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Abstract: The therapeutic management of Chagas disease requires new medicines because
the standard-of-care drugs available induce adverse effects and have limited efficacy. In
this study, we developed a formulation of albaconazole (ABZ) loaded in biodegradable
polymeric nanocapsules (NCs). Free ABZ and ABZ-loaded NCs were similarly active
against the Y strain and inactive against the Colombian strain epimastigotes of Trypanosoma
cruzi. Infected mice were given ABZ in different doses and treatment schedules by oral, SC,
and IM routes during the acute phase of infection. Free ABZ taken orally reduced para-
sitemia and suppressed mortality; however, all the animals maintained patent parasitemia
during and after treatment. ABZ-NCs increased anti-T. cruzi effects (p < 0.05), inducing
negative parasitemia during treatment in most of the tested regimens. The parasitemia
level was also significantly reduced after treatment with ABZ-NCs during the acute phase
of the disease, and relapses were delayed compared with the free ABZ treatment. Once-
and twice-daily doses were similarly effective, demonstrating that the NCs prolonged the
ABZ-NC residence time. Free ABZ and ABZ-NCs did not prevent infection, ABZ seemed to
have suppressive effects on T. cruzi growth, and encapsulation prolonged this suppression.
The analysis of the in vivo results indicated that the NCs significantly improved the safety
of ABZ in the mouse model, suggesting that the increased ABZ-NC dosage regimen merits
further efficacy and pharmacokinetic evaluations.

Keywords: albaconazole; UR-9825; nanoparticles; efficacy; toxicity; formulation; dose–response;
dosage regimen

1. Introduction
Chagas disease (American Trypanosomiasis) is caused by the protozoan Trypanosoma

cruzi. It is estimated that approximately 6 million individuals have chronic infection with
this pathogen, mostly in Latin America [1,2]. Chagas disease (CD) has a significant social
impact in Latin America and is a neglected tropical disease [3]. In CD endemic areas,
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the only drug available for treatment is benznidazole (BZN). However, treatment with
BZN has serious side effects in addition to low cure rates during the chronic phase of the
infection [2,4]. In clinical trials performed during the acute phase of the infection, the
cure rate obtained was 40% to 76% [5]. Long-term studies on chemotherapy with BZN for
children and adolescents with short-term chronic infections have also shown significant
success [6,7]. In different regions of Bolivia, however, BZN treatment in children and
adolescents induced cure rates of only 0% to 5.4% [8]. No effective treatment exists for
the established chronic form of the disease, which is currently the most common clinical
presentation in both endemic and non-endemic areas [5,9].

New active pharmaceutical ingredients (APIs) with low toxicity and high cure rates in
the acute and chronic phases of CD are urgently needed to control this infection, which
is spreading in various countries and continents [1,2,4,10]. A new class of synthetic azole
molecules with antifungal activity, such as posaconazole, albaconazole (ABZ), voriconazole,
TAK-187, and D0870, has been investigated as an alternative approach to chemotherapy in
Chagas disease, because they act as selective inhibitors of lanosterol C-14α-demethylase
(CYP51 or Erg11p), a key enzyme implicated in ergosterol synthesis [10–13]. This is a
common pathway for the fungi and protozoa of the Trypanosomatidae family, including T.
cruzi [14]. Triazoles have variable affinity for CYP51, and their action as CYP51 inhibitors
depletes ergosterol, causing methylated sterols to accumulate in the cell membrane, which
disrupts membrane fluidity, inhibits growth, or induces cell death [14].

Among the azole candidates, ABZ (UR-9825, Group Uriach) [12–16] is a triazole
antifungal with a broad spectrum of activity and high oral bioavailability in humans [17–19].
ABZ’s chemical structure is shown in Figure 1. Apart from its potent effects against life-
threatening and invasive fungal infections [20,21], this drug is also active against T. cruzi
in vitro and in vivo [22,23].
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However, ABZ has solubility limitations. It is a lipophilic molecule (clog Po/w 2.56)
and has a short plasma half-life in mice (<1 h) [12,13,15]. Thus, the development of ABZ
as an anti-T. cruzi candidate is hampered, since it is challenging to evaluate its efficacy in
a preclinical murine experimental model of T. cruzi infection due to its fast elimination
and the inability to detect it in plasma 6 h post-administration [12]. ABZ efficacy has
been investigated in dogs infected with the Y and Berenice-78 strains of T. cruzi, where
it showed promising results in suppressing parasitemia and increasing survival. Cure
rates of 25% and 100% were obtained among animals infected with strain Y and treated
with 1.5 mg/kg/day of ABZ for 60 and 90 days, respectively [23]. Furthermore, repeated
toxicity studies in rats for 28 days with 100 mg/kg twice a day and 250 mg/kg once a day
showed a low incidence of toxic effects [24,25].

More recently, ABZ was evaluated in clinical trials (phase II/III), namely, NCT00199264,
NCT00509275, and NCT00730405, as an antifungal [17–19,24,26–28]. These studies revealed
that ABZ has good pharmacokinetic and oral bioavailability profiles for a once-a-week
dosing schedule during 9 months of treatment to control mycoses in humans [19]. ABZ’s
antifungal effects were dose-dependent [19]. In this phase II clinical trial testing different
oral doses (100, 200, 300, and 400 mg/kg), ABZ’s toxicological profile showed that it was
prone to causing gastrointestinal events such as nausea and diarrhea. However, it was well
tolerated, with mild–moderate adverse effects occurring in less than 3% of patients [19].

ABZ has already been formulated as tablets and capsules, and clinical trials comparing
these dosage forms demonstrated different bioavailabilities [29]. Its poor water solubility
and slow dissolution rate impaired the development of parenteral formulations, and, for
this reason, there are no intravenous and subcutaneous injectable formulations of this drug.

Nanocapsules (NCs) represent a dosage form that has demonstrated outstanding
therapeutic properties by reducing the toxic effects of anti-T. cruzi drugs [30], modifying
biodistribution [31], and improving efficacy [32]. This delivery system has been used for
encapsulating different lipophilic drugs [33]. We recently reported that NCs effectively
interact with infected host cells [34]. After being internalized by them, NCs can deliver the
encapsulated drug to the vicinity of intracellular T. cruzi amastigotes. NCs have also been
shown to interact with blood trypomastigotes [34].

The association of ABZ with polymeric biodegradable NCs is envisaged in the present
study, aiming to provide prolonged release, as well as circumventing toxicity issues re-
lated to azole derivatives, such as QTc prolongation and arrhythmia [35–37]. NCs have
been shown to be effective in reducing both in vitro and in vivo drug-induced cardiotoxic-
ity [38,39]. These expected NC properties may offer relief for patients in the chronic phase
of Chagas disease by potentially reducing adverse effects. Furthermore, parenteral (SC, IV
and IM) dosage forms for treating T. cruzi infections are not currently available. NCs can be
administered by SC, IM, IV, and oral routes. Another possible useful application for this
delivery system would be to control serious cases, such as those caused by oral infections
mediated by contaminated food [40].

The present study reports the development of biodegradable ABZ-loaded NCs, chosen
due to the ability of their oily core to entrap lipophilic compounds (Figure 1). The pre-
clinical pharmaceutical development and the physicochemical characterization of ABZ-
NCs, in terms of surface charge, hydrodynamic diameter, polydispersity, drug loading, and
encapsulation yield, are also reported in this study. A morphological analysis of these new
formulations was also conducted by atomic force microscopy (AFM) and scanning electron
microscopy (SEM). These techniques were able to image NCs and their surface features,
supplying high-resolution information in nanoscale dimensions. An in vitro biological
evaluation using acellular cultures of T. cruzi epimastigotes was carried out. Furthermore,
the dose-response curve of the parasitemia in mice infected with the Y strain of T. cruzi
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(Y strain) and treated with ABZ-NCs or free ABZ was also investigated using a murine
model. We aimed to obtain a slow release of ABZ into the tissues to reduce the frequency
of administration and the number of doses. The in vivo toxicity induced by scaling doses
of ABZ has also been investigated following IV administration.

2. Materials and Methods
2.1. Materials

Lecithin, the soy phosphatidylcholine ~70% purity (Epikuron®170), was acquired
from Lucas Meyer (Hamburg, Germany), and poloxamer 188 MW 8400 g/mol (Syn-
peronic PE/F68) was provided by ICI Surfactants (Cleveland, UK). Poly-ε-caprolactone
polymer (PCL; Mn 42,500 g/mol, Ð 1.529 at 25 ◦C) was purchased from Sigma (Sigma-
Aldrich Co., St. Louis, MO, USA). Benznidazole (2-nitroimidazol-(N-benzyl-2-nitro-1-
imidazolacetamida) was provided by Roche S.A. (Buenos aires, BAL, Argentina). Medium-
chain triglycerides (MCTs) (Miglyol 810N) were a donation from IOI OleoChemical (GmbH,
Hamburg, Germany). ABZ (UR-9825), the (1R,2R)-7-chloro-3-[2-(2,4-difluorophenyl)-2-
hydroxy-1-methyl-3-(1H-1,2,4-triazol-1-yl)propyl]quinazolin-4(3H)-one, were kindly given
by Javier Bartrolí (Uriach & Cia, Barcelona, Spain) to Prof. J. Urbina (Centro de Biofísica y
Bioquímica, Miranda state, Venezuela) and Prof. M.T. Bahia. All other solvents (acetone,
N,N-dimethyl-acetamide, dimethyl sulfoxide, glucose, methanol, and polyethylene glycol
300) were analytical-grade substances and used without further purification. The water was
purified by reverse osmosis using the Symplicity® System 185 device (Millipore, Burlington,
MA, USA).

2.2. Preparation of ABZ Nanocapsules and Solutions

The interfacial deposition method for a preformed polymer followed by the removal
of the solvent (nanoprecipitation method) described by Fessi [41] was used to prepare the
NCs. The organic phase consisted of 0.6% (wt/v) polycaprolactone, 0.75% (wt/v) lecithin,
2.5% (v/v) MCT oil, and different concentrations of ABZ (0.5, 1.0, and 5.0 mg/mL). The
components of the organic phase were dissolved in 10 mL of acetone under magnetic
stirring (model PC-200, Corning, NY, USA) at 30 ◦C at 250 rpm. The organic solution
was transferred into the aqueous phase containing 0.75% wt/v of poloxamer 188 using a
syringe. The mixture was then maintained for 10 min under magnetic stirring (500 rpm).
Finally, the colloidal dispersion obtained was concentrated using a rotavapor Laborota
4000/4001 Heidolph (Heidolph Instruments GmbH, Schwabach, Germany), and its final
volume was reduced to 10 mL after the complete removal of acetone and part of the water
under reduced pressure. Blank NCs, without ABZ, was produced by the same procedure.
The preparation process is schematically represented in Figure 2A.

A free ABZ solution was prepared at 2.5 mg/mL. ABZ was dissolved in a mixture
composed of (1:2:7) parts of N,N-dimethyl-acetamide (DMA), PEG 300, and glucose (5%
wt/v). ABZ was first dissolved in DMA, and, afterwards, PEG 300 was added to the
solution. The isotonic glucose solution was slowly incorporated into the DMA/PEG 300
solution under low agitation (MS1 vortex apparatus, IKA Works, Campinas, SP, Brazil).



Pathogens 2025, 14, 319 5 of 22
Pathogens 2025, 14, x FOR PEER REVIEW  5  of  22 
 

 

 

Figure 2. Schematic representation of the preparation method for nanocapsules (A); the ultrafiltra-
tion/centrifugation method used to separate ABZ loaded in nanocapsules from unloaded ABZ (B);
and the method of reverse dialysis (C) used to study the dissolution/release rate of NCs.
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2.3. ABZ Quantification by Ultraviolet Spectrometry

An ultraviolet (UV)-based methodology was developed and validated to quantify free
ABZ and ABZ loaded in NCs (Supplementary Materials). The ABZ UV–visible spectrum
(Helios α, ThermoSpectronic UV-VIS Spectrophotometer, Pittsburgh, PA, USA) was ob-
tained (Figure S1, Supplementary Materials), and the wavelength of 238 nm was selected
to measure ABZ concentrations (details in Supplementary Materials). The ABZ calibration
curve (standard curve) was built, containing eight points of known ABZ concentrations
in acetonitrile (0.25; 0.5; 1.0; 2.5; 5.0; 7.5; 10.0, and 25 µg/mL). The selectivity, specificity,
matrix effect (presence of NCs at 1 and 10%), linearity, repeatability, precision, and accuracy
were determined according to the acceptance criteria established by the Analytical and
Bioanalytical Methods Validation Guide (ANVISA/MS, BRAZIL, 2003) [42]. The method
was linear in the range of 0.25 to 25 mg/mL (r2 = 0.9986 and equation y = 0.0972x + 0.0226)
and was shown to be selective, precise, and accurate in quantifying free ABZ and ABZ in
the presence of NC excipients. The method’s intra- and inter-day coefficient of variation
were within the maximum established limits. The method was, therefore, considered vali-
dated for determining ABZ, and it was applied to quantify ABZ loading and encapsulation
efficiency, as well as to quantifying the in vitro release of ABZ from the NCs. Detailed
information about this method’s development and validation is given in the Supplementary
Material Figures and Tables.

2.4. Polymeric Nanocapsule Characterization

The NCs’ mean hydrodynamic diameter (Dh) and polydispersity index (PDI) were
determined by dynamic light scattering (DLS) at 25 ◦C with an angle of 90◦. NCs were
first diluted in ultrapure water. The zeta potential was determined by electrophoretic light
scattering in suitable cuvettes, with samples diluted 1:500 times in 1 mM NaCl solution
(f(Ka) = 1.5). Both analyses were conducted using a Zetasizer 3000HS Advanced (Malvern
Instruments, Worcestershire, UK). The values presented in the tables and graphs correspond
to the mean and standard deviations of a minimum of 3 different batches of NCs with
10 readings per sample, determined in triplicate.

2.5. Atomic Force Microscopy and Scanning Electron Microscopy Analysis

The morphological examination of the different nanoparticle formulations was carried
out using two different techniques. The SEM images were obtained on a JEOL JSM 5510
microscope at 20 kV, after covering with gold for the shadowing of the samples using
sputter equipment. The AFM images were collected using a Dimension 3000 device,
monitored by the Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA, USA),
using silicon probes of length 228 µm, with a resonance frequency of 75–98 kHz, constant
force of 29–61 N/m, and radius of curvature of 5 nm to 10 nm. To capture images by
AFM, 5 µL of each sample was deposited on the atomically flat surface of a freshly cleaved
mica, and excess moisture was removed with an argon flow. The images were obtained in
intermittent contact mode (tapping mode). The scan was carried out at a speed of 1 Hz and
a resolution of 512 × 512 pixels. The quantitative analysis of the images was accomplished
using the “section of analyses” applicative of the system (v.5.30r3.sr3), and a minimum of
10 images of each sample were analyzed to ensure the reproducibility of the results. They
were presented as the mean and standard deviation of 50 analyzed particles. Additional
sizes and the polydispersion measurements of nanoparticles were assessed and calculated
by Quantikov 92-99®, a microstructural analyzer for Windows.
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2.6. Evaluation of Efficiency and Encapsulation Percentages

The encapsulation efficiency and drug loading were determined following the mea-
surement of the total amount of ABZ present in the NCs, the amount of non-encapsulated
ABZ (present in the external aqueous phase of the final dispersion), and the total amount
of ABZ used to prepare the formulation. The amount of non-encapsulated ABZ was de-
termined after the ultrafiltration–ultracentrifugation of ABZ-loaded NCs using Microcon
filters (Amicon®, 100,000 Da, Millipore, Burlington, MA, USA). ABZ-loaded NCs were cen-
trifuged at 300× g for 10 min (Centrifuge 5415 D, Eppendorf), as represented in Figure 2A.
A 100 µL ultrafiltrate aliquot was collected and diluted under vortex agitation in 1 mL of
acetonitrile, and the ABZ concentration was determined by UV spectroscopy at 238 nm
using the methodology described above. The total amount of ABZ present in the NCs
dispersion was determined by diluting 100 µL of NCs in 10 mL of acetonitrile and homog-
enized under vortex agitation to disrupt the NC structure (MS1, IKA Brazil, Campinas,
SP, Brazil). After that, the samples were centrifuged at 300× g, and the amount of ABZ
present in the supernatant was quantified by UV spectroscopy at 238 nm. All analyses were
carried out in triplicate, with three readings collected for each sample. NC formulations
were prepared containing 0.5, 1.0, and 5.0 mg/mL of ABZ. The percentage of loading was
calculated as the difference between the total amount of ABZ in the final NC dispersion
and the amount of non-encapsulated ABZ (present in the ultrafiltrate) divided by the total
amount of ABZ quantified in the NC dispersion × 100. The ABZ encapsulation efficiency is
the amount encapsulated divided by the ABZ weighted to prepare NCs × 100, considering
losses in the process. The payload is the mass ratio of encapsulated ABZ to the NC total
mass of excipients.

2.7. Determination of ABZ Release In Vitro

The assessment of in vitro free ABZ dissolution and ABZ release profiles from the
NCs was performed according to the equilibrium reverse dialysis technique as described
by Magalhães et al. (1995) [43]. Briefly, 0.5 mg of an ABZ amorphous powder or 5 mL
of NCs was directly diluted in 195 mL of a 0.9% NaCl solution (under sink conditions),
where 6 dialysis bags with pores of 12000–14000 Da containing 1 mL of the same 0.9%
NaCl solution had previously been immersed. The dialysis bags were kept in equilibrium
at 37 ◦C with the external saline solution for 2 h, before adding the NCs to the external
medium. At pre-defined time intervals (0.25, 0.5, 1.0, 2.0, 4.0, and 10.0 h), one of the dialysis
bags was removed from the container, and the amount of ABZ present in the bag was
determined by UV spectrophotometry at 238 nm, as represented in Figure 2B. The release
experiments were carried out in a water bath at 37 ◦C with constant stirring (Bath Dubnoff
mod.144, Fanem, Brazil). The experiment was conducted in triplicate, and each sample was
quantified in duplicate.

2.8. In Vitro Activity of Albaconazole Nanocapsules (Epimastigote Inhibition Assay)

The Colombian and Y strains were used to determine the in vitro activity of ABZ
NCs against epimastigote forms of T. cruzi. Parasites were cultured at 28 ◦C in liver
infusion tryptose (LIT) medium supplemented with (10% v/v) of fetal bovine serum (FBS)
in a biochemical oxygen demand incubator. Cultures were started at a cell density of
2 × 106 epimastigotes/mL, with the drug added 72 h later. Cell density was assessed
by counting in a Newbauer chamber. Free ABZ was added as a DMSO solution. The
DMSO final concentration did not exceed 0.1% (v/v). As previously determined in a pilot
protocol carried out by our group, this DMSO concentration had no effect on epimastigote
proliferation. The experiment was conducted in quadruplicate wells and repeated twice
(n = 8).
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2.9. Trypanosoma cruzi Strain and Evolutionary Forms

The Y strain is Tc II DTU (Discrete Typing Unity) of T. cruzi [44,45]. It was used to
infect mice and simulate the acute phase of the murine disease. The Y strain is partially
resistant to BZN [46,47]. The Y strain induces high parasitemia in mice, has a fast infection
course, and has high animal mortality rates around the 11th to 13th day post-infection.
These characteristics make this an excellent model for the in vivo screening of potential
drugs with activity against T. cruzi. Trypomastigote forms of T. cruzi were collected on the
day of parasitemia peak from the blood of experimentally infected mice.

2.10. Experimental Animals and Ethics

Thirty-day-old female albino Swiss mice, weighing around 20 g, from the Central
Animal Facility of the Federal University of Ouro Preto, were used. All procedures were
conducted in accordance with the guidelines of the National Council of Animal Experi-
mentation Control (CONCEA), following approved protocols CEUA/UFOP n◦2015/50,
2012/70/(UFOP/n◦2004/08, n◦2005/07). During the experiments, the animals were kept
in the Central Animal Facility and had free access to food and water ad libitum.

2.11. Maximal Tolerated Albaconazole Dose in Healthy Mice

The maximum tolerated dose (MTD) of free ABZ and ABZ-NCs was evaluated using
non-infected mice weighing approximately 20 ± 2 g. Surviving animals were monitored
for 72 h. Free ABZ solution and NC formulations were administered via the intravenous
route. The maximal volume administered to the animals was 0.2 mL, except when larger
volumes were required, where the total volume was divided into applications of 0.2 mL
at 20-min intervals. To carry out the DMT experiments, groups of 10 mice were treated
with different doses of free ABZ (25, 30, 35, and 40 mg/kg) or encapsulated ABZ (80,
120, and 200 mg/kg). A group of five animals was used for treatment with 500 mg/kg of
encapsulated ABZ. All the formulations were freshly prepared, and the free ABZ solution
and ABZ-NC concentrations were 2.5 mg/mL and 5.0 mg/mL, respectively.

2.12. Efficacy Evaluation in the Acute Phase in Infected Mice

In this study, the murine T. cruzi experimental model of acute infection with the Y
strain was used [48]. This strain is partially sensitive to benznidazole [46,47]. Animals
were inoculated intraperitoneally with 10,000 blood trypomastigotes per animal. The blood
trypomastigote inoculum came from successive passages in mice. The infected animals
used in the in vivo experiments were evaluated daily to determine survival. Parasitemia
was assessed daily by fresh blood examination (FBE) until complete parasitemia clearance.
Blood was collected from the animal’s tail vein. The number of parasites was counted
according to the technique described by Brener [46] under a light microscope by counting
50 fields on a 22 × 22 mm microscope slide. The counted number of parasites was used
to build the parasitemia curve. Surviving animals were sacrificed 180 days after infection.
For the post-treatment cure criteria, a fresh blood test and blood culture were performed
according to Chiari’s technique (1989) [49].

2.13. Treatment

After confirming parasitemia (approximately 4 days post-inoculation), the formu-
lations were administered for 20 consecutive days [46]. Each experimental group was
composed of 10 animals. Control groups were treated with 5% (wt/v) glucose solution,
blank NCs, free ABZ solution, and blank solution. A positive control group was treated by
gavage with oral benznidazole (100 mg/kg/day). Different dosages, routes of administra-
tion, and treatment durations were utilized to evaluate the effects on parasitemia. Some
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groups were treated by gavage with controls and 20 mg/kg of ABZ coarse suspension for
20 consecutive days, and other groups were treated by the subcutaneous (SC) route with
increasing doses (20, 40, 80, and 120 mg/kg) for the same duration. Another group was
treated with 20 mg/kg of ABZ-loaded NCs for 20 consecutive days by the intramuscular
(IM) route. The maximal volume administered was 0.2 mL. When a volume larger than
0.2 mL was required, the total volume was divided into applications of 0.2 mL administered
at 20-min intervals.

2.14. Statistical Analysis

The hydrodynamic diameter, zeta potential, ABZ efficiency of encapsulation of NCs,
and release data points were compared using an unpaired Student’s t-test using the EpiInfo
analysis program version 6.04. Comparisons between the pre-patent and patency periods,
peak parasitemia (during and after treatment), and average survival times were performed
using Student’s t-test. To compare the parasitemia curves, the non-parametric Kolmogorov
and Smirnov test was used, which compares the area under the parasitemia curve between
two samples. Comparisons were made between the curves obtained from untreated
and treated mice, as well as between the curves obtained from mice treated with the
different formulations. One-way ANOVA with Dunn’s multiple-comparisons post-test
(95% confidence level) was used for in vitro activity data using Prisma® 8.0 software. The
differences were considered significant with p < 0.05 and a 95% confidence level.

3. Results
3.1. Nanocapsule Characterization

The NC size measurement was performed by two techniques: DLS in a liquid medium
and AFM on dried samples dispersed on mica plates. The pH of NC dispersion and the zeta
potential of NC surface containing different concentrations of ABZ were also evaluated,
and the results are shown in Table 1. The analysis was performed using freshly prepared
formulations.

Table 1. Physicochemical properties of albaconazole nanocapsules.

Formulation ABZ
mg/mL

Hydrodynamic
Diameter ± SD 2

(nm)
PDI 3

AFM 4

Mean Size ± DP 1

(nm)

Zeta Potential
± SD (mV) * pH ± SD 2

Blank NCs 0 171.4 ± 0.8 0.127 ± 0.022 336 ± 144 −50.1 ± 1.2 6.69 ± 0.01
0.5 NCs 0.5 * 201.5 ± 0.4 0.096 ± 0.019 195 ± 54 −49.2 ± 3.4 6.44 ± 0.08
1 NCs 1.0 * 225.9 ± 2.1 0.193 ± 0.022 - −59.5 ± 5.1 7.02 ± 0.04
5 NCs 5.0 5 155.9 ± 0.3 0.130 ± 0.004 250 ± 57 −50.5 ± 3.0 7.10 ± 0.20

1 EE, encapsulation efficiency; 2 SD, standard deviation; 3 PDI, Polydispersion Index, 4 AFM, atomic force
microscopy; 5 macroscopic crystallization of ABZ after 7 days post-preparation. Statistical analysis was performed
using Student’s t-test, comparing ABZ-NCs with blank NCs (* p < 0.05).

The hydrodynamic diameter of ABZ-NCs increased significantly (p < 0.05) with in-
creased ABZ concentrations; however, after loading 5 mg/mL, the maximal payload
seemed to be surpassed. After some days, the ABZ crystals grew in the dispersion. All the
formulations containing 0 to 1 mg/mL of ABZ were monodisperse, considering a polydis-
persity index lower than 0.3 during the first week after preparation, and only 5 mg/mL
showed instabilities after this storage time. The NC sizes increased until reaching 1 mg/mL,
compared to blank NCs. At 5 mg/mL, there is a reduction in mean sizes, probably due
to the unloaded ABZ macroscopic crystal that precipitates out of the nanostructure. As a
result, 5.0 mg/mL NCs of ABZ show a reduced size, and the PDI is closer to the value of
blank-NCs, since the macroscopic crystals of ABZ are not detected by equipment that has a
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maximum particle detection limit of 3 µm. The pH values of liquid dispersion vary with
increasing ABZ concentrations due to its alkaline character. The zeta potential of NCs is
negative without significant changes (p > 0.05), ranging from −49.2 to −59.5 mV, indicating
a low association of ABZ with the surface of NCs. Thus, ABZ is probably associated with
the oily nucleus of the NCs, interfering little in the zeta potential. It seems that the optimal
loading concentration of ABZ is between 1 and 5 mg/mL.

Scanning electron microscopy (SEM) was used to observe the morphology of NCs
containing 1 mg ABZ/mL (Figure 3). Spherical nanostructures are clearly shown. However,
this method was not demonstrated to be suitable since the coating of the nanostructures
with gold was not uniformly distributed, causing deformation in the structures and even
the partial melting of the sample under the electron beam. The NCs can be observed
to be slightly deformed, although a three-dimensional spherical appearance is evident.
Thus, the analysis of the morphological features of NCs was performed by AFM, since this
technique requires no covering of samples (Figure 3A–E). AFM analysis corroborated the
physicochemical analysis in the liquid media, indicating that, probably, concentrations of
ABZ above 1.0 mg/mL are adsorbed on the NC surface, reaching a saturation level from
which the drug precipitates in the external aqueous media in the form of ABZ crystals.
In Figure 3, showing height and phase images collected from NC samples containing
0–5 mg of ABZ/mL, nanometric crystals can be observed around NCs (Figure 3D,E).
These images show ABZ crystallization from NC nuclei. The ABZ solution allowed to
evaporate deposited on mica produced the same standard of microcrystal structures. The
crystals and amorphous structures observed in the ABZ-loaded NCs were not observed in
blank NCs. The supersaturation of ABZ in the dehydrated samples upon AFM analysis
probably induced the rapid crystallization of ABZ, as also observed in NC samples of
5.0 mg/mL in a liquid medium. The schematic representation in Figure 3 is based on
the AFM results. In Table 2, the mean geometric diameter measured using AFM images
(topographic profiles, Figure 3E) for NC samples was larger than the diameters in the liquid
media. This hypothesis is in agreement with observations of NC flattening on the mica
surface reported previously [50].

Table 2. Albaconazole association with poly-ε-caprolactone nanocapsules.

ABZ
Formulation

ABZ
mg/mL (Feed)

ABZ in NCs
(mg/mL ± SD 2) (Real) EE 1 % Drug Loading * Payload #

(µg/mg)

0.5 NCs 0.5 0.36 ± 0.18 71.4 ± 4.1 99.79± 0.38 7.83
1 NCs 1.0 1.17± 0.03 117 ± 3.6 94.27± 0.15 25.43
5 NCs 5.0 1.39 ± 0.32 27.9± 1.9 * 94.18± 0.32 30.22 *

1 EE, encapsulation efficiency; 2 SD, standard deviation; * in freshly prepared NC formulations; # calculations and
definitions are provided in the methodology.

The results presented in Table 2 show high encapsulation efficiency for this process,
with the highest percentage for 1 mg/mL. The drug loading, the difference in the final
NC dispersion between the drug loaded and unloaded, is also very high. These results
indicate that ABZ has more affinity for the oily core of NCs than for the external aqueous
medium and that it therefore associates better with NCs due to their high lipophilicity.
The estimated clog P is 2.564 (computed by XLogP 3 3.0, PubChem release 14 October
2021). The encapsulation efficiency of ABZ at 5 mg/mL is significantly reduced (p < 0.05)
in relation to other formulations. Thus, values greater than 1 mg/mL of ABZ probably
saturate the system, resulting in the precipitation of ABZ in the external medium, which is
responsible for low encapsulation efficiency values at 5 mg/mL concentration (Figure 3D).
This result is in agreement with the AFM analysis (Figure 3, SEM image).
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Figure 3. Scanning electron microscopy image (SEM) of ABZ-NCs (1 mg/mL) (in black). Atomic
force microscopy (AFM) images showing height (on the left) and phase (on the right), showing
(A) blank NCs (scan size, 40 µm × 40 µm); (B) ABZ-NCs, 0.5 mg/mL (scan size, 40 µm × 40 µm);
(C) ABZ-NCs, 5.0 mg/mL (scan size, 40 µm × 40 µm); (D) ABZ-NCs, 5.0 mg/mL stored for a
few hours, showing spherical structures spread on mouse plates surrounded by crystals (scan size,
40 µm × 40 µm); crystal growth, with image insert (scan size, 10 µm × 10 µm) of one crystal size
measurement; and (E) measurement of ABZ crystals formed on mica plates using AFM equipment
software (v.5.30r3.sr3). In the bottom figure, a schematic representation of the ABZ crystallization
hypothesis growing from the NC nucleus is shown, indicating the morphological changes following
increased ABZ concentration in NC formulations until supersaturation is reached with the presence
of nanometric ABZ crystals.

3.2. Albaconazole Release Profiles

Figure 4 shows the results for the release profile of ABZ from NCs. The method used to
determine the release profile (reverse dialysis) in vitro of encapsulated ABZ was efficiently
used in this experiment (Figure 2C).

The release of ABZ from NCs to the external medium was relatively fast, incomplete,
and biphasic. From 0 to 1 h, the release profile of the 0.5, 1.0, and 5.0 mg/mL ABZ
formulations followed the same pattern, with a “burst” release effect for all the NCs
(approximately 15%). After 120 min, the formulations containing 0.5 and 1 mg/mL of ABZ
showed similar release rates with faster release compared with 5 mg/mL of ABZ. Around
40% of ABZ was released into the external media in less than 4 h. It is observed that after
2 h, a slower profile phase started and continued until it reached a plateau. Up to 10 h, the
release of ABZ was incomplete in this media. The reprecipitation of ABZ appeared to occur
in the release medium with 5 mg/mL NC formulation after 120 min, which reduced the
concentration of ABZ in the release medium. This is also in accordance with the results
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of encapsulation efficiency (Table 2) and AFM analysis (Figure 3). Free ABZ dissolution
was slowed in the first hour in this medium. However, the dissolution continued until it
reached 66% in 10 h. NCs were able to retain ABZ even under sink conditions.
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Figure 4. Dissolution profile and release profiles of ABZ from polymeric PCL nanocapsules for three
ABZ concentrations: 0.5, 1, and 5 mg/mL. The experiment was performed in saline at 37 ◦C under
sink conditions (20% saturation solubility) by the reverse dialysis method. Each point represents
mean values and standard deviations.

3.3. Albaconazole Activity In Vitro Against T. cruzi Epimastigotes

The effects of ABZ against epimastigote forms of T. cruzi, Y and Colombian strains,
are shown in Figure 5. An inhibitory action of ABZ was observed against the Y strain
(p < 0.05), compared to untreated control cultures and cultures treated with blank NCs.
This inhibitory action began 24 h after the addition of ABZ and was not dose-dependent, as
no marked differences were observed between 1 and 3 µM. No differences were observed in
the activity of free or encapsulated ABZ regarding culture growth. Free ABZ and ABZ-NCs
were ineffective in controlling cell growth when added to cultures of the Colombian strain,
even when higher doses were tested (3 µM), confirming the resistance of this strain [46,51].

3.4. General Toxicity Evaluation by Intravenous Route

According to the graph of the percentage of survival versus the concentration of ABZ
administered via the IV route represented in Figure S3 (Supplementary Materials), the LD50

of free ABZ is 30.4 mg/kg. It was not possible to experimentally obtain the LD50 value
for ABZ encapsulated in NCs, as even at high concentrations of the drug, no deaths were
observed within 72 h (LD50 > 500 mg/kg). Therefore, encapsulation proved to be a very
useful alternative for reducing the general toxicity of ABZ, since DL50 was increased more
than 15-fold, as can be seen in Table 3. It shows the adverse effects observed in animals
after the intravenous administration of different doses of ABZ. It can be observed that
with the encapsulation of ABZ, the intensity and number of side effects are significantly
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reduced (p < 0.05). Free ABZ at 40 mg/kg induced death in all animals, and the double
dose (80 mg/kg) encapsulated induced no clinically observed adverse effects in 72 h. Only
500 mg/kg of ABZ-NCs induced a significant increase in serious adverse effects, but no
death was observed. Thus, nanoencapsulation dramatically reduces the toxicity of ABZ
administered intravenously.
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Figure 5. Effects of free ABZ and ABZ-NC in two concentrations (1 and 3 µM) of ABZ on the
proliferation of epimastigote forms of the Y and Colombian strains of T. cruzi. The arrow indicates
the day that formulations were added to the culture media. The experiment was conducted in
quadruplicate wells and repeated twice (n = 8). The statistical significance (p < 0.05) is represented by
symbols inside the graphs: * different from control; # different from blank NCs; a, different from free
-ABZ; b, different from ABZ-NCs.
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Table 3. Adverse effects caused by intravenous administration of free ABZ or ABZ-loaded nanocapsules.

Evaluated Parameters

Dose Ataxia Respiratory Changes Convulsion Survival *

Free ABZ
(intravenous solution) 1

25 mg/kg - - - 10/10
30 mg/kg +++ +++ ++ 5/8
35 mg/kg - - ++ 2/10
40 mg/kg - - +++ 0/9

ABZ NCs 2

80 mg/kg - - - 10/10
120 mg/kg ++ + - 10/10
200 mg/kg ++ + - 8/8
500 mg/kg +++ +++ - 5/5

1 ABZ solution (2.5 mg/mL); 2 freshly prepared ABZ nanocapsules (5 mg/mL); * evaluated for 72 h. The symbols
represent (+++) strong, (++) moderate, and (+) mild effects.

3.5. In Vivo Efficacy in Infected Mice

The efficacy of ABZ in the mouse model infected with the Y strain partially resistant
to BNZ was evaluated following different parameters: routes of administration, doses, and
dosage regimen. The main results are shown in Table 4.

Table 4. Summary of the effects of treatment with free ABZ and ABZ-loaded nanocapsules on infected
mice (Y strain of T. cruzi).

Dose (mg/kg/Day) Via Survival MST 1

(Days)
Patent
Period

(Days ± SD 2)

Maximal
Parasitemia Level

(×1000) ± SD 2

Negative
Parasitological

Tests 3

During ttm. After ttm. d 90 d 120

Control (untreated) SC 0/10 11.4 ± 1.3 8.3 ± 1.5 1418 ± 969 - - -
Blank-NCs SC 0/10 10.2 ± 7.6 7.2 ± 7.6 1427 ± 3082 - - -
DMA/PEG 300 solution SC 0/10 8.4 ± 4.9 5.4 ± 4.9 1976 ± 420 - - -
Benznidazole
(100 mg/kg/day) PO 10/10 >60 0 0.5 ± 0 * nd 10/10 10/10

Free ABZ

20 PO 10/10 >60 * 30 ± 4.8 # 27 ± 29 # * 7.5 ± 4.3 - -
20 SC 10/10 >60 * 9.8 ± 12.4 # 0.5 ± 1.6 * 0.5 ± 1.7 - -
80 SC 7/10 >60 4 * 1.4 ± 0.8 # 0 * 0 3/7 # 0/7 #

120 SC 0/10 4.7 ± 1.6 # 1 ± 0.0 0 * nd - -

ABZ-
NCs

20 IM 9/10 >60 5 * 27.1 ± 3.1 # 318.5 ±
558.5 # 9.0 ± 11.5 - -

20 SC 8/10 >60 6 * 30.1 ± 6.1 # 103.0 ±
104.5 # 12.7 ± 16.9 ** - -

40 (2 × 20) SC 9/10 >60 7 * 16.5 ± 14.6 # 3.3 ± 5.6 * 3.9 ± 8.6 - -
40 SC 10/10 >60 * 22.6 ± 11.9 # 0.5 ± 1.6 * 2.5 ± 3.5 - -
80 SC 10/10 >60 * 22.4 ± 12.8 # 4.0 ± 12.6 # * 2.0 ± 2.6 2/10 # 2/10 #

120 SC 10/10 >60 ** 1.1 ± 0.3 0 * 0 ** 6/10 #

**
6/10 #

**
1 MST, mean survival time; 2 SD, standard deviation; 3 in days after blood culture was performed; 4 animals died
on 9th, 10th, or 13th day after inoculation; 5 animal died on 33rd day after inoculation; 6 animals died on 21st and
27th day after inoculation; 7 animal died on 6th day after inoculation; * significantly different from the untreated
group (p < 0.05); ** significantly different from free ABZ group (p < 0.05); # significantly different from BZN group
(p < 0.05); nd, not determined. PO, per os (oral); SC, subcutaneous; IM, intramuscular.

Blank-NCs and parenteral suspension excipients had no significant effect on infected
animals’ parasitemia levels (p > 0.05) compared to the untreated control that received only
isotonic glucose. Benznidazole classical treatment for mice induced 100% survival and
negative parasitological tests for 120 days. Free ABZ suspensions were administered via
two different routes (PO and SC) with a treatment regimen of 20 uninterrupted days, in
addition to being tested via SC at three different doses (20, 80, and 120 mg/kg). Free ABZ
administered by the oral route shows no advantageous reduction in parasitemia compared
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with subcutaneous at the same doses. According to Table 4, the efficacy was significantly
higher via SC than oral administration at a dose of 20 mg/kg for the patent period (p < 0.05)
regarding parasitemia during (p < 0.05) and after (p < 0.05) the treatment. Survival was
100% for both routes of administration. However, using the SC route, 70% of the animals
continued to have negative parasitemia up to 20 days after treatment, while 100% showed
patent parasitemia and relapses after oral treatment. At a dose of 80 mg/kg SC, there was a
significant reduction in the patent period (p < 0.02), without the reactivation of parasitemia
after treatment in 100% of the animals. However, survival was 30% lower compared to the
20 mg/kg dose, demonstrating the toxicity of ABZ during long-period SC administration,
as the animals died in the second week after starting treatment with negative parasitemia
values. There was no significant difference in maximum parasitemia values for surviving
animals at the three doses used (20, 80, and 120 mg/kg) via SC (p > 0.05) (Table 4). At a
dose of 120 mg/kg of free ABZ, there was a significant reduction in the mean survival
time (p < 0.05), with the animals all dying during the first week of treatment with negative
parasitemia. This result indicates that this SC dose of free ABZ was highly toxic to mice,
in agreement with previous experiments on the maximal tolerated dose by intravenous
administration. The maximum parasitemia, however, was at the same level as the 80 mg/kg
dose (Table 4).

Due to the failure of ABZ-NC administration by IM to induce a significant reduction
in parasitemia during the patent period, the studies with higher doses of ABZ continued
only via the SC route for NCs. The encapsulated ABZ at a dose of 40 mg/kg divided
into two daily doses of 20 mg/kg resulted in a longer time for parasitemia reactivation
after the end of treatment compared with a single daily dose of 40 mg/kg. However,
survival was reduced. At doses of 80 and 120 mg/kg, an increase in efficacy was observed
with a significant reduction in the patent period (p < 0.05) and the elimination of blood
parasites for a period of more than 120 days in 20% and 60% of treated animals, respectively
(Table 4). No toxic effects were observed during and after treatment with ABZ-NCs
(40–120 mg/kg). This significantly differentiated the formulations, because free ABZ at the
same doses induced the death of 30% and 100% of the animals, respectively. The rapid and
effective elimination of parasitemia with doses of 80 and 120 mg/kg ABZ-NCs was evident
(Figure S4, Supplementary Materials). At the dose of 120 mg/kg ABZ-NCs, there was no
reactivation of parasitemia up to 60 days after the end of treatment (Table 4).

4. Discussion
The therapeutic management of Chagas disease requires new drugs, as the standard-

of-care medicines available cause serious adverse effects and have limited efficacy. Ben-
znidazole has low efficacy in the chronic phase of the disease, and only this drug is available
in many endemic countries of Latin America [2,4]. In the search for new options, in this
study, we developed a safe formulation of ABZ loaded into biodegradable polymeric
biodegradable nanocapsules (NCs) (Figure 1), which can be administered by oral and
parenteral routes (IV, SC, IM). To date, only tablets and conventional gelatin capsule dosage
forms have been reported [18], and these formulations have been used only in clinical
trials and are not commercially available. Considering the solubility limitations of ABZ
(0.001 mg/mL at 30 ◦C pH 1.2) [52] and its high lipophilicity, we successfully developed a
new formulation of ABZ that could be administered parenterally by IM, SC, IV, and even
the oral route, composed of biodegradable and biocompatible excipients.

As reported previously, the efficacy of ABZ in the murine model is reduced compared
to the efficacy in the dog model [23]. Similarly, herein, parasitological and serological cure
in mice treated with ABZ were not obtained in 100% of cases, as previously reported in
dogs [23]. Guedes et al. (2004) demonstrated that only a regimen of multiple daily doses
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was able to improve the therapeutic efficacy in dogs, indicating that ABZ also possesses
unfavorable pharmacokinetic properties in this animal model [23].

ABZ appears to have been abandoned in the repurposing strategy against Chagas
disease, likely due to its short half-life in animals, in favor of another azole derivative,
E-1224, a pro-drug of ravuconazole. Recently, proof-of-concept clinical trials with E-1224
indicated no efficacy [53]. As previously discussed, the rapid suppression of parasitemia
and low curative rates of azole derivatives are probably associated with unfavorable
pharmacokinetic characteristics in mice that reduce the amount of the drug available in
tissues for the eradication of intracellular parasites [11]. For ABZ, a long terminal half-life
has been reported in dogs (51 h) and monkeys (24 h) [54]. However, pharmacokinetic
studies on ABZ in humans have suggested a prolonged half-life [17,18].

ABZ is a potent lipophilic ergosterol inhibitor that has been studied clinically as
an antifungal agent. The inhibition of parasite sterol C14α-demethylase has also been
identified as the mechanism of action against T. cruzi. Urbina et al. reported potent in vitro
activity of ABZ against epimastigotes of the Y strain of T. cruzi (MIC 30 nM). In addition,
intracellular amastigotes cultured in Vero cells were even more susceptible (IC99 of 10 nM
and IC50 of 1 nM) [22]. Furthermore, no effect was seen on the viability and proliferation
of the Vero host cells up to the highest concentration tested (100 nM), indicating a specific
antiparasitic activity, as well as a suitable selectivity index (>100). In another study, ABZ
induced no reduction in the viability of rat primary hepatocytes at doses up to 40 µM [52].
The PCL NCs developed in this study have been shown to possess low cytotoxicity toward
host cells. Their CC50 is higher than 248 µg/mL, > 1000 µg/mL, and >1000 µg/mL against
the Vero, HepG2, and Caco2 cell lines, respectively, in vitro [55].

More recently, the cardiac toxic effects of supratherapeutic ABZ exposure with multiple
and sustained high doses on the ECG parameters of 24 healthy subjects were investigated
in clinical trials [17]. Pharmacokinetics studies on humans have indicated that ABZ is
rapidly absorbed (Tmax 5–22.5 h) after an oral dose of 400 mg every 8 h, reaching a mean
Cmax of 11.9 ng/mL after 5 days, and its metabolite, 6-hydroxialbaconazole, reaches a Cmax

of 636 ng/mL. This study concluded that this dosing schedule was well tolerated and the
adverse effects were mild, without safety issues [17]. Another clinical study in healthy
volunteers demonstrated that capsules had higher bioavailability than tablets, indicating
that these two dosage forms were not bioequivalent. This study points out the importance
of developing suitable dosage forms for ABZ [18].

In mice, we demonstrated herein that the dosage form can dramatically change the
tolerability of ABZ. Nanoencapsulation improves ABZ safety and probably its biopharma-
ceutical properties, providing prolonged release following the investigated administration
routes. The NC formulation is stable and biodegradable, produces reproducible and
monodispersed particles, and has suitable sizes and prolonged-release properties. NCs
possess an excellent ability to entrap ABZ at a high encapsulation efficiency to be admin-
istered by the different parenteral routes tested in this study, as well as by the oral route.
In terms of in vitro activity, ABZ exerts suppressive effects against epimastigotes of the
Y strain, which is in agreement with previously reported data. However, no significant
in vitro effect was observed against the BZN-resistant Colombian strain. This finding is
similar to the data obtained by Guedes et al. (2004) against the Berenice-78 strain in vivo,
a BZN-sensitive strain [23]. Thus, natural T. cruzi resistance to triazole exists, as has been
documented previously [56]. No difference was observed between free ABZ and ABZ-NCs
against epimastigotes, which is to be expected, as in vitro acellular conditions do not ade-
quately simulate the complexity of in vivo absorption, distribution, metabolization, and
elimination. In vitro, the poorly soluble drugs, such as ABZ loaded into nanocapsules, have
an incomplete and slow-release rate, as demonstrated here (Figure 4). After SC adminis-
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tration in vivo, the NCs may form a depot of ABZ. In fact, nanocarriers are known to alter
drug absorption and distribution steps in vivo. Thus, animal models are more suitable for
evaluating the efficacy and toxicity effects of drug encapsulation.

The most recent clinical trials with CYP51 inhibitors indicate that they initially elim-
inate parasites from blood, but they are not able to maintain this effect after the end of
treatment [4,53]. These clinical trials evidence the same effect that we observed in mice
with ABZ in this study. As hypothesized by Dumoulin et al. (2020), the anti-T. cruzi activity
of azoles induces no sterile cure, which opens up the possibility of distinct populations of
parasites and/or a heterogeneous environment within a single host underlying treatment
failure [57]. The resistance of T. cruzi to the azole class of drugs has not yet been reported
and merits further investigation.

Effects were markedly different concerning tolerability and reductions in parasitemia
relapses in vivo, particularly at doses of 80 and 120 mg/kg, with low levels of parasitemia
and a long time to parasitemia reactivation seen with ABZ-NC treatment compared to free
ABZ. Protocols for once- and twice-day doses were similarly effective, demonstrating that
NCs prolonged ABZ residence time in the body. Therefore, a dose-dependent therapeutic
response was observed when ABZ-NCs were administered subcutaneously. These data
indicate that the pharmacokinetic profile of the drug was probably altered with the use of
NCs. Furthermore, the doses of ABZ required to eliminate parasitemia were significantly
higher for NCs than for free ABZ. This may be due to the formation of an NC deposit in
the subcutaneous tissue that did not immediately make the concentration of ABZ available
to eradicate parasites. It could be suggested, however, that NCs can sustain blood levels
of ABZ better than free ABZ, allowing a slower relapse of parasitemia. This hypothesis,
which should be confirmed further by biodistribution studies, considers that the NCs can
retain ABZ in the injection site, releasing fractions of ABZ, and reducing adverse effects.
The in vitro release profile of ABZ from NCs showed that a maximum of 45% of the drug
was released in the first 10 h, a result that corroborates our hypothesis. The differences
between free ABZ and ABZ-NCs can be attributed to changes in the biodistribution of the
drug when administered by the SC route in free or encapsulated form, which merits further
investigation.

No parasite elimination was achieved with any formulation in our experimental
conditions, indicating a need to carry out future studies with higher doses, as well as
experiments in combination with other drugs. ABZ has suppressive effects on T. cruzi,
and encapsulation prolongs this suppression. From a pharmacological point of view, NCs
significantly improved the safety of ABZ in vivo. Hence, appropriate formulations must be
developed to control the release of ABZ and optimize the dosage regimen, which may be
helpful in the extended treatment regimen for Chagas disease and improve adherence to
treatment in patients in the chronic phase.

The most promising effect observed in this work was related to the overall reduced
toxicity of ABZ in the encapsulated form. Although a parasitological cure was not obtained
in the animals treated with the new ABZ-NC formulations, the results were positive
concerning subcutaneous administration, which allowed more sustained action. This effect
of NCs promoting prolonged release and reduced toxicity has been observed in different
studies [58–60], which attribute the toxicity reduction to the reduced access of NCs to vital
organs, such as the heart, reducing, for example, the cardiotoxicity [30,58]. Our results in
the present study corroborate this hypothesis, even using another administration route, i.e.,
SC. Therefore, further in-depth studies on tissue infection in animals treated with different
doses and formulations of encapsulated ABZ are necessary.

As Tarlenton (2001) argues, parasite elimination from tissues is one of the treatment
goals in the chronic phase of Chagas disease and allows a significant reduction in symp-
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toms and mortality in humans [61]. The present study’s data reinforce the importance
of developing new dosage forms for this class of drugs to improve biopharmaceutical
characteristics.

5. Conclusions
In this study, we developed innovative formulations of ABZ, an investigational triazole,

in biodegradable polymeric nanocapsules. Originally, these NCs were able to be delivered
by parenteral routes, as well as orally. The use of SC injections emerged as an interesting
alternative to administer anti-T. cruzi drugs and obtain a depot in this tissue. The ABZ-
NCs are stable and monodisperse in size within the nanometrical range. NCs have an
adequate ability to load ABZ with high encapsulation efficiency. It was evidenced that
NCs dramatically improve in vivo ABZ safety by the intravenous route and SC routes,
even at high doses. ABZ-NCs improved mice survival compared to free ABZ, induced
the fast elimination of parasitemia, and prolonged the anti-T. cruzi effect after the end of
treatment in a murine model. This indicates that NCs represent a promising strategy to
circumvent the biopharmaceutical limitations of ABZ. The encapsulation of ABZ provides
a dosage form that is adaptable to various administration routes. This preliminary pre-
clinical study in mice can pave the way for deeper investigations into its effects on parasite
burden in different organs, potential immunological modulation, and further toxicological
investigations.
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