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Abstract 
Background: Leishmaniasis remains a major public health concern due to treatment toxicity, prolonged regimens and 

emerging drug resistance. Green-synthesized metal oxide nanoparticles are promising candidates for alternative an-

tileishmanial therapies. This study synthesized copper oxide nanoparticles (CuO NPs) using hydroalcoholic Calotropis 

procera leaf extract and evaluated their in vitro activity against Leishmania tropica. 

Methods: CuO NPs were synthesized using C. procera extract as a biological reducing and stabilizing agent and char-

acterized by dynamic light scattering, field-emission scanning electron microscopy, energy-dispersive X-ray spectros-

copy and Fourier-transform infrared spectroscopy. The antileishmanial activity of C. procera extract (CPE), CuO NPs, 

meglumine antimoniate (MA) and their combinations was assessed against promastigotes and intracellular amastigotes. 

Cytotoxicity was evaluated in THP-1-derived macrophages and selectivity indices (SI) were calculated. Apoptosis-

related markers and oxidative stress parameters were also assessed. 

Results: CuO NPs had a mean hydrodynamic diameter of 185.26±19 nm and a zeta potential of −15.93±2.6 mV. The 

CuO NPs+MA combination showed the strongest activity against amastigotes (IC₅₀= 52.19 µg/mL) and promastigotes 

(IC₅₀= 281.63 µg/mL), with a CC₅₀ of 603.1 µg/mL and the highest SI (11.56). Treatment increased Bax, caspase-3, 

caspase-8 and ROS levels while reducing Bcl-2, SOD and CAT. 

Conclusion: Green-synthesized CuO NPs, particularly in combination with MA, demonstrated promising antileishma-

nial activity and selectivity against L. tropica. These findings support further evaluation in vivo. 
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Introduction 
 

Leishmaniasis is a major global problem that 

threatens millions of people living in tropical 

and subtropical regions of the world. The bite 

of an infected sandfly can transmit various spe-

cies of the genus Leishmania and cause leish-

maniasis in three main forms: cutaneous, vis-

ceral and mucocutaneous leishmaniasis (1). The 

disease particularly impacts underprivileged pop-

ulations, with an estimated 700,000 to 1 mil-

lion new cases annually, leading to significant  

 

 
morbidity and mortality in endemic regions. 

Current therapeutic options are limited by pro-

longed treatment duration, significant toxicity 

and emerging drug resistance (2).  

The limitations associated with convention-

al anti-leishmanial therapies have intensified the 

demand for alternative treatment strategies. 

Leishmania tropica was selected in the pre-

sent study because it is one of the principal 

causative agents of anthroponotic cutaneous 
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leishmaniasis in Iran, particularly in southeast-

ern and central endemic regions. Compared with 

other Iranian Leishmania species, especially 

L. major, L. tropica has shown a less favora-

ble response to conventional pentavalent anti-

monial therapy, including meglumine antimo-

niate (Glucantime®). Clinical and experimental 

studies conducted in Iran during the last dec-

ade have reported reduced susceptibility, pro-

longed treatment duration, higher rates of treat-

ment failure and the emergence of antimony-

resistant L. tropica isolates. These characteris-

tics make L. tropica a clinically relevant and 

challenging species for evaluating novel an-

tileishmanial agents and combination thera-

pies aimed at improving treatment efficacy 

while reducing drug toxicity (3–6). Many of 

the currently available drugs require prolonged 

administration, hospitalization and strict mon-

itoring, while frequently inducing severe ad-

verse effects such as cardiotoxicity, hepato-

toxicity and nephrotoxicity. These drawbacks 

significantly reduce patient compliance and con-

tribute to treatment failure (7). Given these limi-

tations, there is intense research interest in de-

veloping alternative strategies, particularly those 

utilizing nanotechnology-based approaches. Na-

noparticle-based therapeutics offer several ad-

vantages, including enhanced drug delivery, re-

duced toxicity and improved efficacy against 

resistant strains. Previous studies have demon-

strated the potential of biogenic nanoparticles 

as promising antileishmanial agents; for ex-

ample, Mohtasebi et al. reported significant in 

vitro and in vivo antiparasitic activity of bio-

genic antimony sulfide nanoparticles against 

L. major (8, 9, 10). Various nanoparticle-based 

delivery systems, including liposomes, archaeo-

somes, micelles, polymersomes and immune-

stimulating complexes (ISCOMs), have emerged 

as powerful tools in biomedical research and 

infectious disease therapy, including for para-

sitic diseases like leishmaniasis (11–13). 

Recent studies have emphasized plant ex-

tracts in green synthesis because of their effi-

ciency and sustainability (10, 14). The green 

synthesis of metal oxide nanoparticles has 

gained considerable attention due to its sim-

plicity, sustainability and ability to produce 

stable nanoparticles with controlled size and 

morphology (15, 16). Copper oxide nanopar-

ticles (CuO NPs) specifically have shown re-

markable potential in biomedical applications 

due to their unique physicochemical proper-

ties, including broad-spectrum antimicrobial, 

antifungal, and notably, antiparasitic activities 

(17, 18), making them a candidate of interest 

for anti-leishmanial applications. 

Calotropis procera is a medicinal plant wide-

ly distributed in tropical and subtropical re-

gions and represents a valuable biological re-

source for the green synthesis of metal na-

noparticles. The leaves of this plant are rich in 

bioactive compounds, including flavonoids, al-

kaloids, phenolics and proteins, which facil-

itate the reduction and stabilization of metal ions 

during nanoparticle formation (17, 19–20). Be-

yond its direct antiparasitic activity, accumu-

lating evidence indicates that C. procera can 

modulate host immune responses by enhanc-

ing oxidative stress pathways. In macrophag-

es infected with Leishmania, the generation of 

reactive oxygen species (ROS) plays a pivotal 

role in parasite clearance, and plant-derived 

compounds have been shown to stimulate ROS 

production, thereby strengthening macrophage-

mediated killing mechanisms (21–23).  

Green-synthesized metal oxide nanoparti-

cles derived from Calotropis procera leaf ex-

tracts exploit the plant’s natural bioactive com-

pounds to enhance antiparasitic activity. CuO 

nanoparticles produced through this approach 

exhibit favorable biological properties, includ-

ing promising antimicrobial and antiparasitic 

potential (24). In Leishmania-infected macro-

phages, oxidative stress constitutes a key host 

defense mechanism, as activated macrophag-

es produce free radicals and non-radical ROS 

like superoxide anions and H₂O₂, which exert 

cytotoxic effects on intracellular parasites. To 

counteract this, host cells express antioxidant 

enzymes like superoxide dismutase (SOD) and 
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catalase, which regulate ROS levels and pro-

tect cellular components. 

Conversely, Leishmania parasites rely on a 

distinct thiol-based redox system, centered on 

trypanothione, to neutralize host-derived ROS 

and maintain intracellular survival. Therefore, 

disruption of this redox balance by enhancing 

ROS generation in macrophages or inhibiting 

parasite antioxidant enzymes can critically com-

promise parasite viability and, therefore, rep-

resents an attractive target for anti-leishmanial 

intervention. The present study aims to inves-

tigate this strategy by examining the effects of 

green-synthesized CuO NPs on redox status 

and apoptosis-related markers in the L. trop-

ica-infected macrophage microenvironment, as 

an indirect indicator of anti-parasitic activity. 

 
Materials and Methods 
 

Experimental design and study flow 

The study comprised five phases: (1) plant 

extract preparation; (2) green synthesis of CuO 

NPs (three independent batches); (3) charac-

terization (DLS, FESEM-EDS, FTIR); (4) in 
vitro assays (anti-promastigote, anti-amastigote, 

cytotoxicity, apoptosis markers, ROS, SOD, 

CAT); (5) statistical analysis. Three biologi-

cal replicates (each with 2–3 technical repli-

cates) were performed. Treatment groups were 

tested in parallel (50–400 µg/mL). Random-

ization and blinding were applied. One-way 

ANOVA with Tukey’s post hoc test was used. 

IC₅₀/CC₅₀ values were calculated using probit 

regression analysis. 

 

Synthesis of nanoparticles  

Extraction from the plant 

To prepare the hydroalcoholic extract, dried 

and powdered C. procera leaves were mixed 

with an 80:20 ethanol-water solution and stirred 

for 24 hours. Following initial filtration and 

passage through Whatman No. 4 filter paper, 

the collected extracts were concentrated to dry-

ness under reduced pressure at 40 °C using a 

rotary evaporator. The resulting dried materi-

als were preserved at 4 °C for subsequent anal-

yses. 

 

Preparation of copper oxide nanoparticles 

by green synthesis method 

CuO NPs were synthesized by reacting the 

plant extract with a 1 mM CuCl₂ solution over-

night at 37 °C. The resulting NPs were pel-

leted via centrifugation, washed with distilled 

water and dried. The aqueous extract acted as 

a dual-purpose reducing agent and solvent. 

The purified nanoparticles were then prepared 

in aqueous suspension for further analysis. All 

experiments were performed using three inde-

pendently synthesized batches of CuO NPs. 

 

Colloidal System analysis: size distribution 

and surface charge 

Dynamic light scattering was employed to 

evaluate the physical characteristics of biosyn-

thesized copper oxide nanoparticles in aque-

ous medium. Hydrodynamic diameter, polydis-

persity index and zeta potential were quantita-

tively determined. The analysis was carried 

out at 25 °C using a Malvern Zetasizer instru-

ment, for which the nanoparticle colloid was 

diluted with deionized water before measure-

ment. 

  

Physicochemical characterization of syn-

thesized nanoparticles 

A field emission scanning electron micro-

scope (KYKY EM8000F, China) was utilized 

to investigate the structural and compositional 

features of biologically synthesized copper ox-

ide nanoparticles. Key parameters including 

surface texture, particle dispersion and ele-

mental integrity were analyzed. Specimens 

were prepared by transferring a dilute colloi-

dal solution onto a silicon substrate via drop-

let deposition and subsequent solvent evapo-

ration under ambient conditions. Energy Dis-

persive X-ray Spectroscopy (EDS), coupled 

with the FESEM instrument, facilitated the 

identification of elemental constituents. 

 



J Arthropod-Borne Dis, September 2026, 20(3):                                                  A Salimi-Khorashad et al.: Green Synthesis of … 

https://doi.org/10.18502/jad.v20i3.22579 

 

Fourier transform infrared spectroscopy for 

surface functionality assessment 

The presence of surface-anchored organic 

moieties derived from the plant extract on the 

biosynthesized CuO NPs was verified via Fou-

rier Transform Infrared Spectroscopy (FTIR) 

coupled with an Attenuated Total Reflectance 

setup. Specimens were prepared by depositing 

a minute quantity of desiccated nanopowder 

onto the ATR stage, followed by the applica-

tion of controlled force via the built-in press 

to achieve optimal surface adhesion. Spectral 

acquisition spanned the 400–4000 cm⁻¹ wave-

number region. 

 

In vitro experiments 

The concentration range of 50–400 µg/mL 

was selected based on preliminary dose-find-

ing experiments and previous literature on 

green-synthesized nanoparticles against Leish-

mania. The same range was used for all inter-

ventions to allow direct comparison. The com-

bination studies were designed to explore ad-

ditivity/synergy and to reduce the effective 

dose of meglumine antimoniate (MA). 

 

Parasite culture 
Promastigote forms of L. tropica (strain 

MHOM/IR/Mash2) were propagated in RPMI-

1640 medium enriched with 10% fetal bovine 

serum (Gibco, USA) and 1% penicillin-strep-

tomycin solution. Cultures were incubated at 

25±1 °C with routine passaging every 72–96 

hours. 

 

Monocyte-to-macrophage differentiation pro-

tocol 

The THP-1 human monocytic cell line was 

obtained from the Pasteur Institute of Iran. 

Cells were cultured in DMEM medium sup-

plemented with 10% FBS and 1% penicillin-

streptomycin under humidified conditions (37 

°C, 5% CO₂). Differentiation into macrophage-

like cells was achieved through 24-hour in-

cubation with 100 nM phorbol 12-myristate 

13-acetate. 

Anti-promastigote assay 
Promastigote viability was evaluated using 

an MTT assay. Briefly, L. tropica promastigotes 

(1×10⁵/mL) were incubated in 96-well plates 

with serially diluted test compounds (CuO 

NPs, CPE, MA, alone or combined) for 72 h 

at 25 °C. After adding MTT (10 µL of a 5 mg/ 

mL stock) and incubating for 3 h, formazan 

crystals were dissolved with DMSO (100 µL/ 

well). Absorbance was measured at 540–570 

nm using a microplate reader and inhibition 

(%) was calculated relative to the untreated 

control. (CPE: C. procera extract, MA: me-

glumine antimoniate). The plate layout for treat-

ment groups was randomized, and the inves-

tigator was blinded during absorbance meas-

urement. Inhibition (%)= (1– absorbance treat-

ed/absorbance control)× 100. 

 

Anti-amastigote assay 
For the infection assay, THP-1-derived mac-

rophages (1×10⁵ cells/well on coverslips) were 

infected with L. tropica promastigotes (MOI 

10:1) for 24 h. After removing extracellular 

parasites, infected cells were treated with se-

rial concentrations (50–400 µg/mL) of MA, 

CuO NPs, CPE, or combined formulations for 

72 h. Coverslips were then fixed (methanol), 

stained (Wright–Giemsa), and examined by 

light microscopy. Amastigotes were counted 

in ≥ 100 macrophages per condition, and re-

sults are presented as the infection index (mean 

amastigotes/macrophage). Counting of infect-

ed macrophages and amastigotes was per-

formed by an investigator blinded to the treat-

ment groups. Infection index= (number of in-

fected macrophages/total macrophages count-

ed) × (mean number of amastigotes per in-

fected macrophage). 

 

Quantitative assessment of apoptotic mark-

ers in infected macrophages 

Protein expression levels of apoptosis-as-

sociated factors including Bax, Bcl-2, caspa-

se-3 and caspase-8 were determined in L. 

tropica-infected THP-1-derived macrophages 
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harboring intracellular amastigotes. Commer-

cial ELISA kits (Bax: E-EL-H0562; Bcl-2: E-

EL-H0114, ElabScience, USA; caspase-3: 

ABIN3044699; caspase-8: ABIN3044700, Pico-

kine, USA) were employed following manu-

facturer recommendations. For transcriptional 

analysis, total RNA was isolated using TRIzol 

reagent and reverse-transcribed into cDNA 

using a commercial synthesis kit (both sourced 

from Yekta Tajhiz Azma, Iran). Quantitative 

real-time PCR was conducted on a Rotor-Gene 

Q platform (Qiagen) utilizing SYBR Green 

Master Mix, gene-specific primers (detailed 

in Table 1) and cDNA templates. Target gene 

expression levels, normalized to the GAPDH 

housekeeping gene, were calculated employing 

the 2^(-ΔΔCt) relative quantification method. 

 

Quantification of oxidative stress parame-

ters and antioxidant activities 

THP-1 macrophages infected with L. trop-

ica amastigotes were collected, rinsed twice 

with ice-cold PBS, and lysed for downstream 

assays. Intracellular ROS were measured via 

the KPG ROS detection kit (Karmania Pars 

Gene, Iran). Cell lysates were incubated with 

the provided probe in 96-well plates, followed 

by absorbance measurement at 450 nm. ROS 

levels were calculated as fold change relative 

to untreated controls (set as 1). 

Superoxide dismutase and catalase activi-

ties were assessed using the Nasdox™ and 

Nactaz™ kits (Navform, Iran), respectively, 

following manufacturer instructions. Enzyme 

activities were expressed as relative values 

compared to the control group. 
 

Statistical analysis 
All experiments were performed in three 

biological replicates, with technical replicates 

as indicated per assay. Normality was assessed 

using the Shapiro–Wilk test, and homogeneity 

of variances by Levene's test. For multiple-

group comparisons, one-way ANOVA fol-

lowed by Tukey's post hoc test was used. For 

two-group comparisons, a two-tailed unpaired 

Student's t-test was applied. IC₅₀ and CC₅₀ 

values were calculated using probit regression 

(SPSS v26). A p-value< 0.05 was considered 

statistically significant. GraphPad Prism 9 was 

used for graph preparation. 

 
Results 
 

Characteristics of produced nanoparticles 

Dynamic Light Scattering (DLS) 

The nanoparticles exhibited an average hy-

drodynamic diameter of 185±19 nm with a 

zeta potential of -15.93±2.6 mV. The relative-

ly high PDI indicates a broad particle size dis-

tribution and some degree of heterogeneity 

(Table 2).  

 

Field-emission scanning electron microsco-

py-based morphological and elemental char-

acterization 

Surface features, particle geometry and el-

emental profile of the biosynthesized CuO NPs 

were investigated via field-emission scanning 

electron microscopy. Micrographs (Fig. 1) cor-

roborated the size distribution obtained from 

DLS and demonstrated predominantly spheri-

cal particle morphology. Some degree of pol-

ydispersity and agglomeration was also ob-

served. 

 

Fourier transform infrared analysis: sur-

face functionality and biofabrication con-

firmation 

The involvement of phytochemicals in the 

reduction and capping of CuO NPs was veri-

fied via Fourier transform infrared spectros-

copy (Fig. 2). A broad O–H stretching band 

around 3255 cm⁻¹ pointed to phenolic moie-

ties or surface-adsorbed water derived from 

the botanical extract. Signals at 2919 cm⁻¹ and 

1043 cm⁻¹ were assigned to aliphatic C–H and 

C–O stretching modes, respectively. Absorp-

tions near 1604 cm⁻¹ and 1412 cm⁻¹ originat-

ed from carbonyl stretching and aromatic C–

C vibrations, characteristic of flavonoid/pol-

yphenolic structures. Crucially, the distinct 

Cu–O stretching band below 700 cm⁻¹ (~521 
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cm⁻¹) confirmed the successful formation of 

copper oxide nanoparticles. The detection of 

plant-derived organic residues on the particle 

surface corroborates their dual function as 

reducing and capping agents. 

 

In vitro assessments  

Anti-promastigote functions  

The direct effect of CPE, green-synthesized 

CuO NPs, MA and their combinations on the 

viability of L. tropica promastigotes was eval-

uated after 72 h of treatment. As shown in 

Fig. 3, all treatments reduced parasite viabil-

ity in a concentration-dependent manner com-

pared to the untreated control. The combina-

tion of CuO NPs with MA (CuO NPs+MA) 

exhibited the most potent anti-promastigote 

activity, resulting in the lowest IC₅₀ value (see 

Table 3). These results demonstrate the direct 

leishmanicidal potential of the green-synthe-

sized CuO NPs and their synergistic effect 

with the standard drug. 

 

Anti-amastigote activity and cytotoxicity as-

sessment 
The anti-amastigote activity of the treat-

ments was evaluated in L. tropica-infected 

THP-1 macrophages. All treatments signifi-

cantly and dose-dependently reduced the in-

tracellular parasite burden compared to the un-

treated control (Table 3). The combination ther-

apies (CPE+MA and CuO NPs+MA) were the 

most potent, with higher concentrations achiev-

ing near-complete elimination. Cytotoxicity 

against uninfected THP-1 macrophages was 

assessed to determine treatment selectivity. The 

half-maximal cytotoxic concentration (CC₅₀) 

and the derived selectivity index (SI) are pre-

sented in Table 4. All formulations showed 

CC₅₀ values markedly higher than their cor-

responding anti-amastigote IC₅₀ values, yield-

ing SI > 1 and confirming a selective anti-

leishmanial effect. Notably, the CuO NPs+ 

MA combination yielded the highest SI value. 

Apoptotic mediators 

The induction of apoptosis was assessed by 

measuring key regulatory markers at both the 

protein (ELISA) and gene expression (RT-

qPCR) levels (Fig. 4). Compared to untreated 

controls and single-agent treatments, the com-

bination therapies (CPE+MA and CuO NPs+ 

MA) significantly increased the protein levels 

of the pro-apoptotic factors Bax, Caspase-3 

and Caspase-8, while decreasing the anti-apop-

totic protein Bcl-2. A corresponding transcrip-

tional response was observed, with the same 

combinations markedly upregulating Bax, 

Caspase-3 and Caspase-8 mRNA and down-

regulating Bcl-2 mRNA. The most pronounced 

modulation across all markers occurred in the 

CuO NPs+MA treatment group. 

 

ROS, SOD and catalase in amastigotes  
Oxidative stress was evaluated in intracel-

lular amastigotes by measuring ROS levels 

and the activities of the antioxidant enzymes 

SOD and CAT (Fig. 5). All single treatments 

(CPE, CuO NPs, MA) significantly increased 

ROS production compared to the untreated 

control. This effect was markedly enhanced in 

the combination groups (CPE+MA and CuO 

NPs+MA), with the CuO NPs+MA combina-

tion inducing the highest ROS levels. Con-

versely, SOD and CAT activities were signif-

icantly reduced in all treated groups, with the 

most pronounced decrease observed in the com-

bination treatments, particularly CuO NPs+MA. 
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Table 1. Primer sequences and amplicon sizes of apoptosis-related genes (Bax, Bcl-2, Caspase-3 and Caspase-8) and 

the reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used for quantitative real-time PCR (qRT-

PCR) analysis of gene expression in macrophages 
 

Template Forward and reverse sequences (50-30) Product size (bp) 

Bax 
Forward CCCGAGAGGTCTTTTTCCGAG 

155 
Reverse CCAGCCCATGATGGTTCTGAT 

Bcl2 
Forward GGTGGGGTCATGTGTGTGG 

89 
Reverse CGGTTCAGGTACTCAGTCATCC 

Caspase 3 
Forward CATGGAAGCGAATCAATGGA 

59 
Reverse CTGTACCAGACCGAGATGTCA 

Caspase 8 
Forward AGAGTCTGTGCCCAAATCAA 

59 
Reverse CTGCTTCTCTCTTTGCTGAA 

GAPDH 
Forward AGGTCGGTGTGAACGGATTTG 

95 
Reverse GGGGTCGTTGATGGCAACA 

 
Table 2. Physicochemical characteristics of green-synthesized nanoparticles in aqueous suspension after synthesis, in-

cluding hydrodynamic size, zeta potential and polydispersity index (PDI). Data are presented as mean ± standard devia-

tion (SD; n= 3) 
 

Formulation 

 
Size(nm) Zeta(mV) PDI 

Green synthesized NPs 

 
185.26 ± 19 −15.93 ±2.6 0.951±0.01 

 
Table 3. Effects of different concentrations of Tween 80 solution (TS), meglumine antimoniate (MA), chitosan–plant 

extract formulation (CPE), copper oxide nanoparticles (CuO) and their combinations on the mean number of intracellu-

lar amastigotes in infected macrophages. Amastigote burden was assessed following treatment at the indicated concen-

trations and compared with the untreated control group (UC). Data are presented as mean ± standard deviation (SD), 

and P values indicate comparisons with the untreated control 
 

Concentration (μg/ml) MA P Value TS P Value 

0 (UC) 54.3±3.8 - 54.3±3.8 - 

50 41.2±2.1 <0.001 52.2±2.2 >0.05 

100 22.4±4.1 <0.001 49.1±3.0 >0.05 

200 15.1±1.2 <0.001 45.3±2.8 >0.05 

400 0.0±0.0 <0.001 43.3±4.6 >0.05 

Concentration (μg/ml) CPE P Value CPE+MA >0.05 

0 (UC) 54.3±3.8 - 54.3±3.8 - 

50 48.3±2.5 <0.001 34.5±2.6 <0.001 

100 34.2±4.5 <0.001 16.2±0.8 <0.001 

200 18.6±1.2 <0.001 3.2±0.2 <0.001 

400 11.4±0.6 <0.001 0.0±0.0 <0.001 

Concentration (μg/ml) CuO P Value CuO+MA P Value 

0 (UC) 54.3±3.8 - 54.3±3.8 - 

50 40.3±2.9 <0.001 27.9±1.4 <0.001 

100 26.2±4.6 <0.001 15.1±0.9 <0.001 

200 15.5±2.1 <0.001 0.0±0.0 <0.001 

400 0.0±0.0 <0.001 0.0±0.0 <0.001 
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Fig. 1. Scanning electron microscopy of green-synthesized copper oxide nanoparticles (CuO NPs) showing surface 

morphology and aggregation; 15,000× magnification, 25 kV, scale bar: 5 μm 

 

 
 

Fig. 2.   Schematic representation of the FTIR technique used for green synthesized copper oxide nanoparticles (CuO 

NPs) analysis 
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Table 4. Evaluation of IC50 values for CS, MA, CuO and their combination against promastigotes and amastigotes of 

Leishmania tropica, compared to MAT and CC50 values of drugs on macrophages to calculate the selectivity index (SI) 
 

 
IC50 

Amastigotes 

P 

Value 

IC50 Pro-

mastigotes 

P 

Value 

CC50 Macro-

phages 

Selective 

Index 

MA 96.66 - 334.95 - 693.3 7.17 

TS 1249.66 <0.001 3346.2 <0.001 6673.4 5.34 

CPE 141.14 <0.001 393.15 <0.001 762.3 5.40 

CPE+MA 66.01 <0.001 312.46 <0.001 655.1 9.92 

CuO NPs 109.17 <0.001 329.68 <0.001 689.7 6.32 

CuO NPs+MA 52.19 <0.001 281.63 <0.001 603.1 11.56 

 

 
 

Fig. 3. In vitro anti-promastigote activity of the tested formulations against Leishmania tropica after 72 h of exposure. 

Promastigotes were treated with meglumine antimoniate (MA), Calotropis procera leaf extract (CPE), green-synthesized 

copper oxide nanoparticles (CuO NPs), or their combinations (0–400 µg/mL). Tween 80 (TS) was used as the vehicle control 

at the corresponding concentration. Parasite viability was determined by MTT assay and expressed as mean ± SD (n= 3) 

 

 
 

Fig. 4. Effect of the treatments on apoptosis-related markers in Leishmania tropica-infected THP-1 macrophages after 

72 h. Cells were treated with meglumine antimoniate (MA), Calotropis procera leaf extract (CPE), copper oxide nano-

particles (CuO NPs), or their combinations. (A) Relative mRNA expression levels of Bax, Bcl-2, Caspase-3 and Caspa-

se-8 were determined by RT-qPCR. (B) Corresponding protein levels measured by ELISA. Data are presented as mean ± 

SD from three independent biological replicates (each with two technical replicates). Statistical analysis was performed 

using one-way ANOVA followed by Tukey’s post hoc test. *P< 0.05, **P< 0.01, ***P< 0.001 versus the untreated control 
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Fig. 5. Intracellular oxidative stress parameters in Leishmania tropica-infected THP-1 macrophages following 

treatment. Infected cells were exposed to meglumine antimoniate (MA), Calotropis procera leaf extract (CPE), copper 

oxide nanoparticles (CuO NPs), or their combinations. Intracellular reactive oxygen species (ROS) levels and the 

activities of superoxide dismutase (SOD) and catalase (CAT) were measured in cell lysates and expressed relative to the 

untreated control (set to 1). Data are presented as mean ± SD from three independent biological replicates. Statistical 

analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *P< 0.05, **P< 0.01, ***P< 0.001 

versus the untreated control 

 
Discussion 
 

Leishmaniasis remains a formidable global 

health burden, with current therapeutic regi-

mens often compromised by escalating drug 

resistance, severe side effects and complex ad-

ministration protocols that hinder patient com-

pliance in endemic regions (2, 7). This press-

ing clinical landscape has catalyzed the explo-

ration of innovative strategies, among which 

nanotechnology holds significant promise. Na-

noparticles can enhance drug bioavailability, 

target parasitic reservoirs, and potentially over-

come resistance mechanisms (9, 10). Within 

this paradigm, green synthesis utilizing bio-

logical resources as nanofactories has emerged 

as a superior alternative to conventional phys-

icochemical methods, offering a route that is 

not only environmentally benign but also yields 

biocompatible and functionally rich nanostruc-

tures (15, 25). This study was therefore de-

signed to synthesize and characterize copper 

oxide nanoparticles (CuO NPs) using the leaf 

extract of Calotropis procera and to rigor-

ously evaluate their anti-leishmanial potential 

against Leishmania tropica. 

 

 
Calotropis procera was selected as a bio-

resource due to its well-documented pharma-

cognostic profile, rich in flavonoids, alkaloids, 

phenolics and proteins that possess inherent 

reducing and stabilizing capabilities (17, 19–

20). Our successful synthesis of CuO NPs un-

derscores the efficacy of the leaf extract as a 

versatile nanofactory. The characterization da-

ta robustly confirm the formation of nanopar-

ticles. Dynamic Light Scattering (DLS) revealed 

an average hydrodynamic diameter of 185.26± 

19 nm and a negative zeta potential (-15.93± 

2.6 mV), parameters indicative of a moder-

ately stable colloidal suspension with a low 

propensity for uncontrolled aggregation (Ta-

ble 2). The spherical morphology observed via 

field emission scanning electron microscopy 

(FESEM) (Fig. 1) is consistent with numerous 

reports on plant-mediated synthesis and pro-

vides a high surface-area-to-volume ratio ben-

eficial for biological interactions (10). Fourier 

transform infrared spectroscopy (FTIR) anal-

ysis provided critical insights into the synthesis 

mechanism (Fig. 2). The spectrum displayed 
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characteristic absorption bands for O–H stretch-

ing (~3255 cm⁻¹), C–H stretching (~2919 cm⁻¹) 

and C–O stretching (~1043 cm⁻¹), all signa-

ture peaks of the phytochemicals present in C. 

procera extract (26). Crucially, the distinct 

peak observed below 700 cm⁻¹ (at ~521 cm⁻¹) 

is unequivocally attributed to the Cu–O vibra-

tional mode, confirming the formation of cop-

per oxide crystals (10). The co-existence of 

plant-derived and metal oxide peaks strongly 

suggests that phytoconstituents are not merely 

facilitators of reduction but also form a sta-

bilizing corona around the NPs, potentially 

dictating their biological interface. 

The anti-leishmanial efficacy of the green-

synthesized CuO NPs was pronounced and 

dose-dependent against both the extracellular 

promastigote and the clinically relevant intra-

cellular amastigote forms of L. tropica (Fig. 

3, Table 3 and 4). This dual-stage activity is 

of paramount importance, as a successful ther-

apeutic agent must eradicate the motile infec-

tive stage (promastigote) and, more critically, 

eliminate the sheltered intracellular amastigote 

responsible for chronic infection. The observed 

activity aligns with and extends the known 

pharmacologic potential of C. procera. While 

Ilaghi et al. (27) demonstrated that the crude 

extract itself has activity against L. tropica, 

our work advances this finding by demonstrating 

that the extract's value can be amplified through 

its use in fabricating nanostructures with en-

hanced properties. Furthermore, a notable find-

ing was the synergistic interaction between 

CuO NPs and the standard drug meglumine 

antimoniate (MA). The combination therapy 

(CuO NPs+MA) consistently showed superior 

parasite suppression compared to either agent 

alone. This synergy mirrors emerging trends 

in nanomedicine for infectious diseases, where, 

for example, Majeed et al. (28) reported en-

hanced efficacy of MA when combined with 

green-synthesized silver nanoparticles. This sug-

gests that our CuO NPs may sensitize the par-

asite to the conventional drug or act through 

complementary pathways, a strategy that could 

lower the effective dose of MA and mitigate 

its associated toxicity. 

To elucidate the mechanistic basis of the 

leishmanicidal effect, we investigated markers 

of apoptosis and oxidative stress, two interre-

lated pathways often triggered by metal oxide 

nanoparticles (29). Our data compellingly show 

that treatment, particularly with the CuO NPs+ 

MA combination, induced a pro-apoptotic state 

in the parasites. This was evidenced by a sig-

nificant increase in the protein and gene ex-

pression of the executioner caspases (Caspa-

se-3, Caspase-8) and the pro-apoptotic regula-

tor Bax, concurrent with a decrease in the an-

ti-apoptotic protein Bcl-2 (Fig. 4). Parallel to 

this, we observed a profound disruption of the 
parasite's redox homeostasis. Treated amastigotes 

exhibited a surge in intracellular reactive oxy-

gen species (ROS) alongside a significant de-

cline in the activity of key antioxidant defense 

enzymes, superoxide dismutase (SOD) and cat-

alase (CAT) (Fig. 5). Leishmania parasites are 

particularly susceptible to oxidative attack, re-

lying on a unique thiol-based system (trypa-

nothione) for redox balance. The nanoparticle-

induced ROS flood likely overwhelms this sys-

tem, causing macromolecular damage and trig-

gering the observed apoptotic cascade. This 

mechanism aligns with the findings of Amani 

et al. (23), who reported ROS generation as a 

key anti-leishmanial mechanism for C. procera 

extracts. Our study thus links the green syn-

thesis approach directly to a potent, multi-fac-

eted cytotoxic mechanism against the para-

site. 

A critical advantage of any new anti-leish-

manial candidate is selectivity: the ability to 

kill the pathogen without harming host cells. 

Our cytotoxicity assessment yielded highly 

promising results. The calculated Selectivity 

Index (SI), defined as CC₅₀ (macrophages)/ 

IC₅₀ (amastigotes), was substantially greater 

than 1 for all formulations, with the CuO NPs+ 

MA combination exhibiting the highest value 

(Table 3). This indicates a wide therapeutic 

window. The favorable biocompatibility is al-

most certainly a direct benefit of the green 
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synthesis protocol. The phytochemical corona 

enveloping the NPs likely modulates their in-

teraction with mammalian cells, reducing non-

specific cytotoxicity, a common drawback of 

nanoparticles synthesized via harsh chemical 

methods (25, 26). This attribute is a signifi-

cant step toward addressing the core limita-

tion of toxicity that plagues current leishman-

iasis therapies (7). 

This study has several limitations. The ex-

periments were conducted using a single L. 

tropica strain and one host-cell model (THP-

1-derived macrophages), which may limit the 

generalizability of the findings. In addition, 

the antileishmanial mechanisms of CuO NPs 

were investigated using selected oxidative stress 

and apoptosis markers and require further val-

idation. Moreover, the results are restricted to 

in vitro conditions, and in vivo efficacy, safe-

ty, pharmacokinetics, long-term stability and 

batch-to-batch reproducibility of the nanopar-

ticle formulation remain to be established. 

 
Conclusions 
 

In conclusion, this study describes a facile 

and eco-friendly method for synthesizing bio-

compatible CuO NPs using C. procera leaf 

extract. The resultant CuO NPs exhibit prom-

ising in vitro anti-leishmanial activity against 

L. tropica, effectively targeting both pro-

mastigote and amastigote stages. Our findings 

suggest that the anti-leishmanial effect may 

be associated with disruption of redox home-

ostasis and induction of apoptosis within the 

infected macrophage microenvironment, ra-

ther than direct parasite-specific pathway val-

idation. Notably, the nanoparticles show addi-

tive or synergistic effects when combined with 

meglumine antimoniate, indicating potential 

for combination therapy regimens. The favor-

able in vitro safety profile, afforded by the 

green synthesis approach, highlights these na-

noparticles as a promising and sustainable pre-

clinical candidate against leishmaniasis. This 

work provides a robust preclinical foundation, 

warranting further in vivo efficacy studies and 

mechanistic exploration to advance this nano-

platform toward therapeutic application. 
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