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ical and subtropical regions, caused by different species of the genus Leishmania. Cut-
rent therapeutic options are limited due to toxicity, prolonged treatment regimens, and
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L. major, Methods: This study was conducted at Kashan University of Medical Sciences, Kashan,
Quercetin; Iran in 2024. The antileishmanial activity of quercetin and a synthesized quercetin—
ZnMgFe;Og; ZnMgFe;O4 nanostructure was evaluated against L. zajor promastigotes 7z vitro condi-
Nanoparticle; tions. The nanostructure was synthesized and characterized using X-ray diffraction
T (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron mi-
croscopy (SEM). The antileishmanial activity was assessed by determining the mortality
*Correspondence rate of promastigotes at different concentrations (150, 300, 450, and 600 pg/mL) of
Email: quercetin and also quetrcetin—ZnMgFe,;O4 nanostructure. In addition, ultrastructural

mdelavaril @gmail.com and nuclear alterations were examined following exposure to 150 and 600 pg/mL of
both quercetin and the nanostructure.

Results: The quercetin—ZnMgFe,O4 nanostructure exhibited significantly higher in-
hibitory activity compared with quercetin. The mortality rates for the nanostructure
were 73% and 85.9% at 150 and 600 pg/ml., respectively, compared with 42% and
81% for quercetin. Microscopic analysis revealed pronounced morphological altera-
tions, including damage to the cell body and flagella, as well as destruction of the nu-
cleus and kinetoplast.

Conclusion: The Quercetin_ZnMgFe,O,4 nanostructure exhibited considerable an-
tileishmanial activity against L.major promastigotes # vitro. Considering the obtained
results, this nanostructure can be considered in anti-leishmanial studies and further iz

vitro and én vivo investigations are required to evaluate its safety and efficacy.
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Introduction

eishmaniasis is one of the most im-

portant vector-borne parasitic diseases,

with a high prevalence in tropical and
subtropical regions, and is considered a major
global health concern. Cutaneous leishmaniasis
(CL) is caused by protozoan parasites of the
genus Leishmania. 1t is estimated that 600,000
to one million new cases occur annually, of
which only 200,000 are reported (1, 2). In Iran,
two epidemiological forms of cutaneous leish-
maniasis are present: the zoonotic form caused
by L. major, and the anthroponotic form
caused by L. #ropica (2). According to the Amer-
ican Society of Tropical and Infectious Dis-
eases, no ideal or universally applicable treat-
ment for cutaneous leishmaniasis (CL) has
been identified to date (3). Pentavalent antimo-
nials, such as sodium stibogluconate (Pento-
stam) and meglumine antimoniate (Glucan-
time), remain the first-line therapies due to
their availability and cost-effectiveness. How-
ever, these drugs are often associated with se-
vere side effects, administration difficulties,
species-dependent variations in susceptibility,
and the emergence of drug resistance (4, 5).
These limitations underscore the urgent need
for alternative therapeutic strategies that are
more effective ,safer, and affordable.

Quercetin =~ (3,5,7,3'4'-pentahydroxyflavo-
nol ;C15H1007) is a naturally occurring flavo-
noid widely distributed in fruits, vegetables,
medicinal plants, and tree bark. It is a yellow
crystalline aglycone that is pootly soluble in wa-
ter but exhibits diverse biological properties,
including antioxidant, anti-inflammatory ,car-
dioprotective, anticancer, antimicrobial, antivi-
ral ,immunomodulatory, and antiparasitic ac-
tivities (6-10).

Previous investigations have demonstrated quer-
cetin's ability to inhibit the growth of vatious ezsh-
mania species through multiple mechanisms. For in-
stance, in L. braziliensis, quercetin interferes with iron
metabolism both directly, by acting as an iron chela-
tor, and indirectly, by activating the Ntf2/HO-1
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pathway and increasing reactive oxygen species
ROS) production, ultimately inducing apoptosis,
necrosis, and parasite death (7). Similatly, quercetin
has been shown to control promastigote prolifera-
tion, induce DNA damage, and inhibit both Try-R
and Try-S strains of L. #mpica (8). Additionally, quer-
cetin suppresses the replication of promastigote and
amastigote forms of L. infantum and L. chagasi by in-
hibiting acetylcholinesterase activity and iron chela-
tion (9). In L. sajor, it targets key enzymes, including
arginase, ribonucleotide reductase, and topoisomer-
ase 11, while also disrupting mitochondrial function
(10). Moreover, quercetin treatment has been re-
ported to trigger programmed cell death independ-
ent of proteases and increase the frequency of apop-
totic neutrophils in I #zajoramastigotes (11). Studies
in L. donovani-infected hamsters further confirmed
the inhibitory effects of quercetin, including reduced
splenic parasite burden and enhanced parasite clear-
ance through ROS generation and mitochondrial
disruption (12). In this study, using ZnMgFe,O4 na-
nopatrticles as cartiers for quercetin may enhance the
drug's solubility, promote cellular uptake, and in-
crease reactive oxygen species (ROS)-mediated
leishmanicidal effects, thereby improving quercetin's
therapeutic efficacy.

Considering the limitations of current therapies
and the promising biological activities of quercetin,
the present study was designed to investigate the an-
tileishmanial activity of quercetin alone and in com-
bination with ZnMgFe,O, nanoparticles against the
promastigote form of L. zzajor in vitro conditions.

Materials and Methods

Study Design

This experimental interventional study was
conducted in 2024 at Kashan University of
Medical Sciences, Iran.

Synthesis of ZuMgFe;0 4 nanoparticles
Briefly, 0.8 mmol of zinc nitrate, 0.2 mmol
of magnesium nitrate, and 2 mmol of iron ni-
trate were dissolved in 30 mL of distilled water
and stirred magnetically at 50 °C for 1 hour
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under ultrasonic. The resulting precipitate was
washed ,dried at 30 °C, and subsequently cal-
cined at 800 °C for 3 h. The formation of the
nanostructure was confirmed by the appear-
ance of a brown powder. Structural characteri-
zation was performed using X-ray diffraction
(XRD), Fourier transform infrared spectros-
copy (FTIR) ,scanning electron microscopy

(SEM).

Preparation of Quercetin—ZnMgFe20 4
Nanostructures

To prepare the nanostructure, 1 mmol of quer-
cetin was dissolved in 10 mL of distilled water. An
equal amount of pre-washed ZnMgle,O, nanopar-
ticles (washed three times with water and methanol)
was added to the solution. The suspension was
stitred at 30 °C for 15 min, then cooled and stitred
again at 30 °C to allow solvent evaporation and bind-
ing of quercetin onto the nanoparticle surface.

Parasite Culture

The study was conducted on promastigotes of L.
major (strain MRHO/IR/75/ER). Parasites wete in-
itially cultured in Novy-MacNeal-Nicolle (NNN)
and then maintained in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS). Pro-
mastigotes in the logarithmic growth phase were
used for drug evaluation.

Promastigote Assay

Promastigotes were adjusted to a density of
1 x 10° cells/mlL. and seeded into 48-well
plates. Parasites were treated with different
concentrations (150, 300, 450, and 600 pg/mL)
of quercetin or quercetin—ZnMgFe,O4
nanostructures. Untreated parasites served as
the negative control. After 24 h incubation at
25 °C, the number of viable parasites was
counted using a Neubauer hemocytometer un-
der a light microscope.

Assessment of DNA Alterations by DAPI
Staining

Nuclear alterations were evaluated using 4,
6-diamidino-2-phenylindole (DAPI) staining.
Briefly, 24 h post-treatment, promastigotes
were washed with phosphate-buffered saline
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(PBS) and fixed with 4% paraformaldehyde for
5 min at room temperature. Cells were washed
with PBS and PBST (PBS containing 0.1%
Tween-20) for 5 and 15 min, respectively. Par-
asites were subsequently stained with 5 pg/mL
DAPI in PBS for 10 min and washed again
with PBS and PBST. Slides were mounted with
Permafluor and examined under a fluorescence
microscope for phenotypic and nuclear
changes.

Ultrastructural Analysis using Scanning Elec-
tron Microscopy (SEM)

Morphological changes were investigated
24 h after treatment. Promastigotes were
washed in 0.1 M sodium cacodylate buffer (pH
7.2) and fixed in 2.5% glutaraldehyde in so-
dium cacodylate buffer for 2 h. Post-fixation
was performed with 2% osmium tetroxide in
cacodylate buffer, followed by washing with
distilled water. Samples were dehydrated in
graded ethanol concentrations (50%-70%) im-
mersed in hexamethyldisilazane (HMDS),
coated with gold, and observed using a JEOL
840 scanning electron microscope.

Statistical Analysis

Data were analyzed using SPSS software version
22 (IBM Cortp., Armonk, NY, USA). The half-max-
imal inhibitory concentration (ICsg) was calculated,
and results were expressed as mean + standard devi-
ation (SD). Graphs were plotted using Excel and
GraphPad Prism. Statistical significance among
groups was determined using one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc
test. Differences with P< 0.05 were considered sta-
tistically significant

Results

Physicochemical Characteriation of the
Nanostructure

X-ray Diffraction (XRD)

The X-ray diffraction (XRD) pattern of the
ZnMgFe,O,4 nanoparticles (Fig. 1) displays distinct
diffraction peaks at 20 values of approximately 18.6°,
30.2°, 355° 43.1° 537° 573° and 02.8°
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corresponding to the (111), (220), (311), (400), (422),
(511), and (440) planes of the cubic spinel structure,
respectively. The sharp and well-defined peaks indi-
cate a high degree of crystallinity. No additional
peaks related to impurities or secondary phases were
observed, confirming the successful synthesis of the
desired nanoparticles.

The average crystallite size was calculated using
the Scherrer equation:

L Q.92
o 5 cos &

D

10 20 30

40 50 60
Position [*2Theta] (Copper (Cw)

70 80

Peak List

01-088-1937; Mg Fe2 O4; Cubic

01 073 1963; Zn Fez O4; Cubic

Fig. 1: X-ray diffraction (XRD) pattern of ZnMgFe,O4 nanopatticles shows distinct peaks at 20 = 18.6°,
30.2°, 35.5°, 43.1°, 53.7°, 57.3°, and 62.8°, corresponding to the (111), (220), (311), (400), (422), (511), and
(440) planes of the cubic spinel structure. These peaks confirm the high crystallinity and the successful syn-

thesis of the intended nanoparticles.

SEM morphology of ZnMgFe:04 nanoparti-
cles

SEM analysis of the ZnMgFe2O4 sample re-
veals that the synthesized particles exhibit

irregular to quasi-spherical morphologies with
an average size ranging from 20 to 70 nm. The
observed clustering is attributed to the high
surface energy and magnetic interactions inher-
ent to nanoscale ferrite systems (Fig. 2).

Fig. 2: Scanning electron microscopy (SEM) images of ZnMgFe,O4 nanoparticles at increasing magnifica-
tions: 5 um, 1 um, 500 nm, and 200 nm

Fourier-Transform Infrared Spectroscopy
(FTIR)

FTIR analysis was performed to identify
functional groups and confirm the loading of
quercetin on the nanostructures. Spectra of
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pure nanoparticles and quercetin-loaded
nanostructures at concentrations of 150 and
600 pg/mL are presented in Fig. 3. Charactet-
istic bands indicate interactions between quer-
cetin and the nanoparticle surface.
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Fig. 3: FTIR spectra of the ZnMgFe,O4—quercetin nanostructure at concentrations of 150 pg/mlL (orange
line) and 600 pg/mL (green line) display characteristic absorption peaks corresponding to functional groups
involved in quercetin loading

The broad band observed around 3435
cm™ is attributed to the O—H stretching vibra-
tions of hydroxyl groups present in quercetin
molecules, as well as adsorbed water on the na-
noparticle surface. The absorption band near
1384 cm™ corresponds to the bending vibra-
tions of C—O-H and the aromatic C—C bonds
in quercetin. A slight shift in the position and
intensity of these peaks compared to the pure
nanoparticles indicates a successful interaction
between quercetin molecules and the surface
of ZnMgFe,O4 nanoparticles, suggesting ef-
fective drug loading.

Moreover, the bands below 600 cm™ corre-
spond to the stretching vibrations of Fe—O and
Mg-O bonds within the spinel lattice, confirm-
ing the structural integrity of the ferrite core.

Therefore, the FTIR results confirm the
successful loading of quercetin onto the
ZnMgFe,O4 nanostructure and the formation
of interfacial interactions between the organic

(quercetin) and inorganic (spinel ferrite) phases.

Effect of Quercetin on L. major Pro-
mastigotes

Treatment of L. major promastigotes with
quercetin at concentrations of 150, 300, 450,
and 600 pg/mL for 24 h showed a dose-
dependent inhibition of parasite viability. The
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percentages of cell death at these
concentrations were 42%, 60%, 68%, and 81%,
respectively, with the greatest growth
inhibition observed at 600 pg/mL.

Effect of Quercetin—ZnMgFe204 Nanostruc-
ture on L. major Promastigotes

The quercetin-loaded nanostructure exhib-
ited significantly stronger anti-leishmanial ac-
tivity compared to quercetin. The percentage
of promastigote death at concentrations of 150
300, 450, and 600 pg/mL was 73%, 79%, 82%,
and 85.9%, respectively, demonstrating the en-
hanced efficacy of the nanostructured formu-
lation.

bl

DNA Alterations

To evaluate nuclear changes and DNA damage,
L. major promastigotes were treated with quercetin
and quercetin—ZnMgFe,O,4 at concentrations of
150 and 600 pg/mlL for 24 h, then stained with
DAPI. Fluorescence microscopy revealed uniform
blue fluorescence and normal nuclear morphology
in control cells. In contrast, treated cells exhibited
scattered fluorescence with variable intensity, local-
ized DNA condensation, the presence of small fluo-
rescent particles, and DNA fragmentation. These ef-
fects were more pronounced at the higher concen-
tration (600 ug/mL) (Fig; 4).

Available at: https://ijpa.tums.ac.ir




Gheisari et al.: Antileishmanial Activity of Quercetin ...

A: Control ( without treatment)
B: Quercetin 150 pg/ml
C: Quercetin 600 ng/ml
D: Quercetin- ZnMgFe204 150 pg/ml
E: Quercetin- ZnMgFe204 600 pg/ml

Fig. 4: Fluorescence microscopy images of L. ajor promastigotes stained with DAPI. In the control group,
the nucleus and kinetoplast are clearly visible. Treatment with quercetin and quercetin—ZnMgFe,O,
nanostructure caused destruction of the nucleus and kinetoplast in a concentration-dependent manner, with
more pronounced effects observed in the nanostructure-treated samples

Monphological and Ultrastructural Changes

SEM analysis of treated promastigotes re-
vealed significant morphological alterations.
Control cells exhibited smooth membranes and
intact flagella, whereas treated cells showed sur-
face wrinkling, loss of membrane integrity,

flagella shortening or loss, and overall shape
deformation. These changes were more pro-
nounced in cells treated with the nanostructure
at 600 ug/mlL, confirming its greater anti-leish-
manial potency compared to free quercetin

(Fig. 5).

A: Control ( without treatment)
B: Quercetin 150 pg/ml
C: Quercetin - 600 pg/ml
D: Quercetin- ZnMgFe204 150 pg/ml

E: Quercetin- ZnMgFe204 600 ug/ml

Fig. 5: Scanning electron microscopy images of L.zzajor promastigotes in control and treated groups with

quercetin and the quercetin—ZnMgFe,O,4 nanostructures. Nanostructure exhibited significant damage to the
parasite's body and flagella, with more pronounced alterations observed at higher concentrations, especially in
samples treated with the nanostructure

Pharmacological Analysis

Using a four-parameter logistic (4PL) model
in GraphPad Prism, pharmacological parame-
ters were calculated. The IC50 values for quer-
cetin and quercetin—ZnMgFe,O4 nanostruc-
ture were 157 pg/mL and 49 pg/mL, respec-
tively, indicating greater efficacy of the
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nanostructure. The Emax values were 81% for
quercetin and 85.9% for the nanostructure.

Overall Comparison

Collectively, quercetin—ZnMgFe,O4 exhib-
its stronger anti-leishmanial activity at all tested
concentrations, with a lower IC50 compared to
free quercetin. Loading quercetin onto the
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nanostructure significantly enhances its effi-
cacy against L. #ajor promastigotes.

Discussion

The quercetin alone exhibits significant anti-
parasitic effects on both promastigotes and in-
tracellular amastigotes of Leishmania species.
Specifically, the ICsq of quercetin against L. za-

_Jor promastigotes and intracellular amastigotes
was reported to be 0.27 and 0.85 uM, respec-
tively (13). In another study, the ICsq values of
quercetin, quercitrin and isoquercitrin for re-
combinant arginase from L. amagonensis were
estimated at 3.8, 10 and 4.3 uM, respectively
(14). Moreover, the anti-leishmanial mecha-
nism of quercetin against intracellular
amastigotes of L.amazonensis was reported with
an ICso of 31.4 uM (15). Laboratory findings
also indicated that quercetin exhibited an ICsg
of 84.65 pg/mL against L.donovani, inducing ni-
tric oxide production, apoptosis, and DNA
damage, ultimately leading to parasite death
(16). Furthermore, quercetin demonstrated sig-
nificant inhibitory activity against other proto-
zoan parasites. The ICsq values for Babesia bovis,
B. bigemina, B. caballi, and Theileria equi were 8,7,
5, and 4 nM, respectively (17). Against Plasmo-
dium  falciparum, quercetin showed ICso and
ICqg values of 6.9 and 11.4 ug/mlL,, respectively
(18). For Trypanosoma cruzi, quercetin exhibited
an ICgg of 142 uM through GAPDH inhibition
(19), and for T. brucei, as a hexokinase inhibitor,
the ICs was 4.1 £ 0.8 uM (20).

Nano carriers enhance antileishmanial effi-
cacy through improved drug delivery, increased
cellular uptake and induction of parasite apop-
tosis in macrophage-hosted systems. Moreover
in vivo studies in BALB/c mice have confirmed
that such nanostructures can significantly re-
duce lesion progression and parasite load com-
pared to free drugs (21). In agreement with
these findings, the present study demonstrated

b

that the quercetin—ZnMgFe,O4 nanostructure
exhibits potent inhibitory activity against L. a-
Jor promastigotes under zz vitro conditions,
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supporting the potential of nanotechnology-
based strategies in the treatment of cutaneous
leishmaniasis. The ICso of the quercetin—
ZnMgFe,O4 nanostructure in the present
study was significantly lower than these re-
ported values, demonstrating enhanced anti-
leishmanial efficacy and highlighting the poten-
tial novelty of this nanostructure for the devel-
opment of innovative therapeutic strategies
against leishmaniasis. The incorporation of
quercetin into the ZnMgFe,O,4 nanostructure
not only enhanced its anti-leishmanial activity
but also improved its stability and bioavailabil-
ity compared to free quercetin. Importantly,
both the ZnMgFe,O,4 nanoparticle itself and
the quercetin—ZnMgFe,O4 nanostructure rep-
resent novel entities that have not been previ-
ously investigated for anti-leishmanial activity.
The unprecedented combination of quercetin
and ZnMgFe,O, nanoparticles provides a
promising platform for the development of
next-generation  anti-leishmanial  therapies.
These findings are in agreement with previous
reports regarding the anti-leishmanial effects of
nanoparticles (22-31).

In recent years, the application of nano-
materials in the treatment of parasitic diseases,
particularly leishmaniasis, has attracted growing
attention as an innovative and efficient thera-
peutic approach. Metallic and hybrid
nanostructures can enhance the anti-leishma-
nial efficacy of drugs through mechanisms such
as improved macrophage uptake, induction of
apoptosis in parasites, and stimulation of host
cellular immune responses. For instance,
Tellurium Oxide (TeO2) Nanorods, silver na-
noparticles, magnetic metal-organic frame-
works (MBMOPFs), and lipid nanocarriers con-
taining artemether or amphotericin B have
shown promising 7z vitro and in vivo results by
reducing lesion size and parasite burden (22,25-
27). Similarly, silver, magnesium oxide, calcium
oxide, and calcium phosphate nanoparticles, ei-
ther alone or in combination with anti-parasitic
agents, have displayed potent leishmanicidal ac-
tivity with lower cytotoxicity compared to free
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drugs (23, 27-29, 31). These findings strongly
suggest that nanostructured materials can serve
as effective and targeted drug delivery systems
to improve the therapeutic index of conven-
tional anti-leishmanial compounds. In agree-
ment with these reports, the present study
demonstrated that the Quercetin_ZnMgFe,O4
nanostructure exhibits significant anti-leishma-
nial activity, supporting its potential as a novel
and safe nanoformulation for the treatment of
cutaneous leishmaniasis.

Quercetin, as a widely used flavonoid, pos-
sesses multiple pharmacological properties, in-
cluding antioxidant, anti-inflammatory, an-
tiparasitic, antiviral, and antibacterial activities
(0, 10, 20, 32, 33).

Previous studies have shown that quercetin
can affect protozoa such as Amoebae, Plasmo-
dium, and Trypanosoma species (18, 19, 34).
However, its therapeutic application is limited
by low aqueous solubility and rapid degrada-
tion (35). In a clinical trial, the efficacy of two
oral phytosome-formulated quercetin doses
(100 and 200 mg) was compared with a single
500 mg dose of unformulated quercetin. En-
capsulation within phytosomes increased bioa-
vailability by approximately fifty-fold relative
to standard or free formulations (30).

Similarly, enzymatically modified isoquer-
citrin (EMIQ) demonstrated up to 40-fold
higher absorption (Cmax) than quercetin and
reached peak plasma concentration within 15
min, suggesting enhanced activity and a
broader therapeutic spectrum (37).

In the present study, loading quercetin onto
the magnetic ZnMgFe,O4 nanostructure im-
proved both its stability and bioavailability.

The use of metal nanoparticles enhances
drug permeability and anti-leishmanial efficacy
through mechanisms such as increased genera-
tion of reactive oxygen species (ROS), disrup-
tion of the plasma membrane, induction of ox-
idative stress, and ultimately apoptosis. Con-
sistently, DAPI staining in this study revealed
DNA fragmentation and pronounced nuclear
alterations, indicative of apoptosis in
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promastigotes. Similar observations have been
reported in previous investigations using metal
nanoparticles or plant-derived compounds
(23-25).

Findings from scanning electron micros-
copy (SEM) further confirmed marked mor-
phological damage to the parasites. Observed
alterations included cell rounding, flagella loss,
and membrane surface irregularities. These
morphological changes likely reflect compro-
mised membrane integrity and increased per-
meability.

Despite these promising findings, this study
has limitations. First, the investigation was re-
stricted to the promastigote form 7 vitro condi-
tions. Fututre studies should evaluate the effi-
cacy of the nanostructure against amastigotes
in animal models. Second, more in-depth mo-
lecular analyses, such as the assessment of
apoptosis- and oxidative stress-related gene ex-
pression, are warranted.

Conclusion

The quercetin—ZnMgFe,Oy, has significant
effects on L. major promastigotes. Further 7
vitro and 7n vivo studies are recommended to ad-
vance its potential application in leishmaniasis
treatment.
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