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Abstract. This article describes the characterization of various encapsulated formulations of benznidazole, the cur-
rent first-line drug for the treatment of Chagas disease. Given the adverse effects of benznidazole, safer formulations of
this drug have a great interest. In fact, treatment of Chagas disease with benznidazole has to be discontinued in as much
as 20% of cases due to side effects. Furthermore, modification of delivery and formulations could have potential effects
on the emergence of drug resistance. The trypanocidal activity of new nanostructured formulations of benznidazole to
eliminate Trypanosoma cruziwas studied in vitro as well as their toxicity in two culturedmammalian cell lines (HepG2 and
Fibroblasts). Nanoparticles tested included nanostructured lipid carriers, solid lipid nanoparticles, liposomes, quat-
somes, and cyclodextrins. The in vitro cytotoxicity of cyclodextrins–benznidazole complexeswas significantly lower than
that of free benznidazole, whereas their trypanocidal activity was not hampered. These results suggest that nano-
structured particles may offer improved therapeutics for Chagas disease.

INTRODUCTION

Infection by Trypanosoma cruzi causes Chagas disease
(American trypanosomiasis), a chronic systemic condition
considered by the World Health Organization (WHO) a
neglected tropical disease. The infection affects 6–8 million
people worldwide and is the largest parasitic disease burden
throughout the Americas.1 Although previously confined to
rural areas in Central and South America, it has now spread
into urban zones in Latin America, North America, Europe, and
even Japan.2,3 The migration of chronically infected and
asymptomatic individuals has led to the globalization of the
disease. Moreover, its vectorial transmission by kissing bugs
is no longer the unique mode of transmission. Rather non-
vectorial infection, including vertical transmission, blood-
borne, and intake of contaminated drinks has been reported,
leading to an increase in the number of new cases and drastic
changes in the classical epidemiology map of Chagas
disease.4,5

The disease is characterized by a complex pathology in-
volving the invasion and successful intracellular establish-
ment of T. cruzi in certain tissues, including cardiac and
skeletal muscle and the nerve cells of the heart and gastro-
intestinal tract.6 The clinical course can be divided into three
phases: 1) The early acute phase, when parasitemia can be
detected, lacks specific symptoms and the majority of pa-
tients resolve spontaneously; however, this phase can be
life-threatening in children or if myocarditis develops; 2) the
diseaseprogress to a silent, asymptomatic indeterminate phase
in which parasites hide in different tissues; and with further
progression 3) the clinical course evolves to a chronic phase.
In 30% of the patients with chronic Chagas disease cardio-
myopathy, megaesophagus, megacardias, or megacolon will
develop. Thus, the disease remains a leading cause of cardiac
mortality and gastrointestinal tract pathology. Treatment
during the acute phase provides high cure rates, but the

efficacy of drug therapy declines with increasing duration of
the infection. Nevertheless, based on strong evidence of
parasitic persistence as the cause of disease progression,7

the WHO recommends that all adult patients with chronic
Chagas disease should be treated.8 Current therapeutic op-
tions include twonitro heterocyclic compounds, benznidazole
(BNZ) and nifurtimox, empirically developed more than four
decades ago.9 Since 1980, the WHO has listed BNZ as a
recommended drug for adults and children. However, al-
though it is still considered the best treatment and has fewer
side effects than nifurtimox, the cure rates achieved with BNZ
in chronic-phase patients are low; it significantly reduces the
parasitemia but there is no cardiomyopathy improvement.10

Furthermore, the toxic profile of BNZ in adults is such that
nearly 20%of patientsmust discontinue treatment becauseof
hypersensitivity-related drug toxicity events11 including der-
matological, hematological, digestive, articular, and neuro-
logical ones, mostly appearing in the first 2 weeks.12

Cutaneous side effects are the most common, although rates
vary among series (18–56%). They are normally mild to
moderate and manageable with antihistamines together with
topical or low-dose systemic corticosteroids, although re-
ports of severe skin reactions with possible atypical clinical
findings have been published recently.13 Based on these
findings, the need for effective, but less toxic drugs is clear
since in the absence of a vaccine, the control of the vector and
the treatment of patients are theonly available tools to fight the
disease. Different strategies are being sought to overcome the
toxicity of BNZ including shorter or intermittent administration
schedules, either alone or in combination with other drugs.14

Combinations have included the use of BNZ with ergosterol
inhibitors although no additional benefits were seen when
compared with monotherapy.15,16 Another approach was to
formulate the drugs to specifically target the affected tis-
sues,17 thus improving their bioavailability and by reducing
the required dose, decreasing their toxicity. The targeting of
drugs against T. cruzi using colloidal systems (e.g., liposomes
[LPs] and nanoparticles) has been examined in several
studies.18–22 The lowwater solubility of BNZ (0.4mg/mL) has
been circumvented with different strategies, for example,
using chitosan microparticles,23 or solid dispersions in sodium
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deoxycholate.24 Cyclodextrins (CDs), a family of ring com-
pounds made up of sugar molecules, are widely used in the
pharmaceutical industry to improve solubility and oral bio-
availability while diminishing toxicity. Their use in obtaining
complexes of different drugs with trypanocidal action has
been explored.25–29

Theaimsof thepresentworkwere1) to determine the in vitro
trypanocidal activity of new nanostructured formulations of
BNZ:small unilamellar vesicles (SUVs) (conventional nano-
LPs and quatsomes [QS], lipid nanoparticles [solid lipid
nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs)]) and nanostructured CD complexes; and 2) to explore
the toxicity of these agents in two cultured mammal cell lines.

MATERIALS AND METHODS

Cultures. Trypanosoma cruziwas grown axenically at 28�C
in liver infusion–tryptose medium (LIT; Difco™ BD, MD; Pro-
nadisa, Madrid, Spain) containing 10% fetal bovine serum
(FBS;Gibco, Life Technologies,NY)plusantibiotics (100mg/mL
streptomycin + 100U/mL penicillin G; Sigma-Aldrich, St. Louis,
MO). Strains were maintained in exponential growth by weekly
passages.24 Tissue-culture-derived (TCD) trypomastigotes
were obtained as follows: Murine L-929 fibroblasts were cul-
tured in plastic tissue culture flasks (75 cm2; VWR Int LLC,
Radnor, PA) containing MEMHSP (minimal essential medium
[MEM; Biochrom AG, Berlin, Germany] with Hepes [Sigma-
Aldrich] plus antibiotics [SP]) until they formedanon-confluent
monolayer. The cells were then infected with epimastigotes in
the stationary phase of growth (14-day-old cultures), incubated

for 24 hours in a humidified 5%CO2 atmosphere at 33�C, and
then washed with phosphate-buffered saline (AMRESCO,
Solon, OH) to remove noninternalized parasites, incubation
was in MEMHSP for 7–20 days, until a large number of free
trypomastigotes appeared, they were then harvested by
centrifugation.
The cytotoxicity30 was determined in murine L-929 fibro-

blasts (NCTC clone 929, ECACC 88102702) and human he-
patocellular carcinoma cell line Hep G2 (American Type
Culture Collection [ATCC]).31,32

Drugs and nanoformulates. BNZ (Laboratorios ELEA,
Buenos Aires, Argentina). Dipalmitoylphosphatidylcholine
(DPPC)andcholesterol_PEG1000 (Chol_PEG) (CordenPharma,
Plankstadt, Germany); Hidroxy-propyl-β-CD (HP-β-CD) kindly
given by Ashland Inc. (Barcelona, Spain); cholesterol (Chol)
(AppliChem, Darmstadt, Germany); and surfactants,
myristalkonium chloride and benzalkonium chloride (Sigma-
Aldrich and Tres Cantos, Madrid, Spain) were used.
Four types of quatsomes (QS) and three of LP were pre-

pared by a one-step procedure based on the use of com-
pressed CO2..

33 Ethanol and nonencapsulated BNZ were
removed by diafiltration of nanovesicular suspensions. CDs
loaded with BNZ were prepared by an antisolvent pre-
cipitation with compressed CO2.

34 SLNs and NLCs were
prepared as previously described.35,36 Trehalose (15%), a
well-known cryoprotectant, was used in the freeze-drying of
the nanoparticles.
Cytotoxicity test.Cytotoxicitywasdeterminedbymeasuring

the extracellular reduction of tetrazolium salts (water-soluble
tetrazolium [WST]) (Roche, Pleasanton, CA).37,38 The assay was

TABLE 1
Description of the different types of SUVs (small unilamellar vesicles) investigated in the present work

Type of vesicle Name Composition* Molar ratio of components Lipid concentration (mg/mL)†

Quatsomes QSa Chol:MKC 1:1 5.5
QSb Chol:MKC:Chol_PEG 6:7:1 6.1
QSc Chol:BKC 1:1 5.7
QSd Chol:BKC 0.5:1 4.2

Liposomes LPa Chol:DPPC 1:1 1.4
LPb Chol:DPPC 0.72:1 5.2
LPc Chol:DPPC:Chol_PEG 6:9:1 1.4

SUV = small unilamellar vesicle.
*Membrane components of the SUVs. BKC = benzalkonium chloride; Chol = cholesterol; Chol-PEG = cholesterol functionalized with polyethyleneglycol (PEG1000); MKC = myristalkonium.
† Lipid concentration: total mass of membrane components comprising the SUVs divided by the total volume of vesicular suspension.

TABLE 2
Physicochemical characteristics (drug content, size, Z-potential, and morphology) of the different samples of SUVs

Name Drug (%)*

Size (diameter)†

Z-potential† (mV) Morphology‡Mean (nm) PDI

QSa 0 0 115 ± 31 0.292 ± 0.001 +95.2 ± 1.4 Spherical: unilamellar and multivesicular
QSb 0 0 46 ± 13 0.304 ± 0.005 +94.4 ± 6.6 Spherical: unilamellar
QSc 0 0 124 ± 40 0.409 ± 0.031 +77.2 ± 0.4 Spherical: unilamellar (+fraction of

non-vesicular phase)
QSd 0 0 104 ± 28 0.284 ± 0.005 +66.3 ± 0.6 Spherical: uni- and bilamellar
LPa 0 0 115 ± 23 0.167 ± 0.007 −12.1 ± 0.6 Spherical: uni- and multilamellar
LPb 0 0 122 ± 27 0.197 ± 0.007 −17.8 ± 0.5 Uni- and multilamellar
LPc 0 (1) 0 103 ± 25 0.230 ± 0.010 −15.3 ± 0.8 Unilamellar and non-assembled

phospholipid bilayers
LPc 0 (2) 0 117 ± 47 0.235 ± 0.003 +21.1 ± 0.5 Spherical: unilamellar
LPb 0.3 0.3 118 ± 26 0.190 ± 0.005 −9.7 ± 0.8 Uni- and multilamellar
BNZ = benznidazole; SUV = small unilamellar vesicle.
* Percentage in weight of BNZ in relation to the total mass of membrane components.
†Size and Z-potential determined by dynamic light scattering.
‡Morphological inspection by cryotransmission electronmicroscopy.
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optimizedwith respect to both the number of cells perwell and
the detection time for each cell type. All tests were performed
in triplicate and the experiments were run three times in dif-
ferent weeks. Medium and drug blanks were used in each test
as controls. For the initial screening, the assays were perfor-
medat concentrationsof 100, 10, and1mgnanoformulate/mL.
L-929 and HepG2 cells were grown in MEM and Roswell Park
Memorial Institutemedium1640, (BiochromAG,Berlin,Germany),
respectively,supplementedwith10%FBS.Cells frompre-confluent
cultures were harvested with ethylenediaminetetraacetic acid–
trypsin (Sigma-Aldrich and AppliChem) and maintained at 37�C
in ahumidified5%CO2atmosphere. TheL-929 andHepG2cells
were seeded in 96-well flat-bottom microplates (WWR Int LLC,
Radnor, PA) (4 × 103 and 1.5 × 104 cells/well, respectively) and
allowed to attach for 24 hours at 37�C. The medium was then
replaced with medium containing different concentrations of
drugs and the cellswere incubated for another 24 hours. The cell
proliferation reagentWSTwas added and themixture incubated
at 37�C for 3 hours. Measurements were performed with a
scanningmulti-well spectrophotometer (ELISAMultiskan reader,
BioTek Instruments, Inc.,Winooski, VT) at 450 nmwavelength. A
second cytotoxicity assay using a wider range of nanoformulate
concentrations was carried out to calculate the IC50 value (the
drug concentration that inhibits the 50% of cell growth).

Epimastigote and trypomastigote/amastigote growth
inhibition assays. In vitro biological activity assays were
carried out using axenic cultures of T. cruzi (CL strain, clone
B5) carrying lacZ,39 generously provided by Gómez-Barrio.40

Formulations with a low cytotoxicity for mammalian cells
(< 20% inhibition)41 were tested for their activity against epi-
mastigotes chosen for preliminary screening because of
its simple maintenance and relatively high drug sensitiv-
ity.42 Drug activity was evaluated using the colorimetric
method43,44. Absorbances and cell counts were compared to
determine their correlation under the conditions of our labo-
ratory. Epimastigotes were grown at 28�C in LIT containing
10% FBS and SP and harvested during the exponential
growth phase (day 7). The screening assay was performed in
96-well microplates (WWR Int LLC ) seeded with 2.5 × 105

epimastigotes/mL. After 72 hours of incubation at 28�C,
the substrate chlorophenol redβ-D-galactopyranoside (CPRG;
Roche), prepared in 0.9% Triton X-100 solution (EMD,
Darmstadt, Germany), was added to a final concentration of
200 mM. Once incubated at 37�C for an additional 3 hours,
measurements at 595 nm wavelength were done. Efficacy
was estimated by determining the epimastigote growth
percentage (% EG value), calculated as follows:%EG= ([AE −

AEB]/[AC − ACB] × 100), where AE is the absorbance of the

TABLE 3
Physicochemical characteristics (drug content, size distribution, and morphology) of the different samples of nanostructured cyclodextrins (CDs)
loaded with benznidazole (BNZ) studied in the present work

Name Drug* (%)

Particle size (mm)†

Morphology‡/crystallinity§d(0.1) d(0.5) d(0.9)

CD 12 12 0.9 ± 1.5 7.4 ± 1.5 17.1 ± 2.0 Homogeneous nanostructure/
amorphous

CD 24 24 3.5 ± 0.4 9.5 ± 1.0 21.0 ± 2.2 Nanostructure + few non-nanostructured
areas/mixture of amorphous and
crystalline phases

CD 52 52 1.4 ± 0.1 7.2 ± 0.5 16.9 ± 1.1 Nanostructure + non-nanostructured
areas/mixture of amorphous and
crystalline phases

CD 48 48 1.5 ± 0.2 6.1 ± 0.3 13.7 ± 0.6 Nanostructure + non-nanostructured
areas/mixture of amorphous and
crystalline phases

CD 45 45 1.5 ± 0.3 8.1 ± 0.2 18.8 ± 0.6 Nanostructure + non-nanostructured
areas/mixture of amorphous and
crystalline phases

*Percentage in weight of BNZ in relation to the total mass of CD.
†Volumetric particle size distributions, measured by light scattering technique, d(0.1), d(0.5), and d(0.9), particle diameters (μm) under which there are 10%, 50%, and 90%of the total volume of

the sample, respectively.
‡Morphological inspection by scanning electron microscopy.
§Crystallinity characterization by differential scanning calorimetry (DSC).

TABLE 4
Characterization (morphology, particle size, and zeta potential measurement) and properties of the different lipid nanoparticles (SLNs andNLCs)
Formulation Drug (%)* Size† (nm) PDI‡ Z potential (mV) EE (%) Cumulative release (%)

SLN 0 261.96 ± 5.20 0.263 ± 0.02 −23.8 ± 0.66 – –

5 272.40 ± 7.95 0.232 ± 0.00 −23.7 ± 0.60 83.28 –

10 265.20 ± 6.16 0.219 ± 0.02 −19.7 ± 0.05 88.68 –

20 264.63 ± 5.04 0.262 ± 0.02 −23.1 ± 0.34 95.20 19.50
NLC 0 262.10 ± 4.03 0.371 ± 0.03 −23.0 ± 2.45 – –

5 389.20 ± 8.45 0.385 ± 0.01 −24.9 ± 1.17 98.81 –

10 288.23 ± 43.01 0.447 ± 0.00 −27.3 ± 0.98 99.40 –

20 273.73 ± 31.79 0.373 ± 0.01 −20.9 ± 1.15 99.69 38.30
30 336.60 ± 20.87 0.384 ± 0.02 −29.8 ± 1.66 99.77 55.20

BNZ = benznidazole; EE = encapsulation efficiency; NLC = nanostructured lipid carrier; PDI = polydispersity index; SD = standard deviation; SLN = solid lipid nanoparticle.
* Percentage in weight of BNZ in relation to the total mass.
†Size: arithmetic mean values in nm ± SD.
‡PDI: arithmetic mean values ± SD.
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experimental group, AEB the blank, AC the control group, and
ACB the culture medium blank and free BNZ as reference.
To improve the specificity of the trypanocidal activity de-

termination, compounds with low cytotoxicity (< 20% growth
inhibition) and activity against epimastigotes greater than, or
equal to free BNZ, were assayed against amastigotes. The
assay was carried out in a tissue/cell culture system that
allowed determining the activity against both amastigote and
trypomastigote forms simultaneously. The lengthy of the
assay (a full week) allows replication of intracellular T. cruzi
amastigotes but also release of trypomastigotes. This obvi-
ously produces cultures in which the presence of a small
proportion of trypomastigotes cannot be ruled out. This is the
in vitro method of choice for screening drugs for their activity
against T. cruzi,41 because it mimics the lifecycle of the par-
asite in mammals since when treating patients both parasite
forms will be coexisting.45 TCD infective trypomastigotes
were obtained from infected L-929 fibroblasts in MEMHSP.
The assay was performed in 96-well microplates following
the recommendations for drug screening.41 Fibroblasts
were seeded at a density of 4 × 103 cells/well in 80 μL of the
abovedescribed medium, allowed to attach for 24 hours
at 37�C, and then infected with 20 μL of TCD infective
trypomastigotes/well in the same medium. The cell/parasite
ratio was 1/10. After 2 hours of infection at 33�C, the medium,
containing non-penetrated trypomastigotes, was discarded
and replaced by 200 μL of MEM without phenol red supple-
mented with 10% FBS. After 48 hours, content of the wells
was replaced by 200μL of the dilutions of compounds inMEM
without phenol red and incubated for 96 hours at 33�C. Fifty
microliters of substrate (CPRG in 3% Triton X-100; final con-
centration 400 mM) was then added and measured at 595 nm
wavelengthafter24hoursat37�C.Controlsconsistedofdimethyl
sulfoxide 10%, fibroblasts, medium, drug, and untreated

infected cells. The results were expressed as the percentage
of viable T. cruzi in treated infected cells versus untreated
infected cells:%AG= (AE−AEB)/(AC −ACB) × 100, where AE
is the absorbance of the experimental group, AEB the com-
pound (drug) blank, AC the absorbance of the control group
(untreated infected cells), and ACB the culture medium (MEM)
blank. The absorbance values of the uninfected fibroblasts
were subtracted from themeasurements. Free BNZwas used
as the reference drug. Each concentration was tested in trip-
licate and each experiment was performed three times in-
dependently. The BNZ susceptibility of T. cruzi epimastigotes
and trypomastigotes/amastigotes was determined and the
IC50 (the drug concentration that eliminates 50% of the par-
asites) calculated (CL B5 strain IC50 to BNZ 14.9–26.8 μM) for
each batch of formulates. An internal control of four BNZ
concentrations, including the IC50, was included in each plate.
The selectivity index (SI) of each form of the parasite was
calculated basedon the ratio of the IC 50 value in L-929divided
by the IC50 value of the parasite.41

Statistical analysis. All data are expressed as mean ± SE
of the means (SEM). GraphPad Prism software was used to
calculate the IC50 values. The significance was evaluated
using Student’s t test (P < 0.05 significant). In addition, the “Z-
factor”was calculated (according to the formula Z = 1 − (3 SD
of sample +3SDof control)/(meanof the sample−meanof the
control) to evaluate the quality of each in vitro assay.46

RESULTS AND DISCUSSION

Table 1 shows the membrane components of SUVs, their
molar ratios, and total membrane components concentration.
Table 2 shows the physicochemical characteristics of the
different SUVs, BNZ unloaded and loaded. The ethanol con-
tent was below 200 ppm. All vesicular formulations have a

TABLE 5
Cytotoxicity of nine different SUVs preparations for cultured mammalian cells (L 929 and Hep G2)

Formulate

L 929 HepG2

100 mg/mL 10 mg/mL 1 mg/mL 100 mg/mL 10 mg/mL 1 mg/mL

QSa 0 95.5 ± 0.5 5.4 ± 4.8 8.9 ± 2.1 80.8 ± 0.3 13.1 ± 1.0 0.0 ± 0.0
QSb 0 88.5 ± 1.0 21.7 ± 4.1 2.1 ± 3.7 69.8 ± 3.3 25.3 ± 1.8 2.9 ± 5.0
QSc 0 83.3 ± 0.4 11.8 ± 2.5 5.9 ± 1.2 55.6 ± 4.0 4.5 ± 1.2 1.1 ± 0.2
QSd 0 82.4 ± 2.6 9.0 ± 2.6 0.9 ± 1.5 69.4 ± 0.7 10.6 ± 5.5 3.5 ± 2.8
LPa 0 2.6 ± 2.3 0.2 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 4.8 ± 3.1
LPc 0 (1) 39.4 ± 2.4 12.4 ± 2.8 3.2 ± 0.5 27.9 ± 5.7 0.0 ± 0.0 0.0 ± 0.0
LPc 0 (2) 32.1 ± 3.7 0.0 ± 0.0 0.0 ± 0.0 36.2 ± 4.9 4.0 ± 2.2 2.3 ± 2.4
LPb 0 0.0 ± 0.0 0.1 ± 0.17 0.0 ± 0.0 0.6 ± 1.1 0.0 ± 0.0 3.5 ± 4.7
LPb 0.3 0.0 ± 0.0 3.1 ± 3.2 14.9 ± 1.9 1.5 ± 2.6 0.0 ± 0.0 0.0 ± 0.0
ATCC=American TypeCultureCollection; BNZ=benznidazole; SUV= small unilamellar vesicle;WST=water-soluble tetrazolium.Data reported as percentageof killed cells (WST test). QSa,b,c,

and d: nonloaded quatsomes; LPa,c, and b 0: nonloaded liposomes; LPb 0,3: BNZ-loaded liposome; L 929: murine L-929 fibroblasts (NCTC clone 929); Hep G2: human liver hepatocellular cells
ATCC.

TABLE 6
Cytotoxicity of NLCs for mammalian cells (L 929 and Hep G2)

Formulate

L 929 HepG2

100 mg/mL 10 mg/mL 1 mg/mL 100 mg/mL 10 mg/mL 1 mg/mL

NLC O’ 10.0 ± 1.6 5.6 ± 3.2 5.7 ± 5.4 9.5 ± 8.8 2.7 ± 4.7 2.4 ± 4.1
NLC 59 5.0 ± 4.5 3.9 ± 3.7 3.7 ± 3.6 1.5 ± 2.7 0.3 ± 0.6 0.2 ± 0.1
NLC 10’ 4.9 ± 4.3 3.2 ± 3.0 3.4 ± 3.6 1.2 ± 2.1 1.9 ± 1.6 5.4 ± 5.5
NLC 20‘’ 5.3 ± 9.2 2.6 ± 4.4 2.2 ± 2.4 1.6 ± 0.8 0.5 ± 0.5 0.4 ± 0.5
NLC 30’ 3.1 ± 1.8 0.3 ± 0.5 1.9 ± 3.3 4.9 ± 8.5 0.1 ± 0.1 0.7 ± 1.3
ATCC = American Type Culture Collection; Hep G2 = human liver hepatocarcinoma cells ATCC; L 929 = murine L-929 fibroblasts (NCTC clone 929); NLC = nanostructured lipid carriers;

WST = water-soluble tetrazolium test. Data reported as percentage of killed cells (WST test).
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mean diameter in the nanoscopic range. Z-potential values
show that QSs were much more stable than LPs due to their
high positive surface charges. Z-potential values of LPs were
always below 30mV, indicating that these formulations would
sediment with time. However, in the case of LPs with poly-
ethyleneglycol, this sedimentation is prevented through steric
repulsion of PEG groups. Concerning CD, Table 3 shows
the physicochemical characteristics of the different nano-
structured CD complexes of BNZ. All CDs showed compa-
rable size distribution, centered around 5–10 μm, when
measured by light scattering. However, their structure at
submicroscopic and supramolecular level was significantly
heterogeneous as revealed by scanning electron microscopy
and differential scanning calorimetry. Indeed, meanwhile sam-
ple CD 12 was completely amorphous and showed homoge-
neousnanostructure, crystalline andnon-nanostructuredareas
were detected in the rest, whose extension increases with the
BNZ loading.CDcarriedmuchmoreBNZthanLPs (Table2) and
were easily tuned by process parameters, major advantage of
CD over SUVs.
The distribution of the loaded SLN particles before freeze-

dryingwasmonomodal (Table 4); the averageparticle sizewas
∼166 nm and their Z-potential was −21 mV. The loaded NLCs
were slightly larger, ∼202 nm, with a Z-potential of −26.2 mV.
TheNLC formulations hadanEEof∼99%, and theSLNsanEE
of 95%. The cumulative release profiles of the loaded SLNs
showed an initial burst of BNZ, reaching 18% at 1.5 hours for
20%. Thereafter, release was slower, such that the maximum
BNZ release was 19.5%. Themaximum release obtained with
the BNZ-loaded NLCs was higher than that achieved with
SLNs, although in this case the initial burst was reached 5
hours later.

Cytotoxicity. Empty QSs resulted to be toxic at high con-
centrations, although the reasons remain unknown.47 In fact,
toxicitywas high for almost all preparations tested. The results
pointed out that the cytotoxicity ofQSwas >20%,which ruled
out the useof thesepreparations.On the contrary, cytotoxicity
of LPs was almost negligible; although BNZ-loaded LPs gave
paradoxical results, since when assayed on fibroblasts, low
concentrations exhibited marked toxicity (Table 5).
Unloaded lipid nanoparticles presented a concentration-

dependent toxicity, whereas with the loaded nanoparticles,
paradoxical results were obtained with a considerable degree
of variability between replicates, warranting revision on the
accuracy of the test in the evaluation of these particles. Based
on both toxicity results and trypanocidal activity, we discard
SLNs particles and keep on working with three new formula-
tions of NLCs having faster initial burst. Toxicity was always
< 15%.SEMsbetweenexperimentswereactually high (Table 6).
Similarly, WST tests for CD had an acceptable degree of cy-
totoxicity (< 20% growth inhibition), albeit with minor varia-
tions (Table 7). To calculate the SI, the cytotoxicity of the
nanoformulates was determined over a broader range of
concentrations (Table 8).
Biological activity: lipid nanoparticles SLN and NLC.

SLN, NLC, and free BNZhad similar antiparasitic effect, which
may be due to the kinetics of drug release from nanoparticles
(Table 9). At the concentrations tested, IC50 values for theNLC
30% could not be measured since the values obtained were
> 256 μM, the maximum concentration tested. NLC activities

TABLE 7
Cytotoxicity of nanostructured CD for mammalian cells (L 929 and Hep G2)

Formulate

L 929 HepG2

100 mg/mL 10 mg/mL 1 mg/mL 100 mg/mL 10 mg/mL 1 mg/mL

CD 3.4 ± 1 2.8 ± 3.1 3.4 ± 2.3 3.1 ± 3.1 3.8 ± 5.6 2.7 ± 3.6
CD 12 0 ± 0 0.8 ± 1.4 0.5 ± 0.9 0 ± 0 0.3 ± 0.6 0 ± 0
CD 24 1.0 ± 1.8 4.2 ± 7.2 1.8 ± 3.1 0 ± 0 0.4 ± 0.6 0.3 ± 0.3
CD 52 0.4 ± 0.8 1.7 ± 1.5 3.4 ± 3.0 0 ± 0 0.1 ± 0.2 0.4 ± 0.7
ATCC = American Type Culture Collection; CD = cyclodextrin; Hep G2 = human liver hepatocellular cells ATCC; L 929 = murine L-929 fibroblasts (NCTC clone 929); WST = water-soluble

tetrazolium test. Data reported as percentage of killed cells (WST test).

TABLE 8
Nonspecific cytotoxicity of selected compounds for murine fibroblast
(L 929)

Formulate

L 929

256 μM ± SD (N = 9)* IC 50 (μM)†

CD 12 24.2 ± 0.9 3367.7‡
CD 24 29.5 ± 0.1 2931.9‡
CD 52 31.5 ± 0.4 2284.9‡
CD 45 44.0 ± 2.2 1581.4‡
CD 48 39.1 ± 6.3 2446.9‡
NLC 20’’ 0 ± 0 1139.4
BNZ 3.9 ± 4.5 1436.9
BNZ = benznidazole; CD = cyclodextrin; L 929 = murine L-929 fibroblasts (NCTC clone

929); NLC = nanostructured lipid carriers; SD = standard deviation.
* The results are expressed as themean value of nonspecific cytotoxicity (growth inhibition)

at the highest concentration tested (256 μM) ± SD (N = 9 each).
†The concentration causing 50% growth inhibition was calculated using GraphPad Prism

software.
‡Significant differences (P < 0.05) compared with free BNZ (Student’s t test).

TABLE 9
Biological activity of lipid SLNs and NLCs formulates against epi-

mastigotes of Trypanosoma cruzi (CL strain, clone B5)

Formulate

Epimastigotes

256 μM ± SD (N = 9)* IC50 (N = 9)†

SLN 5 40.7 ± 7.7 48.8 ± 14.3
SLN 10 28.5 ± 12.7 70.0 ± 17.
SLN 20 39.0 ± 2.3 123.9 ± 19.7
NLC 5 12.5 ± 2.1 93.9 ± 12.2
NLC 10 39.4 ± 2.8 119.8 ± 13.4
NLC 20 49.9 ± 3.1 256.0 ± 19.9
NLC 59 31.6 ± 6.5 47.4 ± 17.7
NLC 10’ 23.4 ± 0.9 41.3 ± 9.9
NLC 20’ 24.2 ± 1.2 44.3 ± 7.5
NLC 30’ 51.6 ± 1.2 Not feasible
NLC 20 ‘’ 31.5 ± 1.1 53.9 ± 2.0
BNZ 15.8 ± 4.9 17.7 ± 2.1
BNZ = benznidazole; NLC = nanostructured lipid carriers; SD = standard deviation; SLN =

solid lipid nanoparticles.
* The results are the mean value of epimastigote growth (%) at the highest concentration

tested (256 μM) ± SD (N = 9).
†Theconcentration causing50%cellular growth inhibitionwas calculatedusingGraphPad

Prism software.
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improved when the particles were modified, although not
enough to warrant further testing.
Liposomal and CD complexes. The BNZ concentrations

reached in LPs (as low as < 12 mM) makes the antiparasitic
effect negligible; thus, the IC50determination was not feasible.
However, the IC50 of the CD preparation (CD 12) was in the
range of the IC50 of free BNZ; consistent with the enhanced
solubility of the drug achieved with this formulation. Thus, CD
12 was further examined as a candidate antiparasitic agent
(Table 10). CDs loadedwith higherBNZconcentrations (CD24
and CD 52) tend to form aggregates, making sonication of
these particles mandatory in all experiments. The perfor-
mances of the replicates, as determined by the susceptibility
of T. cruzi strain CLB to the five CD–BNZ complexes and
to free BNZ, are summarized in Table 11. A lower IC50 was
obtainedwith sonicatedCD12 thanwith free BNZ. Among the
formulations tested, the highest activities were achieved with
CD 12 and CD 52 (P < 0.05, Student’s t test).
To sumup, complexedCDshada significantly lower toxicity

than BNZ (P < 0.05, Student’s t test). In their biological activity
against the epimastigotes, NLC 20 were less effective than
freeBNZ (IC50 of 53.9μMversus26.8). Thedifference reflected
the limited release of bounded BNZ. By contrast, loaded CDs
had a similar activity against epimastigotes (16.7, 36.9, and
21.9 μM for CD 12, CD 24, and CD 52, respectively, versus
26.8 mM for free BNZ). It has been shown that CD favors the
solubilisation of loaded molecules. In our case, this could be
regarded as a reason to explain the results mentioned earlier.
The nanoparticles selected because of their low cytotoxic-

ity and an antitrypanosomal activity higher than, or similar to,
that of free BNZ were tested against the trypomastigote/
amastigote form of the parasite. None of them had higher
activity than BNZ. The least active lipid particles were NLC 20

(Table 12). Estimates of theSI of the nanoformulates leading to
a parasite reduction similar to or higher than that of BNZ
showed very high values in the cases of CD 12, CD 52, andCD
24 (Table 13). In all cases, the values were more than 50 what
make them good candidates to be studied further (maximum
tolerated dose in mice).41 In vivo assays in mice are currently
being performed. Experiments with CD-complexed BNZ ef-
fects on other discrete typing units of the parasite as recom-
mended elsewhere48 are being envisaged. Moreover, we are
implementing new techniques by using image software to
assess susceptibility of intracellular forms of the parasite.49,50

In the in vitro assays, the Z-factor values ranged from 0.4 to
0.8, which demonstrated the feasibility of these experiments.
The present work shows that the cytotoxicity of BNZ-loaded
CDs was significantly lower than that of free BNZ without re-
duction in trypanocidal activity. This result should encourage
further evaluations of CD 12-complexed BNZ as an improved
therapeutic agent against Chagas disease. The differences in
the activities of the nanoparticles against the two forms of the
parasite raise questions regarding how antitrypanosomal
agents reach their parasite target. Our work showed that the
nanocomplexes were more active than free BNZ against the
epimastigote stage, whereas higher nanoparticle doses were
needed to reach intracellular forms.

CONCLUSIONS

In summary, BNZ should be regarded as an efficient
trypanocidal, although it is toxic. SLN resulted tobe less active
than BNZ, whereas NLC were slightly less antitrypanosomal
and more toxic than CD. Finally, among tested BNZ nano-
formulates and nanocomplexes, CD gave the best-balanced
antitrypanosomal/toxicity, whereas LPs resulted to be

TABLE 10
Biological activity of CD formulates against epimastigotes of Trypa-
nosoma cruzi (CL strain, clone B5)

Formulate Epimastigotes

256 μM ± SD (N = 3)* IC50 ± SD (N = 3)†
CD 12 19.0 ± 2.6 18.4 ± 4.7
BNZ 15.8 ± 4.9 14.8 ± 4.9
BNZ = benznidazole; CD = cyclodextrin; SD = standard deviation.
* The results are the mean values of epimastigote growth (%) at the highest concentration

tested (256 μM) ± SD (N = 9).
†The concentration causing 50% cellular growth inhibition was calculated by using

GraphPad Prism software.

TABLE 11
Biological activity of nanostructured CD formulates against epi-
mastigotes of Trypanosoma cruzi (CL strain, clone B5) after
sonication

Formulate

Epimastigotes

256 μM ± SD (N = 3)* IC50 ± SD (N = 3)†

CD 12 26.9 ± 2.0 16.7 ± 4.6‡
CD 24 34.9 ± 3.2 36.9 ± 8.0
CD 52 33.0 ± 2.2 21.9 ± 1.2‡
CD 45 37.1 ± 1.2 46.7 ± 5.9
CD 48 37.9 ± 1.6 49.0 ± 2.5
BNZ 23.4 ± 0.9 26.8 ± 1.6
BNZ = benznidazole; CD = cyclodextrin; SD = standard deviation.
* The results are the mean values of epimastigote growth at the highest concentration

tested (256 μM) ± SD (N = 3) in three independent experiments.
†The concentration causing 50% growth inhibition was calculated using GraphPad Prism

software.
‡Significant difference (P < 0.05) compared with free BNZ (Student’s t test).

TABLE 12
Biological activity of nanostructured CD s and NLC 20’’ against try-
pomastigotes/amastigotes of Trypanosoma cruzi (CL strain, clone
B5)

Formulate

Trypomastigotes/amastigotes

256 μM ± SD (N = 9)* IC50†

CD 12 14.3 ± 0 4.0 ± 0
CD 24 21 ± 0.02 3.6 ± 1.6
CD 52 23.2 ± 0.05 5.2 ± 2.1
BNZ 16.9 ± 0.03 0.8 ± 0.4
NLC 20’’ 33.0 ± 0.02 17.6 ± 3.3
BNZ=benznidazole;CD=cyclodextrin; NLC=nanostructured lipid carriers; SD= standard

deviation.
* The results are themean trypomastigote/amastigote viability at the highest concentration

tested (256 μM) ± SD (N = 3) in three independent experiments.
†The concentration causing 50% trypomastigote/amastigote growth inhibition was

calculated using GraphPad Prism software.

TABLE 13
SI of benznidazole nanocomplexes

Epimastigotes Trypomastigotes

CD 12 199 836
CD 24 79 479
CD 52 104 522
CD 45 34 ND
CD 48 50 ND
NLC 20 21 69
BNZ 54 904
CD = cyclodextrin; ND = not done; SI = selectivity index. SI: ratio of the IC50 value in L-929

divided by the IC50 value of the parasite.
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inadequate to carry and deliver BNZ, QS being too toxic
(even more than free BNZ).
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Gomez-Barrio and Cristina Fonseca-Berzal) from the Parasitology
Department of thePharmacyFaculty of theUniversityComplutense of
Madrid, Spain, for providing us with the parasitic strains and for their
valuable help.We also thank Eva Samanes andMaria Aguado for their
help in the preparation of the Small unilamellar vesicles and the
nanostructured cyclodextrin complexes. The English copy editing of
the manuscript by Wendy Ran is gratefully acknowledged.

Financial support:Thisarticle ispartof theEuropeanprojectBERENICE.
BERENICE is a Collaborative Project that is funded under the European
Community’s 7th Framework Programme. Grant agreement number:
HEALTH-30593.

Disclosure: Miguel Viñas is member of the ENABLE (European Gram
Negative Antibacterial Engine) European consortium (IMI-ND4BB,
http://www.imi.europa.eu/content/enable).

Authors’ addresses: Teresa Vinuesa, Rocio Herráez, LauraOliver, and
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