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ABSTRACT
Visceral leishmaniasis (VL) is a neglected parasitic disease, and the first-line treatments for VL include drugs that exhibit serious
toxicological issues. In this sense, new molecules are sought for VL treatment, such as Carvacrol (Car), a phenolic monoterpene
that has shown strong activity against Leishmania spp. However, its low solubility prevents its free administration, requiring a
new therapeutic strategy such as encapsulation in chitosan biopolymeric nanoparticles. This study aimed to develop chitosan
biopolymeric nanoparticles (NPChi) encapsulating Car (NPCar) and evaluate their in vitro anti-leishmanial activity. The NPChi
had particle sizes of 89.43 ± 0.774 nm, a polydispersity index (PDI) of 0.168 ± 0.01 and zeta potential of 12.8 ± 2.17 mV. The NPCar
showed particle size of 144.9 ± 1.7 nm, PDI of 0.224 and zeta potential of 15.7 ± 1.01 mV. NPCar reduced the cytotoxicity of Car
on human erythrocytes. Moreover, NPCar showed inhibition of Leishmania infantum with an inhibitory concentration (IC50) of
2.659 ± 0.26 µg/mL. Thus, NPCar exhibited enhanced anti-leishmanial activity compared to free Car while reducing cytotoxicity
on human erythrocytes, making them promising candidates for further studies on VL treatment.

1 Introduction

Leishmaniasis is a neglected tropical disease and a major public
health concern. It is a disease that has a strong potential for
outbreak and mortality. Approximately 700 000 to 1 million new
cases are reported worldwide, being fatal if untreated in more
than 95%of cases. A total of 90%of new cases reported to theWHO
occurred in countries such as Brazil, China, Ethiopia, Eritrea and
India [1].

Leishmaniasis is a neglected tropical disease caused by more
than 20 Leishmania species, transmitted through the bite of
infected sandflies (genus Lutzomyia). The clinical forms are

cutaneous, mucocutaneous and visceral, also known as kala-azar
[2]. Among the clinical forms, the most notable is visceral leish-
maniasis (VL), a systemic form of the disease and is characterized
by splenomegaly, hepatomegaly, hypergammaglobulinemia and
pancytopenia [3]. The protozoa that usually cause VL are the
species L. donovani, L. infantum and L. chagasi, however, Brazil
presented more than 97% of VL cases throughout America, with
Leishmania infantum as the main etiological agent [4].

Despite the availability of treatments, current anti-leishmanial
drugs exhibit severe toxicity, high costs, and emerging parasite
resistance, necessitating alternative therapeutic strategies [5]. In
this scenario, natural products stand out in the bioprospecting of
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new bioactive molecules, and among them, some monoterpenes
have demonstrated activity against Leishmania spp., such as 2-
methyl-5-[1-methyl-ethyl] phenol known as Car [6]. Car is a
phenolic monoterpene isolated from essential oils of plants,
such as Origanum vulgare, Thymus vulgaris, Lepidium flavum,
and Citrus aurantium bergamia [7]. Studies have shown that
the biological properties of Car include antimicrobial, anti-
inflammatory, antioxidant, anticancer, immunomodulatory, and
other therapeutic properties [8]. The antimicrobial activity of
Car has been superior to that of other monoterpenes due to the
presence of the free hydroxyl group, hydrophobicity, and phenol
moiety [7]. Essential oils rich inmonoterpenes, such as Carvacrol,
have demonstrated promising antileishmanial properties due
to their lipophilic nature and ability to parasitize membranes
and inhibit metabolic pathways [9]. Studies have shown greater
efficacy of Car against Leishmania spp. compared to other
compounds, such as thymol and linalool [6]. Other studies have
shown an increase in the potential against Leishmania spp.
strains of the combination of Car with ascaridol and Car with
limonene [10]. However, their clinical translation is limited by
poor solubility, ease of oxidation and volatilization and stabil-
ity, highlighting the need for advanced drug delivery systems
[10–12].

A promising therapeutic strategy to overcome these limitations is
the incorporation of Car into nanocarrier systems [10]. Nanotech-
nology has emerged as an innovative approach to enhance drug
bioavailability, reduce toxicity, and improve targeted delivery,
as seen in the successful integration of nanomedicine with
natural product-based therapies [13]. Among various nanocarri-
ers, NPChi offer several advantages, including biocompatibility,
biodegradability and the ability to facilitate cellular uptake,
making them suitable for controlled drug release applications
[14]. NPChi are particularly useful due to their small size,
providing a large surface-to-volume ratio, and physicochemical
properties that may differ from those of their bulk counterparts.
NPChi are formed from a natural biopolymer, they can be readily
functionalized with drugs, RNA, DNA, and other molecules to
achieve a desired outcome in vivo [15].

Previous studies have explored the potential of nanoparticles
(NPs) for targeted drug delivery, with magnetic microrobots and
polymeric nanocarriers showing enhanced therapeutic efficacy
against infectious agents [16]. These advantages may make these
systems promising for encapsulating Car with antileishmanial
effect. NPChi are used for the encapsulation of the main essential
oil components, such as Car and cinnamaldehyde, and stand
out for their low toxicity, good stability in biological environ-
ment, promoting the delivery of active compounds through the
membrane of macrophages infected by Leishmania spp. [10, 17].

Finally, among the varieties of NPChi, the ionic gelation tech-
nique has been the most used, as it is a method considered
effective, simple, fast, non-toxic and free of organic solvents [18].

Thus, NPChi may be considered promising as a delivery system
for drugs and anti-leishmanial bioactive molecules. Therefore,
this study aims to develop a chitosan-based NP system encapsu-
lating Car and evaluate its efficacy against L. infantum in vitro,
with the aim of improving the biological activity of Car and
reducing hemotoxicity.

FIGURE 1 (A)Macroscopic appearance ofNPChi2 andNPChi6. (B)
Visualization of the Tyndall effect in samples of NPChi2 and NPChi6.

2 Results and Discussion

2.1 Preformulation of Chitosan NPs

The preparation of the NPs was performed by the technique
of ionic gelation. At the end of preparation, the samples had
differentmacroscopic aspects with the different concentrations of
Chi andTPP. The sampleswere visually characterized as transpar-
ent and stable formulations (NPChi2, NPChi3 and NPChi6) and
turbid with the formation of precipitates (NPChi1, NPChi4 and
NPChi5). Chi:TPP solutions in amass ratio of 3:1 obtained slightly
opaque NPs and Chi:TPP solutions in a mass ratio 1:1 obtained
NPs turbid with and agglomerates [18].

2.2 Physicochemical Characterization of
Chitosan NPs

2.2.1 Size of Particle, Polydispersity Index and Zeta
Potential

The results of the average hydrodynamic diameter, polydispersity
index (PDI) and zeta potential of the six samples analyzed
were determinate (Table 1). It was found that increasing the
concentrations of the TPP solutions compared to the Chi solution
for the preparation of the NPChi1 and NPChi4 samples resulted
in formulations with smaller average particle sizes and high PDI
values. It was also possible to analyze that when the formulations
had Chi:TPP concentrations in the mass ratio 1:1 (NPChi1 and
NPChi5), they had particle sizes greater than 1000 nm and PDI
greater than 0.4. The mass ratios of Chi:TPP at 1:1 resulted in
turbid colloidal formulations with agglomerates, characterized
by high particle sizes and PDI, and reduced zeta potential [18].
Supposedly, it is understood that when the concentrations of
Chi:TPP are in the same proportion, they are not able to form
stable and homogeneous NPs with smaller sizes.

In comparison with the previous ones, the NPChi2 and NPChi6
(Figure 1A) sampleswithChi:TPP concentrations in themass pro-
portions of 2:1 had particle sizes between 80 and 150 nm, and PDI
smaller than 0.3. Colloidal systemswith particle size smaller than
200nmare ideal for treating diseases, as they allow the circulation
of nanostructures through blood vessels, including capillaries [18,
19]. Nanoformulations with PDI <0.3 nm are characterized as
monodisperse systems, that is, systems characterized by a greater
uniformity of distribution of the NPs [18, 20]. These results of
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TABLE 1 Particle size, PDI and zeta potential of the NPChi 1-6 formulations.

Nanoformulation
Concentration

of solutions (%w/v) Size (nm) PDI
Zeta potential

(mV) ζ

NPChi1 0.05% (Chi)
0.05% (TPP)

1794.8±178.83 0.476 +6.04±0.46

NPChi2 0.1% (Chi)
0.05% (TPP)

89.43±0.77 0.168 +12.8±2.17

NPChi3 0.2% (Chi)
0.05% (TPP)

161.26+0.37 0.475 +36.7±1.35

NPChi4 0.05% (Chi)
0.1% (TPP)

362.63±170.99 0.800 +4.9±0.29

NPChi5 0.1% (Chi)
0.1% (TPP)

1536.6±27.53 0.609 +4.1±0.22

NPChi6 0.2% (Chi)
0.1% (TPP)

147.36±0.66 0.228 +13.1±0.85

Abbreviations: Chi, chitosan;NPChi1, chitosan nanoparticles prepared by at concentration of 0.05%w/v andTPP in at concentration of 0.05%w/v; NPChi2, chitosan
nanoparticles prepared by at concentration of 0.1% w/v and TPP in at concentration of 0.05% w/v; NPChi3: chitosan nanoparticles prepared by at concentration of
0.2% w/v and TPP in at concentration of 0.05% w/v; NPChi4: chitosan nanoparticles prepared by at concentration of 0.05% w/v and TPP in at concentration of 0.1%
w/v; NPChi5: chitosan nanoparticles prepared by at concentration of 0.1% w/v and TPP in at concentration of 0.1% w/v; NPChi6: chitosan nanoparticles prepared
by at concentration of 0.2% w/v and TPP in at concentration of 0.1% w/v; TPP, tripolyphosphate.

average diameter and PDI of the NPs indicate promising systems
for drug encapsulation.

The Tyndall effect is characteristic of the formation of colloidal
suspensions,which corresponds to the scattering of light provided
by a dispersed system when irradiated by a light beam [21]. The
dispersion of nanometric-scale particles in a colloidal solution
scatters laser light, forming a coherent light beam,which provides
us with a rapid technique for characterizing nanometric colloidal
systems [21]. Evidence of the presence of NPs in the NPChi2 and
NPChi6 formulations was observed by visualizing the Tyndall
effect in the samples, which can be seen in the path of the light
due to the dispersion of particles present in the formulations
(Figure 1B).

By analyzing the zeta potential, the surface charge of NPChi
showed a positive, being determined by the degree of neu-
tralization of the ─NH3+ groups by the polyanionic groups of
sodium tripolyphosphate [20, 22]. This phenomenon justifies
the increase of the zeta potential due increasing concentra-
tion of Chi, because the availability of ─NH3+ groups depend
on the interactions between the protonated ─NH3+ groups of
Chi and the phosphates of TPP [23]. Thus, the higher the
concentration of Chi, the more ─NH3+ groups will be avail-
able in the medium and the greater the zeta potential of the
sample.

The NPs were moderately stable formulations were obtained,
considering that nanostructured systems with surface charges of
±30 mV are less susceptible to agglomeration and destabiliza-
tion forces [19]. Thus, evaluating the macroscopic aspects and
physicochemical parameters such as, less mean particle size, PDI
<0.3 and zeta potential positive of the formulations obtained, the
formulations NPQui2 and NPQui6 were selected to encapsulate
Car.

2.2.2 Formulation of Chitosan Nanoparticles
Containing Carvacrol

The formulations of NPChi containing carvacrol are demon-
strated in (Table 2) shows the results of the physicochemical
characterizations. Particle size, PDI, zeta potential are funda-
mental parameters to determine the stability and potential of
formulations for application in vivo and clinical tests [20]. In the
sense, it was observed that the increase in the concentration of
Car resulted inNPswith larger sizes and PDI, and positive surface
charges (Table 2).

Observing the physical-chemical parameters, the NPCar1 and
NPCar2 samples exhibited particle sizes less than 250 nm, PDI
less than 0.3 and zeta potential greater than +15, while it is noted
that NPCar3 and NPCar4 showed particle sizes in the range of
600 nm, PDI around 0.4 and zeta potential less than +15. In this
case, the increase in the amount of Car used was reflected in the
increase in the size of the NPs. The PDI values showed the
homogeneity of the formulation and indicate a monodisperse
suspension, regardless of the ratios used, with PDI values
between 0.3 and 0.5, similar to studies by Mondéjar-López

et al. [24]. These results demonstrate that NPCar1 formulation
is more homogeneous, stable, and more suitable for delivery to
the bloodstream and for the treatment of leishmaniasis, since
studies using NPs <200 nm for drug delivery had better results
in terms of efficacy for the treatment of leishmaniasis. Smaller
NPs can penetrate tissues and cells more easily, increasing the
drug concentration at the infection site. Enhances Carvacrol’s
bioavailability [12, 25]. Thus, considering the activity against
promastigote forms of L. infantum, after physicochemical
characterization analyses, the NPCar1 nanosystem was selected
for the following in vitro biological test (Figure 2).

The encapsulation efficiency (EE%) of the NPCar1 formulation
was around 51.93%. These results are similar to those in the
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TABLE 2 Particle size, PDI and zeta potential of NPCar1–4.

Sample
Concentration of
solutions (%w/v)

Ration
concentration
of Chi:Carw/w Size (nm) PDI

Zeta potential
(mV) ζ

NPCar1 0.1% (Chi)
0.05% (TPP)

1:1 144.9±1.7 0.224 +15.7±1.01

NPCar2 0.1% (Chi)
0.05% (TPP)

1:2 245.9±4.24 0.175 +15.4±0.75

NPCar3 0.2% (Chi)
0.1% (TPP)

1:1 679±75.61 0.390 +14.9±0.60

NPCar4 0.2% (Chi)
0.1% (TPP)

1:2 699.5±99.41 0.428 +13.2±0.90

Abbreviations: NPCar 1, chitosan polymeric nanoparticles containing 1 mg/mL carvacrol; NPCar 2, chitosan polymeric nanoparticles containing 2 mg/mL
carvacrol; NPCar 3, chitosan polymeric nanoparticles containing 2 mg/mL carvacrol; NPCar 4, chitosan polymeric nanoparticles containing 4 mg/mL carvacrol.

FIGURE 2 Samples of the nanoformulation of chitosan (NPChi)
and chitosan nanoparticles containing Car (NPCar).

literature, where chitosanNPswith CAR in a 1:1 ratio had an EE%
of 33.4% [24]. The low EE% is due to the fact that some of the
molecules escape from the chitosan polymer matrix during the
formulation process [24].

2.2.3 Evaluation of the Anti-Leishmania Activity In
Vitro

In the anti-leishmanial activity, free Car exhibited potential to
inhibit the growth of promastigote forms at the concentrations
tested (Table 3). Car activity had already been demonstrated in the
literature against promastigote strains of L. infantum and L. cha-
gasi [6, 26]. Thus, these studies consolidate the anti-leishmanial
potential of Car.

NPChi showed inhibition of L. infantum than free Car (Table 3)
proving the biological effect of natural polymers such as Chi
in the form of NPs [27]. This is an unprecedented study of the
encapsulation of carvacrol in chitosan NPs for the treatment
of leishmaniasis. The NPChi presented an IC50 of 4.519 ± 0.38
µg/mL, whereas the NPCar presented an IC50 of 2.659 ± 0.26

TABLE 3 In vitro evaluation of anti-Leishmania activity, effect of
cytotoxicity on human erythrocytes and selectivity index (SIrb = HC50
/IC50).

Sample IC50 (µg/mL) HC50 (µg/mL) SIrb

NPChi 4.51±0.38 > 50 > 11.08
NPCar 2.659±0.26* > 50 > 18.86
Car 11.86±0.31 0.098 0.081
AmB 1.42±0.49 1.94±0.16 1.36

Abbreviations: AmB, Amphotericin B; HC50, the concentration needed to
cause 50% hemolysis of human red blood cells; IC50, 50% of the growth of
promastigote forms; NPCar, chitosan polymeric NPs containing carvacrol;
NPChi, chitosan polymeric NPs; SIrb, selectivity index for erythrocytes.
*Significant difference p < 0.05 between NPCar and Car.

µg/mL. NPCar compared to the free Car reduced the IC50 value
by 4 times, demonstrating prove the synergism between the
NPChi and Car to inhibit the growth of L. infantum, in addition
to demonstrating the potentialization of leishmanicidal activity
using polymeric nanostructures [20, 23, 24].

By comparing NPCar IC50 of 2.659 µg/mL with AmB of 1.42
µg/mL, it is possible to highlight that although amphotericin B
may be more potent in terms of inhibitory concentration, nan-
otechnology products can offer other important advantages such
as lower toxicity, greater efficacy and a better pharmacokinetic
profile.

The literature lacks studies that investigate in more detail the
mechanism of action of free carvacrol and NPs on L. infantum.
It is suggested that the lipophilic nature of Car allows it to
act on the cell membrane, making it impermeable to protons
and ions, affecting the parasite’s enzymatic functions, as well
as mitochondria and other cell structures [28]. In addition,
encapsulation in NPs allows Car to be delivered with specific
targeting [23]. It was shown that oregano essential oil containing
carvacrol, thymol, y-terpinene, p-cymene and β-caryophyllene as
its main components acted on the promastigote forms of L. ama-
zonensis, triggering a combination of autophagic, apoptotic and
necrotic events [29]. Studies have shown that oregano essential
oil and silver NPs induced morphological, ultrastructural and
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biochemical changes in L. amazonensis promastigotes, revealed
by electron microscopy, suggesting a mechanism of cell death
similar to apoptosis. Analyses using phosphatidylserine, annexin
V and propidium iodide confirmed that the mechanism of
action of treatment with this combination is late apoptosis [30].
These results suggest that the NPCar formulation is a promising
candidate for future studies with focus in the treatment of VL.

2.2.4 Analysis of Hemolysis in Human Erythrocytes

The hemolytic assay made it possible to determine the HC50 for
NPChi, NPCar, Car and AmB evidencing the high toxicity of Car
and AmB and the absence of toxicity of NPChi and NPCar at
the concentrations tested (Table 3). These results indicate that
NPChi and NPCar are considered non-hemolytic, and NPCar
was significantly less hemolytic than free Car. The encapsulation
reduces concentration of free carvacrol thus the chitosan matrix
acts as a physical barrier and slows the release, protecting the
carvacrol from direct contact with the membrane [14]. From
the above results, it can be concluded that NPCar is a safe and
hemocompatible system, and this may be related to the biological
nature of the Chi polymer [31]. Thus, the reduction in toxicity
observed in this study after Car encapsulation consolidates
nanotechnology as a promising therapeutic approach in the
treatment of parasitic infections [32].

In addition to cytotoxicity in erythrocytes, the erythrocyte selec-
tivity index (SIrb) of NPChi, NPCar, Car, AmB was calculated,
and it is noted that the SIrb for NPChi and NPCar were higher
compared to Car and AmB. (Table 3). The SIrb allows the
differentiation between a general and selective activity of a
compound for parasites and provides an indication of safety for
the administration of drugs in the control of infections in humans.
Furthermore, compounds that present a high SI are indicated for
in vivo studies in experimental models [23]. Thus, Car encapsu-
lated in chitosan NPs presents a high degree of selectivity for the
parasite, being a promising compound for the treatment of VL.

3 Conclusion

In this study, nanostructured systems for encapsulating Car
were obtained with biodegradable NPs exhibiting characteristics
such as NPCar standing out due to its ideal nanometric size
and zeta potential, low polydispersity index, and homogeneous
particle distribution. In vitro assays suggest the efficacy of NPCar
as a nanotechnology therapeutic approach for the elimination
of L. infantum and that NPCar enhances Carvacrol’s bioavail-
ability. Furthermore, it showed leishmanicidal potential, no
hemotoxicity, and an adequate selectivity index for the parasite.
Finally, the leishmanicidal potential identified in this research
encourages further studies with the amastigote forms of L.
infantum, as well as for understanding the mechanism of action
of nanoencapsulated Carvacrol in these cells.

4 Experimental Section

4.1 Materials

Low molecular weight Chi (50–190 kDa) with a 75%–85%
degree of deacetylation and Car (99% natural) were obtained by

Sigma‒Aldrich. Glacial acetic acid PA was obtained by Química
Moderna. Sodium tripolyphosphate (TPP) PA and Tween 80 were
obtained by Dinâmica. Amphotericin B (Cristália, São Paulo,
Brazil).

4.2 Preformulation Study of Chitosan NPs

The chitosan solutions were prepared at concentrations in 0.05%
w/v, 0.1% w/v and 0.2% w/v in acetic acid solution 1% (v/v).
This mixture was kept under magnetic agitation for 24 h at a
temperature of 25◦C, and soon after this process, the solution was
filtered to remove insoluble material.

The biopolymeric NPChi were prepared by the ionic gelation
method [23, 33]. To analyze the influence of the Chi:TPP concen-
tration, 6 formulationswere prepared using amixture of solutions
at the concentrations of Chi andTPP. Chitosan solutions prepared
at concentrations of 0.05% w/v, 0.1% w/v and 0.2% w/v in acetic
acid solution 1% (v/v) were used of TPP in distilled water at
concentrations of 0.05% w/v and 0.1% w/v.

To prepare 20 mL of each sample, 0.0032 g of Tween 80 was
added to 10 mL of chitosan solution at pH 3,5. This mixture was
homogenized by magnetic stirring at 600 rpm for 30 min at a
temperature of 50◦C. Then, under magnetic stirring, 10 mL of the
TPP solution was added dropwise to the chitosan solution under
stirring at 600 rpm for 40 min at a temperature of 25◦C. Finally,
the dispersion was sonicated in an ultrasonic sonicator (Qsonica
Q55, USA) by 3 min at an amplitude of 30 and power of 55 W.
The samples were macroscopically analyzed for color, odor, and
presence of precipitation and physicochemically analyzed. The
formulations with the best results in terms of particle size, PDI
and zeta potential were selected to encapsulate carvacrol.

4.3 Encapsulation of Carvacrol in Chitosan NPs

The chitosan NPs containing the Car (NPCar) followed the same
method of preparation as the NPChi. 10 mL of aqueous solutions
of Chi (0.1%–0.2% w/v) and Tween 80 (0.0032 g) were kept under
magnetic stirring at 600 rpm for 30 min at a temperature of
50◦C. Soon after, Car in proportions of 1:1 w/w (chi/car) (NPCar1
and NPCar3) and 1:2 w/w (chi/car) (NPCar2 and NPCar4) was
added to the aqueous solution of chitosan andhomogenizedusing
magnetic stirring at 600 rpm for 10 min. Subsequently, 10 mL
of TPP solution (0.05%–0.1% w/v) was added dropwise under
magnetic stirring at 600 rpm for 40 min at a temperature of 25◦C.
Finally, the dispersion was sonicated in an ultrasonic sonicator
(Qsonica Q55, USA.) 3 min at an amplitude of 30 and power of
55w.

4.4 Encapsulation Efficiency (EE%)

NPCar1 were analyzed for determining the Carvacrol content at
275 nm using a Carvacrol standard curve with concentrations
ranging from 6 to 30 µg/mL. Absorbances were obtained by
UV/vis spectrophotometry (UV–Vis-Jasco spectrophotometer (J-
815). The determination of the EntrapmentDrugEfficiency (EE%)
was performed using the ultrafiltration-centrifugation technique.
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Samples (400 µL) were centrifuged at 9000 rpm for 1 h at 25◦C.
The supernatant was collected and added to 1 mL of methanol,
beingmeasured by a spectrophotometer at 275 nm. The Carvacrol
EE% was calculated by Equation (1), based on the straight line
equation obtained by the standard curve:

%EE = Carvacrol Content − Unloaded Carvacrol
Carvacrol Content

(1)

4.5 Size, PDI and Zeta Potential of NPs

Samples of the NPChi formulations (1–6) and the NPCar were
subjected to analysis using photon correlation spectroscopy, also
known as dynamic light scattering. Values of the mean diameter
and zeta potential for NPChi formulations (1–6) and NPCar were
obtained using the Zetasizer Nano ZS equipment (Malvern Pan-
alytical, United Kingdom), using water as a dispersing medium
with a scattering angle fixed at 90◦C and at a temperature
of 90◦C and under temperature 25◦C in triplicate. The results
were analyzed using Zetasizer 7.13 software (Malvern Panalytical,
United Kingdom).

4.6 Parasites and In Vitro Culture

Biological assays for the evaluation of anti-leishmanial activity
of the in vitro NPChi and NPCar tests were performed following
the protocol [34]. The parasites used during the study were forms
promastigotes of the species L. infantum of the lineage IOC579.
The promastigote forms of this Leishmania species were main-
tained in vitro in Schneider medium at pH 7 (Sigma‒Aldrich, St,
Louis, USA) supplemented with 20% fetal bovine serum (FBS—
Cultilab, São Paulo, BRA), 1% antibiotics (200 U/mL penicillin
and 0.1 mg/mL streptomycin—Gibco, Br) and 1% human male
urine. The L. infantum cultures were incubated at 26◦C in a
biological oxygen demand oven (B.O.D) with weekly passage of
cells.

4.7 Evaluation of Anti-Leishmanial Activity on
Promastigote Forms of L. infantum

The antileishmanial activity of NPChi and NPCar was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test [34]. In a 96-well plate, 100 µL of
supplemented Schneider medium, L. infantum promastigotes
adjusted to 4 × 107 parasites/well. The samples were added
to the wells at serial concentrations of 50 to 0.39 µg/mL and,
subsequently, the plate was incubated for 72 h in a B.O.D oven
at 26◦C. After the incubation time, 10 µL of MTT was added and
incubated for another 4 h in a B.O.D oven at 26◦C, followed by
100 µL of sodium Dodecyl Sulfate 10% (SDS) for dissolution of
the formazan crystals, and lastly, it was read to at 540 nm in a
spectrophotometer (Biotek model Elx800; Curitiba, PR, Brazil).
The results were expressed as values of inhibitory concentration
of 50% of the growth of promastigote forms (IC50). The negative
control was the supplemented Schneider medium, the positive
control was performed with the AmB, and the experiment was
performed in triplicate.

4.8 Analysis of Hemolysis in Human
Erythrocytes

The hemolytic activity of NPChi, NPCar, Car and AmB was
determined using human erythrocytes (n = 3) according to the
method described by [35, 36]. This study was approved by the
Ethics Committee for Research Involving Human Subjects of
the Lauro Wanderley University Hospital/UFPB, Brazil (CAAE:
17813013.8.0000.5183). All contributors to this research partici-
pated voluntarily and signed the Informed Consent Form (ICF).
Blood was collected (EDTA tubes). After collection, the erythro-
cytes were diluted in phosphate saline buffer (PBS) adjusting the
blood concentration to 5% of red cells. Next, the NPs and AmB
were added in serial concentrations from 50 to 0.39 µg/mL, and
the isolated Car in serial concentrations of 1 to 0.007 µg/mL. The
samples were incubated for 1 h in a CO2 demand oven at 37◦C,
and after the exposure time, the suspensions were centrifuged at
2000 RPM for 10 min at 25◦C, and then each supernatant was
transferred to other 96-well flat-bottomed plates. The hemolytic
activity wasmonitored bymeasuring the absorbance at 540 nm in
a spectrophotometer (Biotek model Elx800; Curitiba, PR, Brazil).
The absence (negative control) and 100% hemolysis (positive
control) were determined PBS and Triton X-100, respectively.
The experiment was performed in duplicate in three independent
experiments. After statistical analysis, the 50% hemolytic concen-
tration (HC50) was calculated using GraphPad Prism 5.0 software
(San Diego, CA).

4.9 Statistical Analysis

The IC50 and HC50 were calculated using GraphPad Prism 5.0
software. Statistical analysis using GraphPad Prism 5.0 was
performed using nonlinear regression (curve fit), and analysis of
variance (ANOVA) was performed followed by Tukey’s posttest,
taking a value of p < 0.05 as the minimum level necessary for
statistical significance. The data represent the mean ± standard
error (SEM). The experiments were performed in triplicate.
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