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Abstract

Purpose®Currently, there is a crucial need for alternative strategies to control leishmaniasis,
which threatens more than 1 billion people worldwide. The simultaneous use of combination
therapy and nanostructured lipid carriers aimed to assess the leishmanicidal activity of silver
and dapsone niosomes co-administration in vitro and in silico.

Methods: After preparing the niosomal formulations of dapsone and silver using the film
hydration method, Span 40 and Tween 40 / Cholesterol with a 7/3 molar ratio was selected as
the optimal formulation. Consequently, the arrays of experimental approaches were conducted
to compare the anti-leishmaniasis efficacy of ready niosomes with amphotericin B and obtain
a deeper understanding of their possible mechanisms of action.

Results: Our findings showed higher potency of silver-loaded and dapsone-loaded niosomes
co-administration compared to amphotericin B as a positive control group. The results of
isobologram and combination index (CI) analyses confirmed the synergic potential of this
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mixture. This combination triggered anti-leishmanial pathways of macrophages, which
promoted the expression level of Thi cell-related genes, and the downregulated expression of the
phenotypes related to Th2 cells. Furthermore, a high level of antioxidant and apoptotic profiles
against the parasite provides a rational basis and potential drug combination for cutaneous
leishmaniasis. Moreover, the outcomes of the molecular docking showed a high binding affinity between
dapsone and iNOS, stimulating the immune response in Thl direction.

Conclusion: In general, the multifunctional leishmanicidal activity of dapsone and silver-niosomes
co-administration should be considered for further in vivo and clinical studies.

Keywords: Niosomes, Drug delivery, Combination therapy, Cutaneous leishmaniasis, Dapsone, Silver
1. Introduction

Leishmaniasis is a vector-borne infectious disease and an important public health concern,
especially in tropical and semi-tropical regions 2. This potentially lethal disease, spreads via
the bites of phlebotomine sand fly species, which is caused by various Leishmania species 3“.
Leishmaniasis has a wide range of clinical manifestations, from skin lesions' t0“progressive
damage to vital organs, and it is categorized into three forms: visceral (VL), cutaneous (CL),
and mucocutaneous leishmaniasis (ML). CL as the most common and<VL (kala-azar) as the
most fetal type of this disease are two main forms of leishmaniasis from 600 000 to'2 million
and 50,000 to 90 000 new cases annually, respectively 2267 Leishmaniasis ,is%distributed in 98
countries of the world, and most of them are in Africa, the Middle_EastySouth and Central
America, and the Mediterranean region threatening more thamy 1 billion people. Cutaneous
leishmaniasis in Middle Eastern countries like Iran is mainly “caused, by Leishmania major and
L. tropica 82,

Historically, numerous drugs, such as pentavalentmantimony» compounds such as sodium
stibogluconate and meglumine antimoniate formulations, have been used for the treatment of
leishmaniasis as a first line, and liposomal forms ‘of amphotericin B, pentamidine, miltefosine,
paromomycin, and azole antifungals were consideredithe alternatives if resistance occurs 61011,
Even though these treatments were,found “effective, all of these drugs cause several related
limitations and adverse effects, such_as,high cost and toxicity, parenteral administration, long-
term treatment, and drug resistance *¢-1%.

Therefore, to find new, less toxic™therapeutic agents, nanotechnology has played a significant
role via various nanodevices «and\nanomaterials 116, Besides, using drug combinations instead
of monotherapy can prevénty drugwrésistance and decrease adverse reactions /. Recently,
several new systemic drugsiyshowed antileishmanial activities. Dapsone (DAP, 4,4-diamino-
diphenyl sulfone) issa Suitable substitute for the treatment of leishmaniasis by increasing
cellular immunity via different cytokines and its anti-inflammatory properties 8-2,

Several findings demonstrate»that metallic and metal oxide nanoparticles (NPs) such as
titanium diexides(TiOg), zinc oxide (ZnO), iron oxide (FesOa), silver (Ag), and gold (Au) can
inhihit, the growth ofvarious parasites such as Leishmania 2122, Inaddition, combining Ag-NPs
with ‘¢hemicalsdrugs can be used as an appropriate alternative for toxic drugs providing lower
toxicitysand higher efficacy 2.

Over recent years, nano-vesicular systems such as niosomes, liposomes, transferosomes,
pharmacosomes, and ethosomes have been employed as promising strategies for drug delivery
systems. Niosomes as nonionic surfactant-based nanovesicles have oral, parenteral, and topical
applications to obtain the proper therapeutic response for the treatment of leishmaniasis.
Niosomes can prolong their incorporated drug release and their residence time in the skin
(epidermis and stratum corneum). These biodegradable and biocompatible drug delivery
systems can decrease systemic absorption of their entrapped drug which leads to reducing
toxicity as the main reason for developing a niosomal system. Niosomes are preferable rather
than liposomes in terms of their higher chemical stability and skin penetrability, and lower
production cost 24-2°,

The present study aims to prepare the niosomal formulation of silver and dapsone to assess
their antileishmanial activity on L. major promastigote and amastigote stages alone and in
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combination with each other using in vitro and in silico assays, and gene expression profiles.
For this purpose, initially, the synthesized niosomal formulations were characterized, and the
encapsulation efficiency and in vitro release study were conducted.

2. Materials and Methods

2.1. Materials

Amphotericin B as adrug of choice was purchased from Health Biotech Id. India as the water-
soluble intravenous infusion vials. Dapsone and silver were obtained from Merck, Germany.
Sorbitan esters (Span®), their PEGylated derivatives (Tween®), and cholesterol (CHOL) were
supplied by Fluka, Switzerland. All chemical reagents were employed without any
purifications and prepared from Merck, Germany.

2.2. Preparation of niosomal formulations

In the present study, a film hydration assay was utilized to synthesize niosomes:yBriefly, the
lipid phase which consists of nonionic surfactant (Span 40 and Tween 40)/Cholesterol was
dissolved in 5 mL chloroform with specified molar ratios (7/3). Nextpa rotaryevaporator
(Blchi Labortechnik AG, Switzerland) was used to remove organic solvent “at 65°C. The
resultant lipid layer was kept in a vacuum desiccator overnight for eliminating the trace organic
solvent remaining. To prepare Ag-loaded niosomes, the resultant dried lipidyfilm ‘Wwas hydrated
with 5 mL of Ag solution (distilled water) at 65°C for 30 minutess Then, smaller niosomes were
obtained using a sonicator (sonopuls HD- 3200, Germany) by sonicating the hydrated niesomes with a frequency

of 20 kHz for 5 minutes. Similarly, 5 mL of dapsone solution (acetone) was employed to synthesize dapsone-
loaded niosomes. The final concentration of Ag and dapsone in their resulting niosomal suspension was setto 1%

w/v. The resultant niosomes were stored at refrigerator teémperature’ for further assessment.

2.3. Characterization of niosomes

The formation of vesicles, the estimated number, of vesicles, “their different shapes (MLV, SUV,
round, tubular, etc.), the presence of vesicle ‘aggregationy constituent cholesterol crystals or
surfactant particle or droplet separation, ¢and phase“separation were investigated using optical
microscopy HFX-DXZ (Nikon, Japan). Semewmicrographs were prepared using a camera-
attached optical microscope (10x40 magnifications).

The static laser light scattering technigueywas used to measure the particle size distributions of
vesicles via a Malvern NanogwZS4light scattering apparatus (Worcestershire, Malvern
Instruments Ltd., UK). Size distribution™parameters and derived diameters were calculated
from the fundamental size distributionsby using Sizer-2000E software. To evaluate the Vesicle
stability, vesicle size antl“the morphology of MLVs were determined in 1 week, 1, 3, and 6
months (stored in a refrigerator) after preparation. Measurement was carried out using a 100
mm focal length lens, whichewas capable of measuring vesicles in the 0.1-100 pum size range.
The Fourier-transform infraredy, (FT-IR) spectra were obtained using the Shimadzu Varian 4300
spectrophotometer andthe IR absorption spectra were recorded in the region of 400-4000 cnr
Land then comparedswith references.

2.4. encapsulation efficiency determination

The determination of Amax for dapsone in ethanol 96% was conducted by scanning the fresh
dapsone" solution (40pg/ml) between 200 to 400 nm. To separate non-entrapped dapsone
niosomes “from encapsulated ones, the vesicle suspensions were centrifuged at 20000 rpm for
15 min at 25°C. The amount of dapsone in the supernatant and also in the vesicles was analyzed
after disrupting the niosomes with ethanol 96%. The same procedure was performed for silver
niosomes. The encapsulation efficiency (% EE) was determined using the following equation:
% EE = (Cp/Ct1) x 100 (Eq.
1)

Where Cp is the concentration of the drug in the vesicle and Cr is the initial drug concentration
added to the formulation.

2.5. In vitrodrug release

A vertical glass Franz-type diffusion cell with an active surface area of 1.5 cm? and a receptor
phase volume of 15 ml was used for in vitro release study of dapsone from niosomes at 37 £
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1°C. Cellulose acetate dialysis membrane (Visking tube, MW cut-off 12000 D) was used as a
barrier between donor and receptor compartments of the diffusion cell. Before the diffusion
experiments, the acetate cellulose dialysis membrane was soaked in normal saline for 24hr.
The receptor compartment was filled with the receptor phase, which contains 60% ethanol at
96° and 40% phosphate buffer that the pH fixed at 7, and the donor compartment with 1 ml
vesicular dispersion of dapsone. The medium in the receptor compartment was magnetically
stirred at a rate of 100 rpm. Samples with the volume of One ml were withdrawn at fixed time
intervals from the receptor compartment in 0-400 min and replaced with a similar volume of
fresh receptor phase and the permeated drugs concentrations were measured by UV
spectrometer S-3100 SCINCO.

2.6. parasite and macrophage cell lines

L. major strain (MRHO/IR/75/ER) was kindly provided by Leishmaniasis Researeh Center,
Kerman University of Medical Sciences, and seeded in Novy-MacNeal-Nicolle“medium.
RPMI-1640 (Biosera, France), enriched with 100 pg/mL streptomycin, 100y [UANL of penicillin,
and 10 % v/v heat-inactivated fetal bovine serum (FBS) (Gibco, Germany). Was used to culture
promastigotes.

Pasteur Institute of Iran (Tehran) provided the cell line of J774 - A1 ATCC ® TIB-67™ murine
macrophages. Cells were incubated at 37 °C, and 5 % CO2 using [Bulbecco's Modified Eagle's
Medium (DMEM), supplemented with 10% heat-inactivated FBSyand®1% penicillin and
streptomycin.

2.7. Anti-promastigote assay

Evaluation of the antiparasitic activity of the prepared “hiosomes and their combination
compared to amphotericin B was conducted against™the promastigote form of L. major using
MTT assay. For this purpose, 90 uL of the Leishmania‘parasites (2 x 10° promastigotes/mL)
from the logarithmic growth stage,and 10 pL ofvarious,concentsations (5-100 pg/mL) of niosomal formulation
of silver (NA) and dapsone (ND), their combination, (NA+ ND), and amphotericin B (Amp B) as a
positive control group was shifted to'each well“of 96-well microplate and placed at 25°C + 1°C for 72 h.
Subsequently, 20 pL of prepared MTT (SigmayChemicalyCo., St. Louis, Mo.) solution (5 mg/mL) was added to
each well, and then, the promastigotes were incubated at a similar condition for 3 h. 100 pL of promastigotes
containing no drug is considered a negativeicontrok Finally, after adding 100 pL of DMSO to each well, OD
absorbance was obtained at 490 nm'usingan enzyme-linked immunosorbent assay (ELISA) reader (Bio Tek-
ELX800). All the experiments were conducted in triplicate.

2.8. Anti-intramacrophage amastigote assay

In order to assess the anti-amastigote activity of prepared niosomes, initially, 200 uL of J774-
Al (5 x 10° cells/mly*was eultured in DMEM medium enriched with 10% heat-inactivated FBS
using sterile glass slides in 6schamber plates. After 24 h of incubation at 37 °C in 5 % COg,
200 pL of L. major parasites (5 x 108 promastigotes/ml) in the stationary growth phase were
added to the adhered macrophages at a ratio of 10:1 parasite/macrophage and then, the infected
macrophages Were incubated overnight, similarly. Following washing out free parasites with PBS,
intramacrophage™ amastigotes were exposed to different concentrations (25-100 pg/mL) of
prepared niosomal formulation of silver (NA) and dapsone (ND), their combination (NA +
ND), and“amphotericin B (Amp B) as a positive control group. Then, all the samples were kept
under the same conditions for 72 h. All the cultures were conducted in triplicate. Afterward,
the light microscope was used to count the number of amastigotes by examining 100 cells in
each sample compared to the untreated control, following fixing and staining the slides using
methanol and Giemsa, respectively.

2.9. Cytotoxicity assay

The present study used an MTT assay to investigate the cytotoxicity of prepared silver and
dapsone niosomes and their combination in comparison with amphotericin B. For this purpose,
the exposure of different concentrations (2.5-25 ug/mL) of each sample to the 5 x 10° cells of
murine macrophages was retained in 96- well microplates at 37 °C in 5% COo. Finally, after
72 h treatment, the colorimetric MTT test was conducted using ELISA-reader as earlier defined
in the anti-promastigote assay to determine the CCso. All the experiments were carried out in
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triplicate. Furthermore, the safety of prepared niosomes and their combination were compared to amphotericin
B as positive control by measuring their selectivity index (SI) values based on the following equation:

SI (selectivity index) = CC50 (macrophages)/IC50 (amastigotes) (Eq. 2)
2.10. Flow cytometry assay

In order to detect the apoptosis percentage of treated promastigotes, BD Pharninggn ™
Apoptosis Detection kit of PI Annexin V was employed. For this purpose, after seeding 10°
promastigotes in a 2-mL microtube with RPMI-1640 medium enriched with 10 % v/v FBS,
100 pL of the different concentrations (5-100 ug/mL) of the prepared silver and dapsone
niosomes combination and Amp B were added to the mixtures. Following the incubation of the
samples at 25 °C, PBS was employed to wash the 72 h treated promastigotes three times. Then,
5 L of Annexin V and 7-AAD stain and 100 puL of binding buffer (1x) were added to each
microtube, and they were stored in the dark at 25 °C for 20 min. Finally, areading«ofithe results
and analysis of them were carried out using flow cytometry (Becton Dickinson) and €ell Quest
software, respectively.

2.11. Quantitative real-time PCR

Quantitative real-time PCR was conducted to compare the expressions levels, of IFN-y, IL-
12p40, INOS, TGF- B, and IL-10 gens in drug-exposed intra-macrophage “amastigotes (Table
1). Initially, the Qiagen mini kit of RNeasy (CA, USA) was employed to, extract total RNA
based on its manufacturer’s instruction from intra-macrophage’,amastigetes. Consequently,
they were exposed to different dilutions (10, 100, and 1000 ‘pg/mL)" of prepared niosomal
formulation of silver (NA) and dapsone (ND), their combination (NA + ND), and Amp B as a
drug of choice. Following the determination of the qualityandseoncentration of RNA using
NanoDrop spectrophotometer (ND-1000, Thermo Seientific, Wilmington, DE, USA), cDNA
synthesis was performed by RT reagent kit (Prime Script™, Takara, Japan). The process of
reverse transcription was conducted for 20 min, i, a ElexCycler (Analytik Jena, Germany) at
37 °C using 0.5 ug of extracted RNA. Inithe,next stage, Takara SYBR® Premix Ex Taq™ Il
(Japan) was used to obtain a total %yolume “of 1'StpL. Finally, the Qiagen Rotor-Gene Cycler
system (USA) was employed to run thexgPCR reaction in duplicate. Quantitative real-time PCR
was carried out at 95 °C for 1 min asa holding time and then, 40 three-step cycles of 95 °C for
155, 60 °C for 15 s, and 72 °C*for, 20,3, 10 conduct the denaturation, primer annealing, and
extension, respectively, which was followed by 65 °C for 1 min. 2 -ACt method was used to
analysis gPCR data and obtain fold" increase (FI) by comparing expression rates to the
expression profile of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference
gene.

Table. 1. The sequences ofusing primers and reference gene (GAPDH)

Gene Forward sequence (5-3") Reverse sequence (5-3") siIZ(;O?t;J S
IL-12 P40 TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT 171
IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGC 134
INOS ACATCGACCCGTCCACAGTAT CAGAGGGGTAGGCTTGTCTC 89
TGF-p CCACCTGCAAGACCATCGAC CTGGCGAGCCTTAGTTTGGAC 112
IFN-y ACAGCAAGGCGAAAAAGGATG TGGTGGACCACTCGGATGA 106
GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 95

2.12. Antioxidant assay
Evaluation of the antioxidant activity of dapsone and silver was carried out based on the 2, 2-
diphenyl-1- picrylhydrazyl (DPPH) reduction as a free radical. The radical-scavenging activity
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of different concentrations (1 - 1000 ug/mL) of the samples was assessed in comparison with
butylated hydroxyanisole (BHA) as positive control and DPPH solution without any treatment
as untreated control 3031, % DPPH radical scavenging was determined by reduction in drug-
exposed DPPH solution absorbance using the following equation:

% DPPH radical scavenging = (Ac —As / Ac) x 100 (Eq.
3)

Where Ac is the absorbance of untreated control and As is the absorbance of samples.

2.13. Molecular docking

2.13.1. iNOS protein practical residues investigation

Utilizing the “Hotspot” 3?and CASTp 3 softwares we found the hotspots in the construction ofiNOS

regarding its function by bioinformatics databases 34,
2.13.2. Pockets detection on the surface of iNOS protein

It is extremely important to depict and specify external areas on3-dimensional (3-D) construc of proteins

before docking. For this purpose, Molgro Virtual Docker (Molegro 2011) software is a prac ich is
employed for a cavity search. Using this software pockets on the surface and cavities in tructure of
proteins are identifiable.
2.13.3. Protein-ligand docking

f dapsone

and INOS. Molecular docking investigations were carried out in the restricted, area around the
potential binding sites using Molegro Virtual Docker so quently, binding
affinities were considered for choosing docking configurations andhillustrating their graphs by Molegro
Molecular Viewer 2.5.0 (Denmark).
2.14. Statistical analyses

GraphPad Prism ver. 9.4 software (San Diego, US S loyed to determine statistical

differences between groups using One-way ey’s post-hoc test. Measuring 1Cso
and CCso values was conducted using a probit testin istics 26 software (USA). Statistical values
were considered significant at P < 0.05.

Employing PubChem CID 2955 36 and Protein Data Bank (PDB) ®7,we achieved th&ﬁg
S

3. Results

3.1. Characterization of niosomes

Figure 1 demonstrates the Span40/ Cholesterol (35:35:30 m.r.) formulations of
prepared niosomes. As shown |n \ 1, the polydispersity of vesicles is quite visible

containing mostly multilamellar
microscopic images indi rlcaI shape and thin layer membrane of prepared
nisosomes and the presen& esterol crystal. The mean volume diameter of Span40/
Tween 40/ Cholesterol (3 r.) formulation of dapsone and silver niosomes was shown
in table 2 using DLS.a ». As can be seen from Flgure 2, the prepared nlosomes were in a

Figure 1. nght microscopic images (10x40 magnlflcatlons) of Span40/ Tween 40/Cho|estero|
(35:35:30 m.r.) niosomes containing dapsone (a) and (1 % w/v) silver (b).
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Table 2. evaluation of physicalstability of prepared niosomes at defined time intervals (stored at 4-8 °C).
Formulations Vesicle size (um), Mean £ SD Phase Crystal
1week 1month 3months 6months separation  formation

ST40/Chol
(353530)  of 5284030 4.16+027 472+023 500039 Notseen Notseen

dapsone niosomes

ST40/Chol
(35:35:30) of 7534006 759+0.14 747+0.03 7.34+0.06 Notseen A few

silver niosomes

a)

10.0 A

——5T40/Chol(35:35:30) 1week
—8—5T40/Chol(35:35:30) Imonth
——5T40/Chol(35:35:30) 3months

=0=5T40/Chol(35:35:30) 6months

Frequency (volume %o)

0.01 0.1 1 10 100 1000 10000

Particle size (um)

10 ﬁ

’ \\ —+—5T40/Chol(35:35:30) 1week
l

=—=5T40/Chol(35:35:30) 6months

Frequency (volume %)
(=]

4 \

2 {

o VA N
0.01 0.1 1 10 100 1000

Particle size (um)

Figure 2. The particle size distribution graphs of Span40/ Tween 40/ Cholesterol (35:35:30
m.r.) formulations of dapsone (a) and silver (b) niosomes were measured at 1 week, 3, and 6
months after their preparation stored at 4-8 °C for up to 6 months.
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Figure 3a, b, cillustrate the Fourier-transform infrared spectroscopy of pure dapsone and niosomal
formulations of dapsone and silver, respectively. According to the FT-IR spectra of niosomal
formulation containing dapsone, the strong absorption peak at 3422 cm™ can be attributed to
the O-H stretching vibration as the indicator of alcohol and phenol, and peaks in the region
between 2800 to 3000 cm! are ascribed to the C-H stretching. It can be seen that a strong
absorption peak at 1079 and 1043 cm™ is corresponding to C-O bands and C-N (amines) stretch
vibration, respectively. The FT-IR spectra of silver niosomes display OH bending vibration at
3452 cmL. In addition, C=N and C=C stretching can be indicated due to the 1636 cm™ band
(figure 3a, b, c) 3841,
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Figure 3. The FT-IR spectra of pure dapsone (a) and niosomal formulations containing dapsone
(b) and silver (c).
3.2. Encapsulation efficiency and in vitro drug release profile
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Encapsulation efficiency percentages (EE %) of active ingredients in Span40/ Tween 40/
Cholesterol (35:35:30 m.r.) formulation during a period of 3 months are presented in table 3.
According to the results, dapsone encapsulation efficiencies were 96.77 + 1.3 and 96.04 + 0.87 on
1%t day and 3 months after preparation, respectively. Additionally, 685 + 2.2 and 63.2 + 1.7 of
silver were incorporated into the vesicular formulation on 15t day and 3 months after preparation,
respectively. As can be seen from Figure 4, the obtained results from in vitro release study
revealed that the release of both dapsone and silver from their niosomal formulations was
controlled and prolonged. The in vitrorelease behavior of both active ingredients demonstrated
that almost less than one percent of drugs were released from niosomes during the first 25
minutes. Furthermore, according to the diagrams, approximately 8 and 15 percent of dapsone
and silver were released from their niosomal formulations over 240 minutes, respectively.
Table 3. Dapsone and silver encapsulation efficiency percent in their niosomal “formulations
on 1tday and 3 months after preparation (mean + SD, n=3).

Formulations A max  Mean EE % + S N, Mean EE % + SD 3
(nm) 1st day months
ST40/Chol (35:35:30) of dapsone 260 96.77 + 143 96.04 + 0.87
niosomes
ST40/Chol  (35:35:30) of silver 424 685 +2.2 63.2+1.7
niosomes
4 0.7 -
a) .| b) |
3 1 ¥=00783x + 00107 o5 ¥=0.0111x + 0.035
255 R*=0.9993 2 " R*=0.9988
£ g 04 4
< 2 =
= : 03
=15 =
1 0.2 4
0.5 0.1 4
0 T T T T ] 0
0 10 20 30 40 50 0 10 20 0 40
concentration (ug/ml) concentration (pg/ml)
10.0 - 16 -
d
<) 9.0 - )14
8.0 -
12 4
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Figure 4. Standard calibration curve of dapsone (a), silver (b) and their in vitro release profiles
of ST40/Chol 35:35:30 niosomal formulation (c, d).
3. 4. Anti-promastigote effect
Figure 5 presents the mean inhibitory percentage of promastigote forms of L. major parasites
exposed to different dilutions of niosomal formulation of silver (NA) and dapsone (ND), and their combination
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(NA + ND) compared to amphotericin B (Amp B) as a positive control group. The obtained
results demonstrated a dose-dependent response for all the samples. L. major promastigote
proliferation rate was inhibited significantly (*P<0.001) in each concentration of samples
compared to the negative control group. Although the inhibitory percentage of the parasites
exposed to Amp B was significantly higher than NA (*P<0.001) and ND alone (at all the
concentrations, except 100 pg/ml) (*P<0.001, ***P<0.05), the superior inhibitory effect was
obtained for the combination of silver and dapsone niosomes in comparison with Amp B
(*P<0.001). Additionally, ND samples displayed significantly higher antiproliferation effects
against L. major promastigotes compared to NA at higher concentrations (25, 50, and 100 pg/ml) (*P<0.001).
As shown in Table 5, there is a significant difference between calculated 1Cso values of Amp B (3.99 + 0.64
ug/ml) and NA (*P<0.001), ND (*P<0.001), and their combination (***P<0.05) samples against
promastigotes of L. major, which were 12.84 + 0.63, 9.87 £0.74, and 2.35 + 0.37,"respectively.
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Figure 5. The total mean inhibitory values of & major promastigotes exposed to different
concentrations of niosomal formulation of§ilver (NA)and'dapsone (ND), and their combination (NA+ ND)
compared to amphotericin B (Amp B)yas a positive control group after 72 h incubation. Bars
display the mean + SD of inhibitory values of triplicate experiments (*P<0.001, **P<0.01, ***P<0.05).
3.5. Anti-intramacrophage amastigoteeffect

As shown in Table 4, the 4mean number of amastigote form of L. major in 100 macrophages
exposed to different concentrations ofwmiosomal formulation of silver (NA) and dapsone (ND), their
combination (NA + ND), and “amphotericin B (Amp B) in comparison with the untreated

control group. Resulis, demonstrated a dose-dependent manner between increasing the concentration
of samples and reductiondn the number of amastigotes. There was a significant difference between Various

concentrations of§amples.and the untreated controlgroup (P<0.001), and the least number of amastigotes (0.59
+ 0.62) was.obtained for the highest concentration (100 pg/mL) of combination therapy (NA + ND).
Furthermore, tables5"displayed calculated 1Cso values of tested compounds, and contrary to the
anti-promastigote,assay, results showed no significant difference between Amp B (3.30 +0.11 pg/mL) compared
to ND (5.99° +'0.48 pg/mL) and the combination of silver and dapsone niosomes (2.46 = 0.34 pg/mL);
however, an exception being for NA (852 + 2.01 pug/mL) which was significantly less than that of Amp B
(P<0.01).

Table 4. Comparative assessment of the inhibitory effect ofsilver (NA) and dapsone (ND) niosomal
formulation, their combination (NA + ND), and amphotericin B (Amp B) in comparison with
untreated control against intramacrophage amastigotes of L. major after 72 h incubation.

Concentrations NA ND

(ng/mL) Mean = SD P-value Mean + SD P-value
0 (Untreated control) 41.12 +13.08 NR* 41.12 +13.08 NR

25 14.42 + 3.35 P<0.001 12.82 +2.38 P<0.001
50 10.53 + 2.83 P<0.001 8.35+2.29 P<0.001
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100 447 +1.23 P<0.001 3.59+1.18 P<0.001
Concentrations NA + ND Amp B

(ng/mL) Mean = SD P-value Mean + SD P-value
0 (Untreated control) 41.12 +13.08 NR 41.12 +13.08 NR

25 10.65 + 4.17 P<0.001 10+2.34 P<0.001
50 4.29 + 3.23 P<0.001 6.12 +1.45 P<0.001
100 0.59 £ 0.62 P<0.001 229+ 131 P<0.001

* Not related

3.6. Isobolographic analysis

The isobolographic analysis was employed to assess the silver-dapsone interaction by
comparing the theoretical and experimental ICso of their niosomal formulations co-
administration (figure 6). After calculating the theoretical 1Cso0f niosomes combinations using
the following equation (Eq. 4), a one-sample t-test was used to detérmire theystatistical
difference between theoretical and experimental ICso, which was significant%(*P<0.001) #2.
Theoretical 1Cs0= (ICso0siver/2) + (IC50 Dapsone /2) (Eq.
4)

Moreover, the combination index (CI) the other most popular method, forpinvestigating drug
interaction in combination chemotherapy was measured by the follewing equation (Eg. 5), in
which the CI value quantitatively defines synergistic (Cl<4), additives (Cl=1) and antagonist
(CI>1) interaction “3:

Cl = (1Cs0 mix) / (ICs0sitver) + (ICs0 mix) / (IC50 Dapsone) (Eq.
5)

The results of both isobologram and CI (0.7 ‘for, amastigete " assay and 0.42 for promastigote
assay) analyses revealed a synergisticgneffect) between silver-loaded and dapsone-loaded
niosomes upon induction of leishmanicidal “effect against intramacrophage amastigote and
promastigote forms of L. major.

b
a) o —
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g o - Experimental IC50 % - & Experimental IC50
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Figure 6. The isobologram analysis of leishmanicidal activities of silver-loaded and dapsone-
loaded niosomes against intramacrophage amastigotes (a) and promastigotes (b) of L. major.
The oblique line in both figures is the theoretic additive effect line, and the focus under the line
is the experimental ICso of the niosomal combination co-administration. Bars display the mean +
SD of triplicate experiments (*P<0.001).

3.6. Cytotoxicity effect

Figure 7 indicates the obtained results of the viability rate of murine macrophage cells (J774-
Al) treated with different concentrations of niosomal formulation of sitver (NA) and dapsone
(ND), their combination (NA + ND), and amphotericin B (Amp B) in comparison with an
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untreated control group using MTT assay. Significant cytotoxicity (P<0.001) in macrophage
cell line was observed for all the concentrations of samples except 2.5 ug/mL concentration of
NA. Results displayed no significant difference in the cytotoxicity effect of J774 Al cells
between NA and ND. Whereas, the viability rates of macrophages exposed to 2.5 and 25 pg/mL samples
of NA and ND combination were significantly higher than Amp B (P<0.01, P<0.001).
Comparing calculated CCso values of using drugs revealed that there was a significant difference between
prepared niosomes and their combination compared to Amp B as a positive control (P<0.001, P<0.01) (table

5). According to this, NA, ND, and their combination exhibited a lower cytotoxicity effect against the murine
macrophages in comparison with Amp B.

As can be seen in table 5, the selectivity index (SI) values for niosomal formulation of silver
(NA) and dapsone (ND), their combination (NA + ND), and amphotericin B (Amp B) were
measured based on the previous equation (Eq. 2), which were 5.49, 6.78, 17.61gpand 7.43,
respectively.

100

i

1004 &—@ @ 9 —

75

|

Macrophage viability (%)
Macrophage viability (%)

50
i -~ Control -@- Control
- NA ] = NA+ND
254 A& ND 25T -4 AmpB
0 5 10 15 20 25 0 5 10 15 20 25
Concentration (ng/ml) Concentration (ug/mL)

Figure 7. viability rate of murinpe macrophage cells (J774-Al) treated with different
concentrations of niosomal formulation of silver (NA) and dapsone (ND), their combination
(NA + ND), and amphotericin B (Amp B) in comparison with an untreated control group using
MTT assay. Bars display the mean +.SD ‘of inhibitory values of triplicate experiments (*P<0.001).

Table 5. Comparative assessment of thesmean ICso values of niosomal formulation of silver
(NA) and dapsone (ND), their €ombination (NA + ND), and amphotericin B (Amp B) as

positive control against gpremastigote and amastigote forms of L. major and CCso values of
them on J774-A1 cell line using Selectivity index (SI).

Drugs Amastigote Promastigote Macrophage Sl

ICso (o/ml) P-value ICso (g/ml)  P-value CCso (ug/ml)  P-value CCs0/ICso
Amp B 3.30%£0.11 “NR* 3.99+0.64 NR 2453+1.18 NR 7.43
NA 8.52.+2:01 P<0.01 12.84 £ 0.63 P<0.001 46.80 + 3.66 P<0.001 5.49
ND 599+048 ns 9.87+0.74 P<0.001 40.61+295 P<0.01 6.78
NA+ND 246+£0.34 ns 2.35+0.37 P<0.05 43.32+4.53 P<0.001 17.61

* Not related

3.7. Antioxidant activity

Evaluating the hydrogen donations from niosomal formulation of dapsone and silver
determined the radical-scavenging activity of these compounds against DPPH in comparison
with an untreated control group and BHA as a positive control (figure 8a, b). Results displayed
a dose-response effect for all the components. Based on the overall 1Cso values, the scavenging
effects of dapsone-loaded (648.6 pg/ml) and silver-loaded niosomes (249.8 pg/ml) against

DPPH were significantly lower than BHA (206.15 £+ 0.78 pg/ml) (P<0.001) but within an
acceptable range.
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Figure 8. DPPH free radical Scavenging activity of niosomal formulation of silverqand dapsone
in comparison to the butylated hydroxyanisole (BHA) as a positive control. Bars display the
mean = SD of triplicate experiments.

3.8. Apoptotic analysis

Employing a flow cytometry assay after staining samples with annexin (V/propidigm iodide
(PI) revealed that apoptosis can be considered as one of the mechanisms. of,cell deathitriggered
by niosomal formulations of silver and dapsone. Based on our findings, all ‘eoncentrations of
silver and dapsone niosomes, their combination, and amphotericin B induced the death of L.
major promastigotes significantly by programmed cell deathyin a dose-dependent manner
(*P<0.001). According to Figure 9, the amount of both early (Stained only with Annexin V
(Annexin V+/PI-), bottom right) and late apoptotic cell§ (stamedy,with both Annexin V and PI
(Annexin V+/P+), top right) was considered as the proportiontof apoptosis “44°. Based on the
measured apoptotic values, there was a significant difference between a similar amount of
niosomal combination and Amp B (*P<0.001), Besides, the maximum rate of apoptosis
(77.31%) was observed when L. major promastigotes, were exposed to 100 pg/ml of niosomal
combination, which was higher 4han apeptotic, values of each niosomes alone at this
concentration (*P<0.001).
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Figure 9. Early and late apoptotic values of L. major promastigotes exposed to various
concentrations of silver and dapsone niosomal combination in comparison with untreated
control and amphotericin B as the positive control group. Bars display the mean + SD of
triplicate experiments (*P<0.001, **P<0.01, ***P<0.05).

3.9. Gene expression

The analysis of T cell-mediated immune responses was conducted by evaluating the related
gene expression levels. For this purpose, expression profiles of IFN-y, IL-12p40, and iINOS
(Thl cell-related parameters) and IL-10 and TGF-p genes (Th2 cell-related parameters) of treated
macrophages with amphotericin B, silver-loaded and dapsone-loaded niosomes alone, and their
niosomal combination were compared to the reference gene (figure 10). The expression levels

of Thl-related cytokines revealed a significant increase in high concentrations of samples compared to the
untreated group, whilst down-regulated expression of Th2-related transcription factors was obsérved from 10 to
1000 pg/ml (*P<0.001, **P<0.01, ***P<0.05). Regarding Thi cell-related parameters, there was no
significant difference between niosomal combination and amphotericin B at the same concentrations excépt for
1000 pg/ml samples in iNos expression (**P<0.01). As can be seen in Th2 cell-related expression profiles,
significant levels were obtained in TGF-3 expression between niosomal combination and,amphotericin B at
the concentration of 10 and 1000 pg/ml (*P<0.001, ***P<0.05). In contrast, thewrates,of IL-10 expression in
the combination group were similar to the positive control.
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Figure 10. The gene expression levels of IFN-y, IL-12p40, and iINOS (Thl cell-related
parameters) and IL-10 and TGF-p (Th2 cell-related parameters) of macrophages exposed to
various concentrations of amphotericin B, silver-loaded and dapsone-loaded niosomes alone,
and their niosomal combination compared to the untreated group. Bars display the mean + SD of
duplicate experiments (*P<0.001, **P<0.01, ***P<0.05).

3.10. Molecular docking

The structural and functional activity of the INOS protein surface is displayed in Figure 1la.
Ligand Interaction Profiler (PLIP) was employed on an online server to identify the amino
acids included within the interplay between INOS and dapsone. Following that, the 2-D
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interaction graphs demonstrated profoundly hydrophobic cavities comprising several ligand -
cavity hydrogens and hydrophobic interactions as the most contributing powers in the ligand-
protein binding energy. Based on steric interactions,
between dapsone and amino acids of INOS protein.

Results of molecular docking revealed that dapsone binds to INOS (Figure 11c, d) with the
active site residues, which are reported in table 6. Moreover, the MolDock score was 109.575
kcal/mol (table 7).

(Phe 363]

Figure 11b showed the interactions

Figure 11. INOS protein surface, configuration, (a), anticipated amino acids in pocket
arrangement using PLIP online server, and results of molecular docking obtained by Molegro
Virtual Docker software (c, d).

Table 6. Contribution of the iNOS residues

Hydrophobic Interaction

Index Residue AA Distance Ligand Atom Protein Atom
1 188A TRP 2.96 2944 735

2 188A TRP 3.71 2947 728

3 203A LEU 3.47 2945 898

4 363A PHE 3.70 2945 2317

5 363A PHE 3.35 2943 2321

6 483A TYR 3.96 2947 2762

Hydrogen Bonds

Index Residue AA Distance  Distance  Donor Angle Donor Atom  Acceptor
H-A D-A Atom
1 184A THR  2.93 3.73 136.98 2937 [Npfl] 690 [02]
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Hydrophobic Interaction

Index Residue AA Distance Ligand Atom Protein Atom

- Stacking

Index Residue AA Distance Angle Offset Stacking Type Ligand Atoms

1 188A  TRP 3.79 2146 012 P 2939, 2941, 2943, 2945, 2947, 2949
2 188A  TRP 4.32 2082 082 P 2939, 2941, 2943, 2945, 2947, 2949
Table 7. Molecular docking score

Type Heavy atoms total ELntra Epair

All atoms 17 -109.575 -11.1642 ~120.739
4. Discussion

Genus Leishmania, as an intracellular parasite, causes a vector-barne neglected tropical
infection named leishmaniasis “6. Currently, there is a concerfiyin over 90 countries worldwide
regarding increasing resistance among Leishmania species ““Therefore, researchers and global
health agencies are forced to develop new drugs @and seek new strategies to overcome this
zoonotic disease. Combination or multi-drug “administration and nano-based drug delivery
systems can be considered the main strategies for the ‘treatment of leishmaniasis as alternative
therapies. This study aims to explore combination therapy and nanostructured lipid carriers
simultaneously to obtain the effiCient delivery*and combat side effects of conventional
antileishmanial regimens “84°. Niosomes as the circular bilayer nanometric size vesicles,
contain non-ionic surfactants, which reduee the systemic non-selective toxicity and reticular-
endothelium system eliminationt of‘their,entrapped drugs °°.

Several studies have repOrted the anti-inflammatory, antimicrobial, and anti-leishmaniasis
effects of dapsone, howeyer, serious=side effects limit its use >'. The findings of recent clinical
trial demonstrated higher anti-leishmaniasis efficacy of dapsone niosomal gel and intralesional
meglumine antimopiate “eonbination in comparison with standard treatment, which was
cryotherapy combineds with“intralesional meglumine antimoniate °2. The same research team
later suggested (that niesomal DAP gels can be considered an alternative therapy to cryotherapy
in the treatMentyof gutaneous leishmaniasis °3. On the other hand, previous studies have
confirmed the leishmanicidal activities of silver nanoparticles as promising antileishmanial
agents;, Which“eause several immune responses such as inducing programmed cell death and
generatiofn of feactive oxygen species °4-°6, Therefore, the film hydration method was employed
to prepare different unique niosomal formulations of dapsone and silver to study the anti-
parasitic effect of their combination compared to silver-loaded and dapsone-loaded niosomes
alone against L. major. For this purpose, after conducting physicochemical studies, Span 40
and Tween 40 / Cholesterol with a 7/3 molar ratio was selected as the optimal composition
niosomes. The results of morphological observations and laser diffraction particle size assays
displayed low particle size and narrower size distribution of prepared niosomes. Besides, the
formation of final niosomal formulations and the characterization of their functional group was
studied using Fourier-transform infrared spectroscopy (FTIR), which confirmed a strong
linkage between niosomal structures and their incorporated active agents. Our findings
indicated high stability, controlled release pattern, and acceptable values of entrapment efficacy
for silver and dapsone niosomal formulations.
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To the best of our knowledge, there is no reported study surveying the combined potential of
dapsone and silver-loaded niosomes against protozoan parasites of L. major. The observed
antiproliferative effects showed lower antileishmanial efficiency of silver-loaded and dapsone-
loaded niosomes alone in comparison with reference drug amphotericin B, however, their
combination was more potent against both forms of intracellular amastigotes and
promastigotes. Besides, the results of isobologram and CI analyses confirmed the synergic
potential of this niosomal combination. Similarly, other studies displayed further improve ment
in combination therapy's leishmanicidal activity 057, The present study showed that the
combination of multidrug therapy and nano-based drug delivery systems could be considered
a promising strategy to enhance treatment efficacy and decrease the development of resistance.
Despite studying the antiparasitic activity of prepared niosomal formulations, this study aims
to obtain a deeper understanding of their possible mechanisms of action to discovernew therapeutic
targets. Establishing a flow cytometry assay to identify the apoptotic characteristics of\prepared
niosomes revealed the synergistic effect of niosomal combination therapy to“induee’ the
apoptotic pathways as the main mechanism of parasite cell death. Flow, Gytometry: findings
indicated the induction of early and late apoptosis in L. major promastigotesy, for,silver and
dapsone niosomal combination and amphotericin B in a dose-dependént manner.

The findings of antioxidant assay indicated the radical scavenging properties of silver- and
dapsone-loaded niosomes as one of the potential mechanisms  of aetion=against Leishmania
parasites °¢. The mechanism of action is based on the increased “generation of reactive oxygen
species, which plays an essential role against parasitic infections like leishmaniasis ©°%¢°,
Evaluating the gene expression levels of Thl and Th2ecells“were designed to clarify the action
mode of the prepared niosomes. Th1l response is essentiald4@nanti-parasite immune responses in potentiating
macrophage activation and parasite death 6. iNOS (isyactivatedyby Th1/IFN-y-induced signaling in infected
macrophages resulting in NO generation 6263, Furthermare,)NK (cells ¢ould be stimulated in reply to Thlimmune
responses such as 1L-12p40 signaling 4. As mentioned beforeythese cytokines directly or indirectly are related to
the removal of the intramacrophage amastigote stage®2. These'immunoregulatory functions were substantially

increased when Silver-loaded niosomes “were combined with dapsone-loaded niosomes. Conversely,

these Th1 responses could be inhibited by FGF-f and T-10 cytokines, leading to macrophage inactivation 6.
Suppression of innate and adaptive cell responses could also be another immunomodulatory potential of these

cytokines, inhibiting inflammatory cellfftinction Via ‘the downregulation of Thl cell-related genes ¢7. The
progression of these Th2 cytekines)is’ involved with parasites’ persistence and replication, resulting in
susceptibility to L. major infection byainhibiting the stimulation and maturation process of macrophages 8.
Monitoring the cytokines asSociatedywith the Th2 phenotype showed a significant decrease after treating the
infected macrophages with prepared niosomes and their combination.

Determining known bieactives compounds' interplays with their potential biomolecular targets
is vital for advaneing¢new,therapies. Therefore, the field of in silico prediction is productive in
the treatment development process °°. So the molecular docking simulating and calculating
conducted (for selected active gene INOS revealed that dapsone could occupy the active sites
via varieus chemieal bond interactions with high binding energy.

5. Conclusien

Our overall results strongly suggest that the co-administration of dapsone niosomes and silver
niosomes ‘has a synergistic effect against L. major parasites in vitro. Moreover, these prepared
niosomes demonstrated more destructive action when combined by inducing apoptosis in the
parasite and triggering antileishmanial pathways of macrophages. Our findings confirmed one
of the objectives of an ideal drug combination, attenuating drug toxicity to the host cells.
Comparing calculated selectivity index of prepared niosomes and their combination displayed
that this combination has a lower cytotoxic effect on mammalian macrophages compared to
their niosomes alone. Based on the above results, the multifunctional leishmanicidal activity of
dapsone- and silver-niosomes co-administration advocates this combination as a promising
alternative therapy for the treatment of cutaneous leishmaniasis. However, further in vivo and
clinical studies are needed to determine the toxicity parameters of these compounds in various
populations of volunteer patients with cutaneous leishmaniasis.

18| Page



Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

Acknowledgments

Authors are grateful to council of Pharmaceutics Research Center, Institute of
Neuropharmacology, Kerman University of Medical Sciences, Kerman, Iran. This study is
related to the research dissertation of Mrs. Anna Etemadifar. This research did not receive any
specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
Disclosure statement

There are no conflicts to declare

References

1. Mcgwire BS, Satoskar AJQAIJoM. Leishmaniasis: clinical syndromes and treatment. 2014;107(1):7-14. DOI:
10.1093/gjmed/hct116

2. WHO - World Health Organization. Working to overcome the global impact of neglected tropical diseases: first
WHO report on neglected tropical diseases. 2010. Available from: https://apps.who.int/iris/handle/20665/44440
3. Abdellahi L, Iraji F, Mahmoudabadi A, Hejazi SHJIBJ. Vaccination in Leishmaniasis: A _Review Article.
2022;26(1):1. DOI: 10.29252/ibj.26.1.1

4. Lazarin-Bid6ia D, Garcia FP, Ueda-Nakamura T, Silva SdO, Nakamura CVIMdIOC. Natural.compounds based
chemotherapeutic against Chagas disease and leishmaniasis: mitochondrion as a strategieitarget. 2022;117. DOI:
10.1590/0074-02760220117

5. Alvar J, Vélez 1D, Bern C, Herrero M, Desjeux P, Cano J, et al. Leishmaniasis worldwide, and global estimates
of its incidence. 2012;7(5):e35671. DOI: 10.1371/journal.pone.0035671

6. Pradhan S, Schwartz R, Patil A, Grabbe S, Goldust MJC, dermatology e. Treatmentieptions for leishmaniasis.
2022;47(3):516-21. DOI: 10.1111/ced.14901

7. WHO (World Health Organization).“Leishmaniasis™. Fact sheet. Wotld Health ‘@Organization, Geneva (2015).
Available from: https://www.who.int/news-room/fact-sheets/detail/leishmaniasis

8. Pal M, Ejeta I, Girma A, Dave K, Dave PJASM. Etiology, Clinical Speetrum, Epidemiology, Diagnosis, Public
Health Significance and Control of Leishmaniasis: AmComprehensive Review. 2022;5(5). DOI:
10.2471/BLT.15.010315

9. Ozbel Y, Toz S, Mufioz C, Ortufio M, JumakanovaZ\Pérez-Cutillas P, et al. The current epidemiology of
leishmaniasis in Turkey, Azerbaijan and Georgia and implications“for disease emergence in European countries.
2022. DOI: 10.1016/j.actatropica.2022.105678

10. Sundar S, Chakravarty J, Meena LPJEO0OD. “Leishmaniasis: treatment, drug resistance and emerging
therapies. 2019;7(1):1-10. DOI: 10.1080/216/8707.2019:1609940

11. Vijayakumar S, Das PJAt. Recent progress i, drug targets and inhibitors towards combating leishmaniasis.
2018;181:95-104. DOI: 10.1016/j.actatropica.2018,02.010

12. Verma G, Khan MF, Akhtar W, Shaquiquzzaman M, Akhter M, Marella A, et al. Leishmaniasis: A Menace.
2010. DOI: 10.1016/j.ejmech.2017.12.034

13. Zulfigar B, Shelper TB, Avery?\VMJDdt. Leishmaniasis drug discovery: recent progress and challenges in
assay development. 2017;22(10):1516-34. DOI: 10.1016/j.drudis.2017.06.003

14. Bahraminegad S, Pardakhty A, Sharifi I, Ranjbar MJAJoC. The assessment ofapoptosis, toxicity effects and
anti-leishmanial study of Chitesan/CdO core-shell nanoparticles, eco-friendly synthesis and evaluation.
2021;14(4):103085¢»DOI: 10.1016/j-arabjc.2021.103085

15. Patra JK, Das G, FracetanllF, Campos EVR, Rodriguez-Torres MdP, Acosta-Torres LS, etal. Nano based drug
delivery systems: reeent developments and future prospects. 2018;16(1):1-33. DOI: 10.1186/s12951-018-0392-
8

16. Zahin'N AnwarR, Tewari D, Kabir M, Sajid A, Mathew B, et al. Nanoparticles and its biomedical applications
in healthiand diseases: special focus on drug delivery. 2020;27(16):19151-68. DOI: 10.1007/s11356-019-05211-
0

17. Surendran S, Karunaratne S, Adamsn Z, Hemingway J, Hawkes NJBoer. Molecular and biochemical
characterization of a sand fly population from Sri Lanka: evidence for insecticide resistance due to altered
esterases and insensitive acetylcholinesterase. 2005;95(4):371-80. DOI: 10.1079/BER2005371

18. Zhu Y1, Stiller MJJJotAAod. Dapsone and sulfones in dermatology: overview and update. 2001;45(3):420-
34. DOI: 10.1067/mjd.2001.117874

19. Raimer S, Maloney JM, Bourcier M, Wilson D, Papp K, Siegfried E, etal. Efficacy and safety of dapsone gel
5% for the treatment of acne vulgaris in adolescents. 2008;81(2):171. DOI: 10.1016/j.jaad.2008.01.017

20. Moreno E, Calvo A, Schwartz J, Navarro-Blasco |, Gonzalez-Pefias E, Sanmartin C, et al. Evaluation of skin
permeation and retention of topical dapsone in murine cutaneous leishmaniasis lesions. 2019;11(11):607.
DOI: 10.3390/pharmaceutics11110607

21. Nafari A, Cheraghipour K, Sepahvand M, Shahrokhi G, Gabal E, Mahmoudvand HJPe, et al. Nanoparticles:
New agents toward treatment of leishmaniasis. 2020;10:¢00156. DOI: 10.1016/j.parint.2020.00156

22. Saleem K, Khursheed Z, Hano C, Anjum I, Anjum SJN. Applications of nanomaterials in leishmaniasis: a
focus on recent advances and challenges. 2019;9(12):1749. DOI: 10.3390/nan09121749

19|Page


https://academic.oup.com/qjmed/article/107/1/7/1513262
https://academic.oup.com/qjmed/article/107/1/7/1513262
https://apps.who.int/iris/handle/10665/44440
https://europepmc.org/article/MED/34952558
https://www.scielo.br/j/mioc/a/gjgtxQsSmcmwnPhzY7s7XWf/?format=pdf
https://www.scielo.br/j/mioc/a/gjgtxQsSmcmwnPhzY7s7XWf/?format=pdf
https://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0035671&type=printable
https://academic.oup.com/ced/article/47/3/516/6693189
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://europepmc.org/article/MED/35615899
https://europepmc.org/article/MED/31063412
https://europepmc.org/abstract/MED/29452111
https://europepmc.org/article/MED/22204908
https://europepmc.org/article/MED/28647378
https://www.researchgate.net/profile/Sina-Bahraminejad/publication/349526304_The_Assessment_of_Apoptosis_Toxicity_Effects_and_Anti-Leishmanial_Study_of_Chitosan_CdO_Core-Shell_Nanoparticles_Eco-Friendly_Synthesis_and_Evaluation/links/606bfd24458515614d3a504b/The-Assessment-of-Apoptosis-Toxicity-Effects-and-Anti-Leishmanial-Study-of-Chitosan-CdO-Core-Shell-Nanoparticles-Eco-Friendly-Synthesis-and-Evaluation.pdf
https://europepmc.org/article/MED/30231877
https://europepmc.org/article/MED/30231877
https://doi.org/10.1007/s11356-019-05211-0
https://doi.org/10.1007/s11356-019-05211-0
https://doi.org/10.1007/s11356-019-05211-0
https://www.cambridge.org/core/journals/bulletin-of-entomological-research/article/molecular-and-biochemical-characterization-of-a-sand-fly-population-from-sri-lanka-evidence-for-insecticide-resistance-due-to-altered-esterases-and-insensitive-acetylcholinesterase/E4B263DC2C575879E3D575CE20ED1726
https://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0011276
https://scholar.google.com/citations?user=UZGtYa8AAAAJ
https://doi.org/10.3390/pharmaceutics11110607
https://doi.org/10.3390/pharmaceutics11110607
https://europepmc.org/article/PMC/PMC6920985
https://doi.org/10.3390/nano9121749
https://doi.org/10.3390/nano9121749

Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

23. Allahverdiyev AM, Abamor ES, Bagirova M, Ustundag CB, Kaya C, Kaya F, et al. Antileishmanial effect of
silver nanoparticles and their enhanced antiparasitic activity under ultraviolet light. 2011;6:2705. DOI:
10.2147/1JN.S23883

24, Sharma R, Dua J, Parsad DJJoDD, Therapeutics. An overview on Niosomes: Novel Pharmaceutical drug
delivery system. 2022;12(2-S):171-7. DOI: 10.1016/j.jddst.2022.171-7

25. Goyal G, Garg T, Malik B, Chauhan G, Rath G, Goyal AKJDd. Development and characterization of niosomal
gel for topical delivery of benzoyl peroxide. 2015;22(8):1027-42. DOI: 10.3109/10717544.2013.855277

26. Fetih GJJoDDS, Technology.Fluconazole-loaded niosomal gels as a topical ocular drug delivery system for
corneal fungal infections. 2016;35:8-15. DOI: 10.1016/j.jddst.2016.06.002

27. Shakya V, Bansal Blljor, Pharmacy Di, Sciences L. Niosomes: a noveltrend in drug delivery. 2014;3(4):1036-
41. DOI: 10.4172/0975-0851.1000217

28. Bagheri A, Chu BS, Yaakob HJWasj. Niosomal drug delivery systems: formulation, preparation and
applications. 2014;32(8):1671-85. DOI: 10.1016/j.wasj.2014.08.026

29. Habib BA, Abdeltawab NF, Salah Ad-Din IJDD. D-optimal mixture design for optimization ofitopical dapsone
niosomes: in vitro characterization and in vivo activity against Cutibacterium acnes. 2022;29(1):821-36. DOI:
10.1016/j.drudis.2022.01.017

30. Rashno Z, Sharifi I, Oliaee RT, Tajbakhsh S, Sharififar F, Sharifi F, et al. Anti-leiShmanialy activity of
Avicennia marina (Avicenniaceae family) leaves hydroalcoholic extract and its possible‘eellular mechanisms.
2022;17:¢00239. DOI: 10.1016/j.parint.2022.00239

31. JayabharathiJ, Thanikachalam V, Jayamoorthy KJJoP, Biology PB. Antioxidantrbenzimidazole bind bovine
serum albumin. 2012;115:85-92. DOI: 10.1016/j.jphotobiol.2012.06.001

32. https://loschmidtchemi.muni.czhotspotwizard

33. http://sts.bioe.uic.edu/castp/indexhtml?1ycs

34. Sumbalova L, Stourac J, Martinek T, Bednar D, Damborsky JINar. HotSpotWizard 3.0: web server for
automated design of mutations and smart libraries based on sequence input information. 2018;46(W1):W 356 -
W62.

35. Tian W, Chen C, Lei X, Zhao J, Liang JJNar. CASTp 3.0..computed atlas of surface topography of proteins.
2018;46(W1):W363-W7.

36. PubChem https://pubchem.ncbi.nim.nih.gov/compound/dapsone

37. https://doi.org/10.2210/pdb1hig/pdb

38. B. Aziz S, Hussein G, Brza M, J. Mohammed®S, T.\Abdulwahid R, Raza Saeed S, et al. Fabrication of
interconnected plasmonic spherical silvefynanoparticles®with enhanced localized surface plasmon resonance
(LSPR) peaks using quince leaf extract solution. 2019;9(11):1557. DOI: 10.3390/nan09111557

39. Hatem AS, Fatma MM, Amal KH, HossamiMA-W, Maha HR, Fatma MMJAJoP, et al. Dapsone in topical
niosomes for treatment of acne vulgaris. 2018;12(18):221-30. DOI: 10.1016/j.ajp.2018.06.018

40. Jyoti K, Baunthiyal M, Singh AJJORR, Sciences A. Characterization of silver nanoparticles synthesized using
Urtica dioica Linn. leaves “an@ their synergistic effects with antibiotics.  2016;9(3):217-27. DOI:
10.1016/j.jrras.2016.03.003

41. Naderi R, Pardakhty A, Abbasi ME, Ranjbar M, Iranpour MJSR. Preparation and evaluation of crocin loaded
in nanoniosomes and their effects) on ischemia—reperfusion injuries in rat kidney. 2021;11(1):1-12. DOI:
10.1038/s41598-021-02073=w

42. Nejati S, Khakpai F, Zarrindast M-RJBr. Synergistic effect between citalopram and citicoline on anxiolytic
effect in non-sensitized“and4morphine-sensitized mice: an isobologram analysis. 2020;1734:146701. DOI:
10.1016/j.brainres.2020.146701

43. Zhao L, WientjessMG, Au JLJCcr. Evaluation of combination chemotherapy: integration of nonlinear
regression, curve shift, isobologram, and combination index analyses. 2004;10(23):7994-8004. DOI:
10.1158/107820432.CCR-04-0560

44. Bahraminejad” S, Pardakhty A, Sharifi I, Ranjbar M, Karami-Mohajeri S, Sharifi FJAJoC. Preparation and
evaluation‘ef physicochemical properties and anti-leishmanial activity of zirconium/tioxolone niosomes against
Leishmania major. 2022;15(10):104156. DOI: 10.1016/j.arabjc.2022.104156

45, Islamuddin M, Sahal D, Afrin FJJomm. Apoptosis-like death in Leishmania donovanipromastigotes induced
by eugenol-rich oil of Syzygium aromaticum. 2014;63(1):74-85. DOI: 10.1099/jmm.0.067355-0

46. Bahraminegad S, Pardakhty A, Sharifi I, Ranjbar MJJoSCS. Therapeutic effects of the as-synthesizd
polylactic acid/chitosan nanofibers decorated with amphotricin B for in vitro treatment of Leishmaniasis.
2021;25(11):101362. DOI: 10.1016/j.jscs.2021.101362

47. Aronson N, Herwaldt BL, Libman M, Pearson R, Lopez-Velez R, Weina P, et al. Diagnosis and treatment of
leishmaniasis: clinical practice guidelines by the Infectious Diseases Society of America (IDSA) and the American
Society of Tropical Medicine and Hygiene (ASTMH). 2016;63(12):¢202-e64. DOI: 10.1093/cid/ciw670

48. Roatt BM, de Oliveira Cardoso JM, De Brito RCF, Coura-Vital W, de Oliveira Aguiar-Soares RD, Reis
ABJAM, et al. Recent advances and new strategies on leishmaniasis treatment. 2020;104(21):8965-77. DOI:
10.1007/s00253-020-10856-w

20|Page


https://mdpi-res.com/d_attachment/pharmaceutics/pharmaceutics-11-00607/article_deploy/pharmaceutics-11-00607-s001.pdf?version=1574325703
https://mdpi-res.com/d_attachment/pharmaceutics/pharmaceutics-11-00607/article_deploy/pharmaceutics-11-00607-s001.pdf?version=1574325703
https://trialsjournal.biomedcentral.com/articles/10.1186/1745-6215-11-77
https://www.tandfonline.com/doi/pdf/10.3109/10717544.2013.855277
https://sci-hub.se/10.1016/j.jddst.2016.06.002
https://www.omicsonline.org/open-access-pdfs/niosomes--a-novel-trend-in-drug-delivery-.pdf
https://idosi.org/wasj/wasj32%288%2914/26.pdf
https://europepmc.org/article/MED/35266431
https://europepmc.org/article/MED/35266431
https://europepmc.org/article/MED/10844167
https://consensus.app/papers/benzimidazole-bind-bovine-serum-albumin-jayabharathi/dd62ac5d3f955a07bd20fe9556aac4e0/
https://loschmidtchemi.muni.cz/hotspotwizard
http://sts.bioe.uic.edu/castp/index.html?1ycs
https://pubchem.ncbi.nlm.nih.gov/compound/dapsone
https://doi.org/10.2210/pdb1hig/pdb
https://doi.org/10.3390/nano9111557
https://doi.org/10.3390/nano9111557
https://www.researchgate.net/profile/Fatma-Mady/publication/325833526_Dapsone_in_topical_niosomes_for_treatment_of_acne_vulgaris/links/5b8ee445a6fdcc1ddd0fd38d/Dapsone-in-topical-niosomes-for-treatment-of-acne-vulgaris.pdf?origin=publication_detail
https://www.researchgate.net/publication/283960197_Characterization_of_silver_nanoparticles_synthesized_using_Urtica_dioica_Linn_leaves_and_their_synergistic_effects_with_antibiotics/fulltext/57dc319608ae5292a379aeea/Characterization-of-silver-nanoparticles-synthesized-using-Urtica-dioica-Linn-leaves-and-their-synergistic-effects-with-antibiotics.pdf
https://www.researchgate.net/publication/283960197_Characterization_of_silver_nanoparticles_synthesized_using_Urtica_dioica_Linn_leaves_and_their_synergistic_effects_with_antibiotics/fulltext/57dc319608ae5292a379aeea/Characterization-of-silver-nanoparticles-synthesized-using-Urtica-dioica-Linn-leaves-and-their-synergistic-effects-with-antibiotics.pdf
https://www.nature.com/articles/s41598-021-02073-w.pdf
https://www.nature.com/articles/s41598-021-02073-w.pdf
https://europepmc.org/article/MED/32070686
https://europepmc.org/article/MED/32070686
https://aacrjournals.org/clincancerres/article/10/23/7994/185407/Evaluation-of-Combination-ChemotherapyIntegration
https://aacrjournals.org/clincancerres/article/10/23/7994/185407/Evaluation-of-Combination-ChemotherapyIntegration
https://doaj.org/article/058535b2ad8543ba9ca00b94e7d0f854
https://www.researchgate.net/profile/Mohammad-Islamuddin/publication/258030378_Islamuddin_M_Sahal_D_and_Afrin_F_Apoptosis_like_death_in_Leishmania_donovani_promastigotes_induced_by_eugenol_rich_oil_of_Syzygium_aromaticum_J_Med_Microbiol/links/0046353625cedafe12000000/Islamuddin-M-Sahal-D-and-Afrin-F-Apoptosis-like-death-in-Leishmania-donovani-promastigotes-induced-by-eugenol-rich-oil-of-Syzygium-aromaticum-J-Med-Microbiol.pdf
https://doaj.org/article/a6c84abd7b76427ea4a3820cc59c90be
https://doi.org/10.1093/cid/ciw670
https://doi.org/10.1093/cid/ciw670
https://link.springer.com/article/10.1007/s00253-020-10856-w
https://link.springer.com/article/10.1007/s00253-020-10856-w

Accepted Manuscript (unedited)

The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

49. WagnerV, Minguez-Menendez A, Pena J, Fernandez-Prada CJCPD. Innovative solutions for the control of
leishmaniases: nanoscale drug delivery systems. 2019;25(14):1582-92. DOI:
10.2174/1381612825666190621154552

50. Umbarkar MGJIJoPE, Research. Niosome as anovel pharmaceutical drug delivery: abrief review highlighting
formulation, types,composition and application. 2021;5(1):34. DOI: 10.5530/ijper.55.1s.11

51. Schneider-Rauber G, Argenta DF, Caon TJPR. Emerging technologies to target drug delivery to the skin—the
role of crystals and carrier-based systems in the case study ofdapsone. 2020;37(12):1-21. DOI: 10.1007/s11095-
020-02951-4

52. Aflatoonian M, Fekri A, Rahnam Z, Khalili M, Pardakhti A, Khazaeli P, et al. The efficacy of combined
topical niosomal dapsone gel and intralesional injection of meglumine antimoniate in comparison with
intralesional meglumine antimoniate and cryotherapy in the treatment of cutaneous leishmaniasis.
2016;26(4):353-60. DOI: 10.4103/0974-2077.194416

53. Fekri A, Rahnama Z, Khalili M, Pardakhti Dookhani A, Khazaeli P, Bahaadin Beigi KJJoKUoMS. The
efficacy of co-administration of topical niosomal dapsone gel and intralesional injection ofyglucantime in
cutaneous leishmaniasis in comparison with cryotherapy plus intralesional injection ofglucantime.
2015;22(2):117-32. DOI: 10.22062/jkmu.2015.16117

54. Jebali A, Kazemi BJTiv. Nano-based antileishmanial agents:a toxicological study on nangparticles forfuture
treatment of cutaneous leishmaniasis. 2013;27(6):1896-904. DOI: 10.1016/j.toxicon.2013.20.002

55. Mohebali M, Rezayat M, Gilani K, Sarkar S, Akhoundi B, Esmaeili J, et al. Nanesilveriin thetreatment of
localized cutaneous leishmaniasis caused by Leishmania major (MRHO/IR/75/ER) #@n inyvitro and in“wivo study.
2015;17(4):285-9. DOI: 10.4103/0974-777X.150889

56. Mohammadi M, Zaki L, KarimiPourSaryazdi A, Tavakoli P, Tavajjohi A, Poursalehi R, et al. Efficacy of
green synthesized silver nanoparticles via ginger rhizome extract against®leishmania major in vitro.
2021;16(8):e0255571. DOI: 10.1371/journal.pone.0255571

57. Ahmad A, Ullah S, Syed F, Tahir K, Khan AU, Yuan QJN. Biogenic metal hanoparticles as a potential class
of antileishmanial agents: mechanisms and molecular targets. 2020;15(08):809-28. DOI: 10.2217/nnm-2019-
0413

58. Shah NA, Khan MR, Nigussie DJBc, medicine a. Rhytochemical investigation and nephroprotective potential
of Sida cordata in rat. 2017;17(1):1-10. DOI: 10.1186/512906-017-1896-8

59. Miller SIMm. Redox and antioxidant gsystems, of, theyimalaria parasite Plasmodium falciparum.
2004;53(5):1291-305. DOI: 10.1111/j.1365-2958.2004:04153.x

60. Costa MS, Gongalves YG, Teixeira S@y.de Oliveira Nunes DC, Lopes DS, da Silva CV, etal. Increased ROS
generation causes apoptosis-like death: mechanistic “insights into the anti-Leishmania activity of a potent
ruthenium (1) complex. 2019;195:1-12. DOI:"10.1016/j.jinorgbio.2019.03.005

61. Jafarzadeh A, Nemati M, Sharifi I, Nair A, Shukla D, Chauhan P, et al. Leishmania species-dependent
functional duality oftoll-like receptor2. 2019;71d1):1685-700. DOI: 10.1002/iub.2087

62. Maspi N, Abdoli A, Ghaffarifar<FJP, health g. Pro-and anti-infllmmatory cytokines in cutaneous
leishmaniasis: a review. 2016;110(6):247<60¢ DOI: 10.1080/20477724.2016.1232713

63. Jafarzadeh A, Jafarzadeh (S, Sharifiyl, Aminizadeh N, Nozari P, Nemati MJC. The importance of T cell-derived
cytokines in post-kala-azar dermal leishmaniasis. 2021;147:155321. DOI: 10.1016/j.cyt0.2021.155321

64. Majoros A, Platanitis®E, Kernbauer-Holzl E, Rosebrock F, Miller M, Decker TJFii. Canonical and non-
canonical aspects of JAKESTAT signaling: lessons from interferons for cytokine responses. 2017;8:29. DOI:
10.3389/fimmu.2017.00029

65. Keyhani AmSharifi 1) Salarkia E, Khosravi A, Oliaee RT, Babaei Z, et al. In vitro and in vivo therapeutic
potentials of 6-gingeral’in combination with amphotericin B for treatment of Leishmania major infection:
Powerfulsynergisticand multifunctional effects. 2021;101:108274. DOI: 10.1016/j.parint.2021.108274

66. Bamorovat,M, Sharifi I, Aflatoonian MR, Sadeghi B, Shafiian A, Oliaee RT, et al. Host's immune response
in unresponsive-and responsive patients with anthroponotic cutaneous leishmaniasis treated by meglumine
antimoniates A case-controlstudy of Thl and Th2 pathways. 2019;69:321-7. DOI: 10.1016/j.parint.2019.02.003
67. Bamorovat M, Sharifi I, Dabiri S, Shamsi Meymandi S, Karamoozian A, Amiri R, et al. Major risk factors
and histopathological profile of treatment failure, relapse and chronic patients with anthroponotic cutaneous
leishmaniasis: A prospective case-control study on treatment outcome and their medical importance.
2021;15(1):e0009089. DOI: 10.1371/journal.pntd.0009089

68. O'Garra A, Vieira PIJNRI. TH1 cells control themselves by producing interleukin-10. 2007;7(6):425-8. DOI:
10.1038/nri2097

69. Rifaioglu AS, Atas H, Martin MJ, Cetin-Atalay R, Atalay V, Dogan TJBib. Recent applications of deep
learning and machine intelligence on in silico drug discovery: methods, tools and databases. 2019;20(5):1878 -
912. DOI: 10.1093/bib/bby061

21 |Page


https://www.eurekaselect.com/article/99161
https://www.eurekaselect.com/article/99161
https://www.ijper.org/sites/default/files/IndJPhaEdRes-55-1s-11.pdf
https://doi.org/10.1007/s11095-020-02951-4
https://doi.org/10.1007/s11095-020-02951-4
https://doi.org/10.1007/s11095-020-02951-4
https://www.jpad.com.pk/index.php/jpad/article/view/969
https://jkmu.kmu.ac.ir/article_16117.html
https://www.jscimedcentral.com/jounal-article-info/Archives-of-Paediatric-and-Developmental-Pathology/Anthroponotic-Cutaneous--Leishmaniasis-%28ACL%29-in-Children-9539
https://www.intechopen.com/chapters/60372
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0255571
https://www.scielo.br/j/aabc/a/tXcTVDmKZFJwYjN7qfb5CQB/
https://www.scielo.br/j/aabc/a/tXcTVDmKZFJwYjN7qfb5CQB/
https://link.springer.com/article/10.1007/s00436-019-06382-y
https://journals.plos.org/plosone/article/file?id=10.1371/journal.pone.0255571&type=printable
https://doaj.org/article/f74f8c68c2e24f8e96884a197229b223
https://europepmc.org/article/MED/32207379
https://sci-hub.se/10.2217/nnm-2019-0413
https://bmcmicrobiol.biomedcentral.com/articles/10.1186/s12866-023-03062-x
https://bmccomplementmedtherapies.biomedcentral.com/articles/10.1186/s12906-017-1896-8
https://bmccomplementmedtherapies.biomedcentral.com/articles/10.1186/s12906-017-1896-8
https://europepmc.org/article/MED/28778164
https://doaj.org/article/db15f8fb925e438e9851def07cc77c3b
https://www.researchgate.net/journal/1472-6882_BMC_Complementary_and_Alternative_Medicine/publication/318921911_Phytochemical_investigation_and_nephroprotective_potential_of_Sida_cordata_in_rat/links/5fc23758458515b7977cea86/Phytochemical-investigation-and-nephroprotective-potential-of-Sida-cordata-in-rat.pdf
https://www.scielo.br/j/mioc/a/xpNYLQQbhv4tfjnTDmbSrgp/
https://www.scielo.br/j/mioc/a/xpNYLQQbhv4tfjnTDmbSrgp/
https://europepmc.org/article/MED/30861423

