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A B S T R A C T

Leishmaniasis is a neglected tropical disease that demands for new therapeutic strategies due to adverse side
effects and resistance development promoted by current drugs. Nitric oxide (NO)-donors show potential to kill
Leishmania spp. but their use is limited because of their instability. In this work, we synthesize, characterize, and
encapsulate S-nitroso-mercaptosuccinic acid into chitosan nanoparticles (NONPs) and investigate their activity
on promastigotes and intracellular amastigotes of Leishmania (Leishmania) amazonensis. Cytotoxicity on mac-
rophages was also evaluated. We verified that NONPs reduced both forms of the parasite in a single treatment.
We also noticed reduction of parasitophorous vacuoles as an evidence of inhibition of parasite growth and
resolution of infection. No substantial cytotoxicity was detected on macrophages. NONPs were able to provide a
sustained parasite killing for both L. (L.) amazonensis infective stages with no toxicity on macrophages, re-
presenting a promising nanoplatform for cutaneous leishmaniasis.

1. Introduction

Leishmaniasis consists in a group of neglected tropical diseases that
are endemic in 97 countries around the world and affects approxi-
mately 12 million people worldwide [1,2]. They are caused by proto-
zoan parasites of the genus Leishmania and transmitted by the bite of
female hematophagous sandflies during the blood meal [1]. According
to the World Health Organization, nearly 0.6 to 1 million new cases of
the cutaneous form appear worldwide annually, mostly in the Amer-
icas, Mediterranean, Middle East and Central Asia [1,3].

The tegumentary forms promote extensive ulcerated and destructive
lesions on the exposed parts of the body. Since it is a chronic illness,
long periods of treatment are required and most of the times the un-
sightly lesions can lead to a permanent scar producing a psychological
impact on patients [4,5].

The current available treatments are limited, once the

antileishmanial drugs are expensive and toxic, which may produce
many adverse side effects [6]. Also, the parasite drug resistance has
become widespread that contributes to a lack of effective treatments
[6,7]. Therefore, considering a major public health problem, a strategic
framework for leishmaniasis control is urgently needed with alter-
natives and new cost-effective therapies that provide better outcomes
and quality of life for patients.

Nitric oxide (NO) plays a key role in different biological systems,
including leishmanial infections. The outcome of leishmaniasis has
been related to increase of specific T helper cells leading to Th1 (re-
sistance) or Th2 (susceptibility) response [8]. Th1 cells prompts the
expression of inducible nitric oxide synthase (iNOS) by macrophages.
This enzyme catalyzes the oxidation of the guanidine nitrogen of L-
arginine to generate NO, which kills the parasite. On the other hand,
the Th2 response inhibits NO production besides activates macrophages
to produce arginase, which competes with iNOS for the same substrate
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[8]. In fact, several studies have demonstrated the NO role to control
Leishmania spp. in vitro and in vivo [9–12].

The NO high reactivity and short half-life requires the use of NO
donors as sources of NO [13]. NO donors such as S-nitroso-N-acetyl-L-
cysteine, S-nitrosoglutathione, S-nitrosothiols and sodium nitroprusside
have been explored as an alternative treatment for tegumentary leish-
maniasis [14–16]. However, NO donors are commonly unstable and
easily decomposed when exposed to light and high temperatures. They
provide a fast NO-releasing and may reduce its effectiveness and in-
crease cytotoxicity [13,14,17].

The recent advances in nanotechnology have brought several ad-
vantages of nanoparticles as a nanocarrier-based drug delivery system
to overcome conventional treatments of cutaneous leishmaniasis [18].
The drug-loaded nanoparticles are able to promote a gradual and sus-
tained drug release improving biodistribution, stability, solubility and
decreasing undesirable cytotoxicity [19].

Chitosan (CS) is known as a hydrophilic polysaccharide with anti-
microbial activity [20]. Particularly, chitosan nanoparticles (NPs) have
been successfully used to carry and delivery drugs in different branches
of health sciences [21,22]. Thus, we synthesized, characterized and
encapsulated NO donor S-nitroso-mercaptosuccinic acid (S-nitroso-
MSA) into CS NPs (Fig. 1) and investigated their activity on promasti-
gotes and intracellular amastigotes of Leishmania (Leishmania) amazo-
nensis, which cause cutaneous and mucocutaneous leishmaniasis.
Herein, we showed that NO-releasing nanoparticles (NONPs) were able
to decrease both forms of parasites without affecting macrophage via-
bility. More importantly, we observed the decrease of parasitophorous
vacuoles (PV), which denotes the resolution of infection.

2. Material and methods

2.1. NPs synthesis

MSA, the precursor of NO donor molecule, was encapsulated into
NPs by the addition of MSA in CS solution during NP synthesis, as
previously described [17,23,24]. Briefly, an aqueous solution of CS
(1.0 mg/mL) and MSA (66.67 mM) was dissolved in 1% acetic acid at
room temperature. After 90min of magnetic stirring, a sodium tripo-
lyphosphate (TPP) solution at 0.6mg/mL was dropwise added to pre-
vious prepared CS/MSA solution. The final mixture was magnetically
stirred for at least 120min to form NPs containing MSA, henceforward
named NPs.

2.2. Characterization of NPs

The average hydrodynamic diameter (% by intensity), poly-
dispersity index (PDI) and zeta potential of NPs were evaluated by
dynamic light scattering using a Nano ZS Zetasizer (Malvern
Instruments Co, UK) [25]. The encapsulation efficiency of MSA into NPs
was determined by the titration of the free thiol group of MSA with 5,5-
dithio-bis-(2-nitrobenzoic acid), as previously described [23,24].

To investigate their shape and morphology, topography and phase
contrast images of NPs were simultaneously obtained by atomic force
microscope (AFM, AFM/SPM Series 5500, Agilent, USA) in tapping
mode.

2.3. Nitrosation of free or encapsulated MSA

Thiol group of free or encapsulated MSA (50mmol L−1) was ni-
trosated by adding an equimolar amount of sodium nitrite (NaNO2)
leading to the formation of free or encapsulated S-nitroso-MSA, hen-
ceforward named S-nitroso-MSA and NONP, respectively. Fig. 1 shows
the schematic representation of the formation of MSA-containing CS
NPs, followed by the nitrosation of MSA, yielding S-nitroso-MSA con-
taining CS NPs (NONPs). The formation of free or encapsulated S-ni-
troso-MSA was confirmed by the appearance of the characteristic S–NO
group absorption bands at either 336 nm (ε=980.0 Lmol−1 cm−1) or
at 545 nm (ε=18.4 Lmol−1 cm−1) using the UV–Vis spectro-
photometer (Agilent 8454, Palo Alto, CA, USA).

2.4. In vitro kinetics of NO release

The NO release profile from free and encapsulated S-nitroso-MSA
was measured in deionized water monitored by UV–Vis spectrometry
[17,23]. The initial concentration of S-nitroso-MSA (free or en-
capsulated) was 50 mM. Kinetic data were obtained by measuring
changes in absorbance intensity of S-nitroso-MSA at 545 nm (nN → π*
transition), by using the UV–Vis spectrophotometer (Agilent 8454, Palo
Alto, CA, USA), with a temperature controlled sample holder. Changes
at 545 nm are solely associated with S–N bond cleavage and free NO
release [17,23]. Kinetic data were collected in 60min intervals at 37 °C
for 10 h. The quantity of NO released over time was calculated ac-
cording to Beer's law [23].The initial rates of NO release from S-nitroso-
MSA and from NONPs were determined through linear regression of the
initial sections (0–3 h range) of the kinetic curves [26].

Fig. 1. Schematic representation of the preparation of MSA containing CS NPs, followed by the nitrosation of thiol group of MSA, leading to the formation of S-
nitroso-MSA containing CS NPs, henceforward named (NONPs).
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2.5. Parasite culture

Leishmania (L.) amazonensis (MHON/BR/73/2269, transgenic line
expressing luciferase) was a kind gift from Prof. Silvia R. B. Uliana
(University of São Paulo). Promastigotes were grown at 25 °C in M199
medium (Sigma-Aldrich, USA) supplemented with 10% fetal bovine
serum (FBS, GibcoTM Invitrogen Corporation, USA) and 0.25% hemin
(Sigma-Aldrich, USA) with pH 7.2 [27]. To obtain lesion amastigotes,
female BALB/c mice were infected in footpad with 1×106 promasti-
gotes. After 8 weeks, the animals were euthanized and the parasites
recovered from footpad lesions. The lesion homogenate was submitted
to sequential 200 g centrifugation steps to separate parasites from tissue
debris [28].

2.6. Activity of NONPs on Leishmania promastigotes

Leishmania promastigotes (5×106 per well) were treated with in-
creasing concentrations (25–200 μM) of NONPs and NPs for 24 h. In this
manuscript, the molar concentrations refer to the molar concentrations
of MSA for NPs, and S-nitroso-MSA for NONPs. Metabolic activity was
determined through luciferase assay using luciferin as a substrate to
promote bioluminescence reaction (One Glo Luciferase Assay System,
Promega Corporation, USA). This system provides a sensitive, robust
and homogeneous assay for detection of firefly luciferase reporter gene
expression in recombinant cells by bioluminescence. Bioluminescence
is a phenomenon that involves light emission mediated by ATP in living
organisms. Luciferin was added to wells 5 min before bioluminescence
detection by a spectrophotometer (Spectramax M4, Molecular Devices,
USA). Then, the 50% and 90% inhibitory concentrations (IC50, IC90)
were calculated. Parasite kinetics following treatments was determined
as described above and results were acquired at 3, 6, 12 and 24 h after
incubation.

Additionally, parasites (1×105) were treated with increasing drug
concentrations (25–400 μM) of NONPs and NPs for 24 h. Afterwards,
parasite metabolic activity was determined daily during 5 days.

2.7. Cytotoxicity assays on macrophages

All the experiments were carried out in accordance with inter-
nationally recognized guidelines and in agreement with the Brazilian
Federal Law 11,794, Decree 6899 and on the Normative Resolutions
published by the National Council for the Control of Animal
Experimentation (CONCEA), and approved by the Ethic Committee on
Animal Use of the IPEN-CNEN/SP under the protocol number 189/17.

Bone marrow-derived macrophages (BMDM) from BALB/c mice
were obtained and cultured for 7 days in RPMI 1640 medium (15mM
HEPES, 2 g of sodium bicarbonate/L, and 1mM L-glutamine) and sup-
plemented with 20% FBS and 20% L-929 cell conditioned medium
(LCCM) [28,29].

For mitochondrial activity assay, cells (8× 104) were plated on 96-
well plates 24 h prior experiments and then treated with increasing
concentrations (0–400 μM) of NONPs and NPs for 24 and 48 h and their
viability was evaluated by MTT. Briefly, after treatment, the cells were
incubated with 30 μL of MTT (at 5.0 mg/mL) (3-[4,5-dimethyl-2-thia-
zolyl]-2,5-diphenyl-2H-tetrazolium bromide; Sigma-Aldrich, USA) and
maintained at 37 °C for 4 h. The reaction was stopped by adding 30 μL
of 20% (w/v) sodium dodecyl sulfate (SDS) to each well and the optical
density was measured in a spectrophotometer (Spectramax M4,
Molecular Devices, USA) at 595 nm using a reference wavelength of
690 nm. Results were expressed as a percentage of mitochondrial ac-
tivity compared to control [30].

For immunofluorescence, 2× 105 cells per well were plated on glass
coverslips in 24-well plates and treated with 400 μM NONPs and NPs
24 h after. Forty eight-h post-treatment, the cells were fixed with me-
thanol, washed with PBS, and permeabilized/blocked with 0.1%
Saponin (Sigma-Aldrich, USA) and BSA (bovine seric albumin, Sigma-

Aldrich, USA) in TBS (tris-buffer saline). Coverslips were incubated for
1 h with 10 μg/ml DAPI. Images were obtained with a fluorescence
microscope (DMI6000B/AF6000, Leica, Germany) connected to a di-
gital camera system (DFC 365 FX, Leica, Germany) and processed by
ImageJ software. The average number of adhered cells was quantified
by counting at least 20 fields per coverslip [28,31].

2.8. Activity of NONPs on intracellular amastigotes

Macrophages (8×104) were plated on 96-well plates (biolumines-
cence) or 2×105 per well on glass coverslips in 24-well plates (im-
munofluorescence) 24 h prior experiments and then infected with lesion
amastigotes (multiciplicity of infection=5) for 1 h at 34 °C. Cells were
washed and incubated in fresh medium for 24 h. Infected cells were
treated with 400 μM of NONPs and NPs. The supernatant of infected
and treated cells was removed to quantify the NO production. Parasite
metabolic activity of infected cells was quantified by bioluminescence
and the number of parasites was quantified by counting through
fluorescence microscopy. For this, the cells were fixed with methanol,
washed with PBS, and permeabilized/blocked with 0.1% Saponin and
BSA in TBS. Coverslips were incubated for 2 h with rabbit polyclonal
antibodies against Leishmania, followed by anti-rabbit IgG Alexa Fluor
488 (Molecular Probes, USA). Rat anti-mouse Lamp1 mAb (BD
Biosciences, USA) was used to stain vacuolar-associated protein, being
incubated for 2 h and then for 1 h with anti-rat IgG Alexa Fluor 568
(Molecular Probes, USA). Nuclei were stained with 10 μg/mlL DAPI for
1 h. Images were obtained with fluorescence microscopy and processed
by ImageJ software [28,31]. Results were determined by counting
300 cells per coverslip and expressed as percentage of infected macro-
phages and average number of amastigotes per macrophage. The in-
fection index was also calculated following the formula:

Number of amastigotes
infected macrophages

x % infection

2.9. Nitric oxide detection

To determine NO production, nitrite in the infected cell supernatant
was detected by the Griess reagent (1% sulfanilamide, 0.1% N-naph-
thyl-ethylenediamine, 2.5% ortho-phosphoric acid) at room tempera-
ture for 15min. The NO concentration was determined by preparing a
sodium nitrite standard curve. Absorbance was measured in a spec-
trophotometer at 540 nm [32].

2.10. Statistical analysis

All data are representative of at least three independent assays in
triplicate, unless stated otherwise. Statistical analysis was performed
using GraphPad Prism 6.0 software by one-way ANOVA followed by the
Tukey post-test. Differences were considered statistically significant
when p < 0.05.

3. Results

3.1. Characterization of NPs

A spherical morphology of NPs was evaluated by AFM images,
Fig. 2A exhibits a representative image of NP with a homogenous dis-
tribution. Fig. 2B exhibits a size lognormal distribution with an average
size of 42.10 ± 1.37 nm at solid state.

The hydrodynamic size, PDI, and zeta potential of NPs were
130.3 ± 1.3 nm, 0.28 ± 0.01 and +29.4 ± 1.07 mV, respectively.
The encapsulation efficiency of MSA into the nanoparticles was 98.9%.
NPs are stable in deionized water for approximately 6 months.

Thiol group of free or encapsulated MSA was nitrosated by reacting
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with equimolar amount of NaNO2 leading to formation of free or en-
capsulated S-nitroso-MSA, respectively. The kinetics of NO release from
free and encapsulated S-nitroso-MSA is shown in 3. We can observe the
presence of two stages of NO release profile: an initial burst in the first
3 h of monitoring, following by the establishment of a plateau for at
least 10 h, for both curves. The initial rates of NO release for free and
encapsulated S-nitroso-MSA were 16.0 ± 2.8% h−1 and 10.2 ± 1.3%
h−1, respectively. For free S-nitroso-MSA ca. 100% of NO is released
upon the establishment of the steady-state. In contrast, 45% of NO is
released from NONPs. These results indicate the sustained release of NO
upon the encapsulation of the NO donor into CS NPs. Nitrosation was
performed immediately before all experiments.

3.2. NONPs decrease promastigotes of L. (L.) amazonensis

NPs affected Leishmania promastigotes, promoting 65% parasite
killing at 200 μM. When NONPs were used, we observed a more pro-
nounced dose-dependent parasite killing, with a reduction of approxi-
mately 50% of the promastigote population at 25 μM, reaching ap-
proximately 85% of promastigote reduction at 75 μM (Fig. 4).

The more evident decreasing signal for NONPs was noticed at 100
and 200 μM with 94% and 98% parasite killing, respectively (see
Fig. 4). As a result, we were able to determine the IC50 at 31.5 and IC90

at 102.4 μM, according to the exponential fitting of the dose-response
curve (Fig. 5).

Following NP treatment, we noted that proliferation of the re-
maining parasites was slightly affected (Fig. 6A). Nevertheless, a drastic
influence on parasite recovery after NONP was observed. In fact, the
higher the concentration, the higher the parasite reduction (Fig. 6B).

To demonstrate the total clearance of parasites, we plotted the
parasite growth with more days of culture (Fig. 7). Although there was
nearly 98% promastigotes inhibition after NONPs treatment at 200 μM
(Fig. 6B), we observed a parasite recovery 3 days post-treatment, which
was not visualized in 400 μM treated-parasites (Fig. 7). Actually, we
observed a statistically significant difference with this last concentra-
tion 3 days post-treatment when compared to control. Thus, we in-
cluded the 400 μM concentration for further studies.

Fig. 2. Representative atomic force microscopy (AFM) topography image (A) and size lognormal distribution of NPs (B). Bar represents 200 nm.

Fig. 3. Kinetics of NO release from free and encapsulated S-nitroso-MSA mea-
sured in deionized water and monitored by UV–Vis spectrometry (initial con-
centrations of NO donor were 50mM in both curves) at 37 °C. The results are
reported as the mean ± standard deviation (SD) of three independent experi-
ments.

Fig. 4. Dose-response of NPs and NONPs from 0 to 200 μM against L.(L.)
amazonensis promastigotes determined by bioluminescence assay 24 h after
treatment. Data represent mean values ± standard error of the mean (SEM).
Statistically significant differences were observed for concentrations higher
than 25 μM compared to their counterparts (*, p < 0.05) (n = 6).
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3.3. Treatment with NONPs is not toxic to macrophages

When mitochondrial activity of NONPs was measured by MTT in
macrophages, no effect was observed in all concentrations tested at
different times of incubation (Fig. 8). Twenty four-h after incubation,
we noticed about 80% of macrophages were viable at concentrations up
to 200 μM. In addition, the highest concentration of 400 μM maintained
cell viability around 75% even after 48 h (Fig. 8).

In fact, typical phenotype macrophage morphology remains similar
when treated with NONPs or NPs compared to the untreated cells
(Fig. 9). More important, the number of macrophages per field is
identical in all treatments (control: 24.6 ± 3.7, NPs: 23.7 ± 5.4 and
NONPs: 24.1 ± 2.3), confirming the results shown in Fig. 8.

3.4. Intracellular amastigotes of L. (L.) amazonensis are susceptible to
NONPs

Regarding the release of the NO-donor from NPs, undetectable le-
vels of nitrite were obtained in untreated or NP-treated (400 μM) in-
fected macrophages. However, high levels of nitrite reaching

approximately 300 μM were detected in the supernatant when the in-
fected cells were treated with NONPs (Fig. 10), demonstrating stability
and a high level of the toxic NO compound along the infection.

Next, we quantified the anti-leishmanial effect of NONPs in in-
tracellular amastigotes of L. (L.) amazonensis by two experimental
methods. We observed a decrease of about 33% in intracellular amas-
tigotes when compared to the untreated control and NP samples by
bioluminescence after 24 h of NONPs incubation (Fig. 11).

Furthermore, 48-h after treatment, NPs were able to reduce the
number of amastigotes per macrophages and the infection index in
about 21% and 33%, respectively, when intracellular parasite sus-
ceptibility was analyzed by immunofluorescence. In contrast, NONPs
promoted a more evident and sustained effect, reducing in about 47%
and 56% the number of intracellular amastigotes and its infection
index, respectively. There was no significant difference in the percen-
tage of infection when compared to the control, although approxi-
mately a 10% reduction was observed in both treated groups (Table 1).

The enhanced leishmanicidal effect of NONPs on intracellular
amastigotes is easily visualized inside macrophages as shown in Fig. 12.
Untreated control infected macrophages showed numerous amastigote

Fig. 5. Dose-response fitting curve of NONPs on Leishmania (L.) amazonensis
promastigotes. Parasites were treated with increasing concentrations of NONPs
(0–200 μM) for 24 h. Values shown represent the mean ± SEM (n=6).

Fig. 6. Leishmania (L.) amazonensis promastigotes metabolic activity from 0 to 24 h post-treatment with different concentrations (0–200 μM) of NPs (A) and NONPs
(B) determined by bioluminescence assay. Values show means ± SD (n=3).

Fig. 7. Leishmania (L.) amazonensis promastigotes proliferation until 5 days
post-treatment with different concentration (0–400 μM) of NONPs determined
by bioluminescence assay. Statistically significant difference was observed for
400 μM compared to control after day 3 (p < 0.05). Values show means ± SD
(n= 3).
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forms inside large lysosomal structures called parasitophorous vacuole
(PV) with 48 h of infection. When infected macrophages were treated
with NPs, we can perceive a smaller number of amastigotes inside PV
compared to control. On the contrary, it is possible to recognize not
only a reduction in the number of intracellular amastigotes but also in
the size of the Leishmania-PV following NONPs treatment, which sup-
ports the killing effect of this compound on intracellular parasites.

4. Discussion

This study showed that NONPs are able to reduce promastigotes and
intracellular amastigotes of L. (L.) amazonensis with no substantial
macrophage cytotoxicity.

The hydrodynamic size and PDI of NPs described here are in ac-
cordance with other studies reported in literature [33,34]. The en-
capsulation efficiency of MSA into NPs was higher than reported in
literature, which indicates a successful formation of NPs due to positive
interactions between the nanoparticle components (CS and TPP) and
MSA [34,35].

The positive zeta potential indicates that NPs are positively charged
and it is related to amino groups presented in CS structure. In fact, Lima
and co-workers have showed chitosan-based silver nanoparticles with
positive zeta potential [19]. In addition, our results are similar to those
reported by Pelegrino et al. [23].

The AFM image showed the formation of spherical nanoparticles
with a lognormal size distribution, similar to size distribution reported
by other authors [33,35]. It should be noted that nanoparticle size at
solid state is usually smaller compared with hydrodynamic size dis-
tribution, as reported here, due to the presence of water solvation layers
on the nanoparticle surface. In addition, our results demonstrated that
NO can be released from the NPs. Similar results were previously re-
ported by Pelegrino and collaborators [23].

By monitoring the thermal stability of S-nitroso-MSA, and thus the
NO release profile, the encapsulation of the NO donor significantly
decreased the rates of NO release (see Fig. 3). As previously observed, a
sustained NO release can be achieved upon the encapsulation of the NO
donor, in this case S-nitrosothiol, into a nanocarrier. Similar results
were reported for different classes of NO donors encapsulated into
polymeric nanoparticles [36–38], microemulsions [39], and hydrogels

Fig. 8. BMDM treated with increasing concentrations of NONPs (0–400 μM)
and NPs (400 μM) for 24 h and 48 h. Mean values ± SEM of mitochondrial
activity were determined by MTT assay. No statistically significant differences
were noticed (n=9).

Fig. 9. Immunofluorescence staining re-
presentative images of BMDM treated with
NPs and NONPs (400 μM) for 48 h. Nuclei
were stained with DAPI (blue fluorescence).
Images were processed by ImageJ software
and the average number of adhered cells
was quantified by counting at least 20 fields
per coverslip. Bars represent 25 μm (n=6).

Fig. 10. Intracellular amastigotes were treated with NPs and NONPs (400 μM)
and the amount of nitrite was determined by the supernatant of the infected
macrophages using the Griess reagent. Values show means ± SD of nitrite
detection (n=6).

Fig. 11. Metabolic activity of intracellular amastigotes of L. (L.) amazonensis
treated with NPs and NONPs at 400 μM for 24 h and determined by luciferase
assay. Data represent mean values ± SD. Statistically significant differences
were observed between NONPs and other groups (*, p < 0.05) (n = 3).
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[40].
Chitosan is an attractive platform to encapsulate NO donors due to

inherent characteristics as biocompatibility, biodegradability, non-
toxicity to mammal cells, high bioavailability, and ease of transforma-
tion [41]. It is a positively charged polymer with free amino groups
capable of interacting with anionic molecules [20,21]. To the better of
our knowledge, this is the first study to show that S-nitrosothiol-loaded

CS NPs promote antileishmanial activity.
As the parasite membrane contains negatively charged phospholi-

pids [42], an antileishmanial activity was already expected with NPs
due to antimicrobial activity of chitosan [20]. However, the anti-
parasitic effect was significantly enhanced in the presence of NO donor,
demonstrating a treatment improvement achieved by its association.

In addition, we observed a dose-dependent promastigote decrease
following NONP treatment. In fact, IC50 value was achieved 31.5 μM.
Although this value is higher than IC50 for amphotericin B or miltefo-
sine, NONPs showed no toxicity on macrophages up to 400 μM. Besides,
NONPs were formulated to be applied as a topical treatment unlike
current antileishmanial drugs. Thus, no systemically toxicity is ex-
pected.

At the highest concentration (200 μM) we noticed a significant
parasite recovery 3 days after treatment (see Fig. 7). Although this dose
was almost 2 times greater than IC90, we should consider that IC90 re-
presents a single point on the dose-response curve in the first 24 h, and
the remaining parasites were still able to keep proliferating. Thus, we
hypothesize that the use of a higher dose (400 μM) could support
parasite reduction for longer periods. This hypothesis was confirmed
and we observed a noticeable and sustained promastigote killing even
after 5 days, which corroborates with other studies, where high levels of
NO were necessary to promote an efficient antiparasitic activity
[43–45].

Before evaluation of drug efficiency against intracellular amasti-
gotes, we evaluated the toxicity of NONPs on macrophages. In fact,
when promastigotes are inoculated in the host by the bite of the sandfly,
they are phagocytized by macrophages, where they will be able to
differentiate into amastigote forms [46]. Although a slight cell viability
diminution has been noted following NONP administration at 400 μM
our results demonstrated no significant toxicity on macrophages even at
high concentrations.

NO donors, such as S-nitrosothiols, are usually considered cytotoxic
at high concentrations due to the free and uncontrolled NO-releasing
[15,44]. Our results provide substantial evidence that chitosan nano-
particles could be considered a promising drug delivery strategy.
Probably the NO-loaded chitosan nanoparticles reduced the cytotoxic
effects providing a sustained, controlled and gradual NO-releasing and,
consequently, no noteworthy decrease of macrophages and cell mor-
phological alterations were perceived even at 400 μM.

We then proceeded with experiments using free and NONPs at
400 μM. Firstly, we verified high levels and stability of nitrite along
infection following NONP administration. After, we realized that about
33% of the intracellular amastigotes decreased with a single NONP
treatment. Forty eight-h after, a further killing around 50% was ob-
served. It is worth to highlight that NONP even at 400 μM did not show
significant toxicity to macrophages following 24 or 48 h of the treat-
ment.

Indeed, S-nitrosothiols are endogenous molecules known not only
because of their ability to release NO, but also because of other biolo-
gical functions such as transnitrosation and S-thiolation [47]. Transni-
trosation reaction occurs by the transfer of nitrosothiols to a molecule
or protein containing cysteine residues, which generates cytotoxicity by
an enzymatic inhibition [15,48]. For this reason, Leishmania cysteine
proteinase activity is probably inhibited by NO-donors through trans-
nitrosation reaction leading to parasite death [16]. Besides, the NO
interaction directly with both parasites stages may compromise their
proliferation because of mitochondrial respiratory chain disorder gen-
erated by iron depletion and aconitase inhibition [16,49].

Promastigotes are more susceptible to NO than amastigote stages,
particularly regarding L. (L.) amazonensis, probably explained by their
ability to survive in the hostile environment inside macrophages
[43,50]. The amastigote forms of L. (L.) amazonensis usually replicate
inside large PVs that expand during infections and this is extremely
related to the parasite virulence, disease severity and the competence to
survive and proliferate inside the host cells [51,52].

Table 1
Activity of NPs and NONPs on intracellular amastigotes of Leishmania (L.)
amazonensis. Results were determined by counting 300 cells per coverslip and
expressed as percentage of infected macrophages and average number of
amastigotes per macrophage. The infection index was also calculated following
the formula: Number of amastigote/macrophage x % of infected macrophage. *
denotes statistically significant differences between NPs and NONPs. ** denotes
statistically significant differences between control and NONPs (p < 0.05,
n = 6).

Number of intracellular
amastigotes/infected macrophage

% Infection Infection Index

Control 8.5 ± 1.2 76.2 ± 7.1 649.7 ± 115.1**
NPs 6.7 ± 0.2* 65.1 ± 3.1 436.0 ± 6.9
NONPs 4.5 ± 0.4* 63.7 ± 5.4 288.0 ± 39.9**

Fig. 12. Phase contrast and immunofluorescence staining representative
images of infected macrophages treated with NPs and NONPs at 400 μM after
48 h. Nuclei were stained with DAPI (blue fluorescence) and parasites stained
with rabbit polyclonal antibodies against amastigotes of Leishmania (L.) ama-
zonensis, followed by anti-rabbit IgG (green fluorescence). Rat anti-mouse
Lamp1 mAb was used to stain vacuolar-associated protein and then anti-rat IgG
was used (red fluorescence). Images were processed by ImageJ software and
results determined by counting 300 cells per coverslip and expressed as per-
centage of infected macrophages and average number of amastigotes per
macrophage. Bars represent 10 μm. Arrows indicate amastigote inside macro-
phage (n= 6).
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We noticed several amastigotes within a large PV in the control
group, which indicates significant infection progress [50] (see Fig. 11).
Likewise, although there was a parasite burden reduction after NP ad-
ministration, the PV size and morphology seem to be similar to control.
On the contrary, NONP treatment showed a remarkable PV size re-
duction and intracellular parasite killing.

Small PVs are not able to sustain the parasite growth [50]. In con-
trast, large PVs are capable of diluting the antimicrobial agents such as
reactive oxygen species and reactive nitrogen species improving the
amastigote survival [50,51]. Thus, treatments that can reduce PVs re-
veal a great advantage against L. (L.) amazonensis. In fact, the PV size in
this study brings crucial evidence that infection resolution can be
happening because of the sustained NO releasing and not only because
of chitosan properties [50,53].

5. Conclusions

In conclusion, this is a first attempt to identify the potential of NO-
loaded chitosan nanoparticles in decreasing promastigote and amasti-
gote forms de L. (L.) amazonensis without toxicity on macrophages. Low
cost, biocompatibility and biodegradability make CS NPs very inter-
esting to encapsulate NO donors. As this formulation is designed to treat
CL, in practice, NONPs might be administrated directly to the infected
wound by subcutaneous inoculation, or by incorporating the NP sus-
pension into a cutaneous hydrogel, as previously proposed [54]. Ad-
ditionally, there is clearly the possibility of developing new protocols
involving different NONP concentrations and suitable number of ap-
plications. We envisage this innovative nanoplatform as a non-invasive
and promising therapy for cutaneous leishmaniasis and hope to en-
courage further studies in this area.
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