appeared more effective than free D-AMB therapy to reduce the dose frequency required to achieve the
same therapeutic level. It thus favors a longer interval between doses, as expected with development of a
new nano drug delivery system, and may be useful in the treatment of many different pathologies, from
cancer to neurodegenerative diseases.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Leishmaniases comprise a complex group of non-contagious
infectious vector-borne diseases caused by protozoa of the Leish-
mania genus, which affect more than 12 million people in 88 coun-
tries worldwide. Although its clinical forms are particularly
diverse, the disease can be classified in three main forms: cutane-
ous leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and
visceral leishmaniasis (VL) (de Souza et al., 2010; Desjeux, 2004;
Launois et al., 2008; Murray et al., 2005; Wang et al., 2011;
Zauli-Nascimento et al., 2010). VL is typically caused by the
Leishmania donovani complex, which includes the species
L. donovani, Leishmania infantum and Leishmania chagasi (Sundar
and Rai, 2002; Wang et al., 2011), whereas CL and MCL forms are
caused by several Leishmania species, including Leishmania major,
Leishmania tropica, Leishmania amazonensis (CL) and Leishmania
braziliensis (CL and MCL) (Minodier and Parola, 2007; Souza
et al., 2011; Wang et al., 2011).

The causative species of CL determines the clinical features and
courses, and the treatments (Minodier and Parola, 2007). This dis-
ease presents a broad spectrum of clinical features: it may be lim-
ited to a single part of the skin (localized cutaneous leishmaniasis)
or may produce a large number of lesions (diffuse cutaneous
leishmaniasis), causing severe skin lesions and, exceptionally, lead-
ing to fatal systemic infection (de Souza et al., 2010; Minodier and
Parola, 2007; Nogueira and Sampaio, 2001; Silveira et al., 2009).
L. amazonensis is clinically important in the New World, where it
can cause localized CL or diffuse CL, especially in immuno-compro-
mised hosts (de Souza et al., 2010; Zauli-Nascimento et al., 2010).

Systemic antimonials are generally required for the treatment
of CL in the New World because of the risk of mucosal involvement
(Minodier and Parola, 2007). This current chemotherapy has a ser-
ies of limitations such as: high cost, intravenous administration
and high toxicity, associated with many other undesirable side ef-
fects. The antibiotic amphotericin B (AMB), a second-choice drug,
has showed good clinical results, although its use in CL treatment
requires more extensive studies. However, its effectiveness is also
limited and sometimes causes significant hypersensitivity reac-
tions, nephrotoxicity, hepatotoxicity, cardiotoxicity, and other ad-
verse effects (Launois et al., 2008; Minodier and Parola, 2007;
Vyas and Gupta, 2006). Thus, the development of alternative ther-
apies is a priority for the treatment of this infection.

The design of nano drug delivery systems for conventional
drugs represents one of the most promising antimicrobial thera-
pies due to its higher therapeutic efficacy, low toxicity, higher tar-
get delivery effect, and prolonged systemic circulation lifetime,
releasing drugs in a sustained and controlled manner (Zhang
et al., 2007, 2010). Moreover, because nanoformulations as a drug
delivery system improve bioavailability, the protection of drugs
incorporated from metabolism is a favorable feature of nanosys-
tems, allowing prolonged drug residence in the human body, and
therefore prolonging time between administrations (das Neves
et al., 2010). Thus, the major goal of this work was to design a
new nanoparticle drug delivery system for desoxycholate ampho-
tericin B (D-AMB), based on controlled particle size, looking for
the most successful release of the active agents in order to achieve
the best site-specific action of the drug at the therapeutically opti-
mal rate and dose regimen. For this, AMB nanoencapsulated in

poly(lactic-co-glycolic acid) (PLGA) and dimercaptosuccinic acid
(DMSA) nanoparticles (Nano-D-AMB) has been developed, and its
efficacy was evaluated in the treatment of experimental cutaneous
leishmaniasis in C57BL/6 mice, to test if our nano-drug delivery
system could favor the reduction of the dose frequency required
to achieve the same therapeutic level of free D-AMB, and so, an ex-
tended dosing interval. Because hyperthermia based on magnetic
nanoparticles results in controlled release of the drug (Kumar
and Mohammad, 2011), magnetic citrate-coated maghemite nano-
particles were added in this nanosystem (Nano-D-AMB-MG), in an
attempt to increase the controlled release of AMB by
magnetohyperthermia.

2. Material and methods

2.1. Syntheses of nanostructured D-AMB samples

The polylactic acid (PLA), polyglycolic acid (PGA), DMSA and the
D-AMB used to prepare Nano-D-AMB were purchased from Sigma
(St Louis, MO, USA). The sample of Nano-D-AMB was prepared
according to Amaral et al. (2009), with slight modification. The
polymers (50 mg of PLA and 50 mg of PGA) were first dissolved
in 10 ml of dichloromethane. This organic solution received the
addition of 120 mg of D-AMB and 0.05 M DMSA as an additive.
To another solution of 40 mL of a phosphate buffer saline solution
(PBS) containing polyvinyl alcohol (PVA) 1%, was added the initial
organic solution of PLA-PGA with vigorous agitation in a blender
operating ultra turrax system (10,000 rpm) to obtain the initial
water–in-oil emulsification. The organic solvent was removed from
the solution by stirring at room temperature and evaporation un-
der reduced pressure. The nanoparticles were centrifuged (25 �C,
5000 rpm) in intervals of 10 min. The preparation was washed
three times in distilled water, suspended in 1.0 mL physiological
PBS solution, and stored at 4 �C. All procedures were developed
in a sterile room with all the manipulation in sterile wood. The sta-
bility of the suspension was analyzed over time and maintained for
3 weeks. The process was protected by a patent deposited in the
INPI (National Institute of Intellectual Property, Brazil), PI #
0700446-0.

Magnetic D-AMB polymer sample (Nano-D-AMB-MG) was
developed following the same protocol described above. The mag-
netic fluid sample based on citrate-coated maghemite nanoparti-
cles was synthesized and characterized as previously described
(da Silva et al., 2003), with maghemite nanoparticles being ob-
tained via oxidation of magnetite nanoparticles by co-precipitation
of Fe (II) and Fe (III) ions in alkaline medium (Soler et al., 2004). The
precise volume of the stock solution of citrate-coated maghemite
nanoparticles at 2.3 � 1016 particles/mL was added to the initial
phosphate buffer saline solution (PBS) containing polyvinyl alcohol
(PVA 1%). To this solution was finally added the organic phase con-
taining D-AMB and the DMSA additive with vigorous agitation in a
blender operating ultra turrax system (10,000 rpm) to obtain the
initial water–in-oil emulsification. The final isolation of the Mag-
netic D-AMB sample was identical to the procedure described
above for the non-magnetic one, rendering a stabilized fluid with
7.8 ± 2.6 nm average-diameter maghemite nanoparticles coated
with citrate, at the concentration of 3.4 � 1013 particles/mL, used
in the experiments.
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