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Abstract

The suboptimal efficacies of existing anti-malarial drugs attributed to the emergence of drug resistance dampen the clini-
cal outcomes. Hence, there is a need for developing novel drug and drug targets. Recently silver nanoparticles (AgNPs)
constructed with the leaf extracts of Euphorbia cotinifolia were shown to possess antimalarial activity. Therefore, the
synthesized AgNPs from Euphorbia cotinifolia (ECAgNPs) were tested for their parasite clearance activity. We determined
the antimalarial activity in the asexual blood stage infection of 3D7 (laboratory strain) P. falciparum. ECAQNPs demon-
strated the significant inhibition of parasite growth (ECs, of 0.75 ug/ml) in the routine in vitro culture of P. falciparum.
The synthesized silver nanoparticles were seen to induce apoptosis in P. falciparum through increased reactive oxygen
species (ROS) ROS production and activated programmed cell death pathways characterized by the caspase-3 and calpain
activity. Also, altered transcriptional regulation of Bax/Bcl-2 ratio indicated the enhanced apoptosis. Moreover, inhibited
expression of PALPL-1 by ECAgNPs is suggestive of the dysregulated host fatty acid flux via parasite lipid storage. Overall,
our findings suggest that ECAgNPs are a non-toxic and targeted antimalarial treatment, and could be a promising thera-
peutic approach for clearing malaria infection.
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CDNB L-chloro-2,4-dinitrobenzene

DCF 2 7'-Dichlorofluorescein

DTNB 5,5'-Dithiobis-(2-nitrobenzoic acid
EcAgNPs  Euphorbia cotinifolia Silver nanoparticles

ER Endoplasmic reticulum

FTIR Fourier transform infrared spectroscopy
GR Glutathione reductase

GSH Glutathione

GST Glutathione S-transferase

huRBCs  Human red blood cells

NADPH  Nicotinamide adenine dinucleotide phosphate
PDI Protein disulfide isomerase

pRBC Parasitized RBCs

RBCs Red blood cells

ROS Reactive oxygen species

TEM Transmission electron microscopy
TrxR Thioredoxinreductase

XRD X-ray diffraction

1 Introduction

P. falciparum, a highly virulent member of the Plasmodia family, is the causative agent of severe malaria infection, result-
ing in higher mortality and morbidity worldwide [1]. The severity of malaria infection is influenced by the interaction
between the pathogen and the immune status of host [2]. The prevalence rate of malaria infection is particularly higher
in socioeconomically challenged regions, wherein the optimal conditions for mosquito vectors facilitate the transmission
of the disease. Also, the concurrent threat of malaria and COVID-19 co-infection has further exacerbated the public health
challenges in malaria infection sensitive regions [3]. The complex life cycle of malaria parasite, spawning both mosquito
vector and human host, complicates the understanding of its pathophysiology and biology [4]. Clinical manifestations
of malaria are the results of the complex biological processes orchestrated by P. falciparum within the human host [5].

The emergence of resistance to almost all the anti-malarials poses challenge to treat P. falciparum infection, and
absence of effective malaria vaccine worsens the situation [6-10]. Chemically synthesized metal based nanoparticles
could be a viable therapeutic option for treating malaria infection and circumventing the drug resistance [11-15]. These
nanoscale drug carriers deliver antimalarial drugs [16-19] and candidate antigens [20, 21] in a target specific and sus-
tained manner, and exposed parasite with drugs for longer durations. This increased the possibility of parasite clearance
and minimizes the evolution of drug resistance. Our group and others have been exploring the delivery potential of
novel drug delivery systems (NDDS) in drug [22-25] and vaccine therapeutics [20, 21, 26, 27].

Euphorbia cotinifolia, known for its evergreen leaves and therapeutic properties, has been explored for its potential in
treating respiratory ailments, asthma, bronchitis, and viral infections as well as rodent malaria infection [28, 29]. The leaf
extract of E. cotinifolia has demonstrated regulatory effects on hay fever, tumor, throat spasms, and mucosal accumulation
in the nasal and pharyngeal passages [30]. The presence of active ingredients such as flavonoids, quercetin and empfero
in E. cotinifolia confer the antimicrobial, antiviral and antioxidant properties [31]. Recent research has focused on the
biosynthesis of silver nanoparticles (AgNPs) using plant extract, including E. odoratum that showed antimicrobial and
larvicidal activity [32, 33]. In addition, the nanostructures composed of Ag/Ag,0 were explored for their antimicrobial
and anti-biofilm properties [34].

Metal nanoparticles are shown to play a crucial role in malaria therapeutics [35, 36]. Therefore, we biosynthesized and
characterized silver nanoparticles derived from the leaf extract of E. cotinifolia (ECAgNPs) and assessed the formulation for
their parasite clearance activity in the routine culture of the asexual (BS) infection of P. falciparum. Besides, we investigated
the mechanism underlying the anti-malarial activity of the ECAgNPs, that include the activation of metacaspase-2 and
calpain. The latter leads to the clearance of P. falciparum from within huRBCs. ECAgNPs were found to disrupt the activity
of P. falciparum isophospholipase (PALPL-1), and hence inhibiting fatty acid flux and lipid storage, an essential process for
the growth and development of parasite. Also, DNA fragmentation observed in the ECAgNPs treated parasitized RBCs
suggests that synthesis of ECAgNPs could be viable therapeutic strategy for treating malaria infection. Collectively, our
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finding suggested that ECAgNPs alter the antioxidant profile and induce oxidative stress in P. falciparum. And ECAgNPs
treatment increased the caspase activity that leads to the apoptosis of P. falciparum within the huRBCs confirmed by the
alterations seen in the transcript levels of Bax/Bcl-2 levels. In the end, ECAgNPs formulation presents a promising option
for the treatment of P. falciparum infection as well as regulating the emergence of drug tolerant P. falciparum.

2 Experimental: materials and methods
2.1 Materials and reagents

A young, mature E. cotinifolia leaf was taken from the garden. Himedia Laboratories in Mumbai, India provided the silver
nitrate (AgNO,), chloroauric acid (HAuCl,), and sodium hydroxide (NaOH). Sigma Aldrich (Bangalore, India), Himedia
provided all other reagents, medium, and chemicals unless otherwise specified.

2.1.1 Plant ethics

Euphorbia cotinifolia commonly called "carribbean copper plant" was collected in Molecular Biology Unit, Institute of
Medical Sciences, Banaras Hindu University, Varanasi, Uttar Pradesh, India. The plant material was identified by Dr. Dilip
Verma, BAMS—Medicine, BHU Varanasi. This plant was commonly available and hence we did not deposit it to any her-
barium. Also, we do not have any plant ethics committee in India and carried out experiments.

2.2 Preparation of plant extract

Mature E. cotinifolia leaves were thoroughly cleaned with water and rinsed with Milli-Q water before being grinded in a
mixer. Each 10-g portion of powdered leaves was boiled in 100 ml of deionized water for one hour at 55 °C. The extract
was filtered through a Whatman No. 1 filter paper and stored at 4 °C until use.

2.3 Biosynthesis of silver nanoparticles from E. cotinifolia (EcCAgNPs)

The silver NPs (AgNPs) were synthesized from E. cotinifolia (Ec) leaf extract using a modified protocol [37]. Fresh leaves
(10% w/v) were homogenized in 100 ml of 20 mM Tris—HCl buffer, pH 8.0, for 5 min at 4 °C.. The extract was centrifuged
at 2000 g for 15 min at 4 °C and stored at 4 °C until needed for the synthesis of green NPs. AgNPs were synthesized by
mixing 1 ml of E. cotinfolia leaf extract (0.01 mg/ml) with 90 ml of a prepared aqueous solution of 1 mM silver nitrate. The
AgNPs solution was diluted to 100 ml with 20 mM Tris—-HCI buffer (pH 8) and incubated at room temperature. Aliquots
were withdrawn at different time intervals for characterization by ultraviolet-visible (UV-Vis) spectroscopy (300-600 nm)
(Hitachi 3220 UV spectrophotometer). Silver nitrate (AgNO;) and E. cotinfolia leaf extract served as controls in all spectral
analysis. Synthesis of AgNPs was investigated with respect to the concentration and pH of E. cotinfolia leaf extract, using
20 mM sodium acetate at pH 4.0 and 20 mM Tris—HCl at pH 4.0 and in the range of 8.0-9.0. The resulting AgNPs solution
was centrifuged at 2000 g for 15 min at 4 °C to separate the NPs. The pellet was washed five times with distilled water,
air dried, and used for characterization.

2.4 Characterization of synthesized green silver nanoparticles (EcCAgNPs)

The UV-VIS spectrum was used to optimize the temperature, pH, and time of synthesis for characterizing biosynthesized
EcAgNPs. The prepared nanoparticles were characterized by determining the zeta potential of their surface using Malvern
zeta sizer. The formulated NPs were deposited onto the microscope glass slide and dried in a hot air oven at 50 °C and
analysed for X-ray diffraction (X-RD) patterns. This process was repeated to create a layer, and the X-ray diffractometer
was set to a range of 20 to 80 degrees with scanning rate (0.05%s). Diffusion reflectance infrared Fourier transform (DFTIR)
spectra were measured using a Shimadzu IR Affinity-1 FTIR spectrophotometer. Samples were scanned five times with a
resolution of 4 cm™' between 400 and 4000 cm™" and 200 kV. The accelerating voltage was used to capture the images
by the transmission electron microscope (TEM). Additionally, the size and selected area electron diffraction patterns of
the prepared NP formulation were analysed.
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2.5 Invitro parasite culture

The laboratory strain (3D7) of P. falciparum was obtained from National Institute of Malaria Research (NIMR), New
Delhi. The 3D7 strain of P. falciparum (Pf3D7) was cultured in complete RPMI 1640 medium supplemented with 2 g/L
glucose, 2 g/L sodium bicarbonate, 300 mg/L glutamine, 25 pg/ml gentamicin and 100 uM hypoxanthine, 0.5% albumax
I, and human RBCs at 2-5% hematocrit under a gas mixture of 5% CO,, 5% O,, and 90% N, at 37 °C following the estab-
lished protocols with minor modifications [38, 39]. The ring stage of the parasite was synchronized by treatment with 5%
sorbitol [40]. Giemsa-stained thin blood smears were examined under a light microscope to assess the parasite growth.

2.6 P.falciparum sensitivity to ECAgNPs

The antimalarial activity of ECAgNPs was determined by the SYBR Green | based emission assay on the routine culture
of asexual BS infection of P. falciparum [41]. Briefly, 100 pl of asynchronous culture of infected erythrocytes (95% ring)
with 0.8-1% parasitaemia at 1% hematocrit was added to each well of 96-well plates containing two-fold serial dilutions
of ECAgNPs. Eight wells served as positive controls (without drug), and four wells served as negative controls (without
parasite and drug). DMSO (0.5%) and Chloroquine (0.5 uM) were used as a vehicle and positive control. Ring stage
parasites (50 ul) at 0.5% parasitemia were added to each well and incubated for 72 h at 37 °C. The culture medium was
then replaced with the fresh complete medium containing different concentrations of ECAgNPs, DMSO (vehicle control)
and chloroquine (positive control). After incubation, 100 pl of lysis buffer (20 mM Tris—Cl, 5 mM EDTA, 0.008% saponin,
0.08% Triton X981 100, pH 7.5, and SYBR green 1) was added to each well according to the manufacturer’s recommended
dilution. Plates were incubated for 30 min at 37 °C, and fluorescence was measured at excitation (485 nm) and emission
(530 nm) wavelength using a fluorescence reader. The background fluorescence from the CQ control was subtracted
from that of DMSO and wells containing test compounds. IC5, was calculated based on the DNA content of the parasite
using MS-Excel template.

2.7 Estimation of parasitemia (%)

The thin blood smears were drawn from EcCAgNPs and drug treated parasites, fixed, and stained with Giemsa. The stained
thin blood smears were then examined under the 100x oil immersion light microscope (Nikon, Japan). In each smear,
10,000 RBCs were scanned, and the % parasitemia was determined using the formula:

No. of infected RBCs in one field

arasitaemia = X 100
P ! ! Total No. of RBCs

Parasite growth inhibition assay was conducted in a 96-well flat bottom plate with 10 ul of the ECAgNPs and 90 pl
of parasite culture at 0.5% parasitemia and 2% hematocrit. ECAgNPs treated parasites were incubated for 48 h, and
% parasitemia was determined from the Giemsa-stained thin blood smears. Morphological evaluation of treated and
untreated parasites showed the inhibition of parasite development with ECAgNPs treatment compared to that seen with
the untreated control [6, 42].

2.8 Schizont maturation inhibition assay to determine parasite development

EcAgNPs (1 mg/ml) were reconstituted in 1% DMSO to prepare a stock solution, which was further diluted to prepare
different working concentrations in complete medium. The prepared concentrations of ECAgNPs were incubated for 48 h.
In a 96-well plate, 90 ul of complete medium was added in each well, along with working concentrations of the ECAgNPs
(0.6,1.2,2.5,5 ug/ml) and drugs to be tested. Chloroquine (10 uM) and artesunate (2 uM) served as the positive controls
in this experiment. Synchronized ring-stage parasites were added at 1.5% parasitemia and 1.8% final hematocrit, and
plates were incubated for 48 h in the CO, incubator. Thin blood smears were drawn from each well, stained with Giemsa,
and inhibition of schizont maturation in comparison to the control was determined as follows:

Avg. schizont maturation in treated well
Avg. schizont maturation in negative control well

100 X 100
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Also, the thin smears drawn from EcAgNPs and chloroquine (10 uM) treated parasites were read to evaluate the dif-
ferential count (%) of rings, trophozoites and schizonts per 1000 RBCs.

2.9 Anti-oxidant activity of ECAgNPs
2.9.1 Reactive oxygen species (ROS) estimation

The intracellular ROS levels were quantified in the blood stage infection of P. falciparum. Parasite cultures were synchro-
nized to the trophozoite and schizont stages. The method involved alternative synchronization with 5% D-sorbitol fol-
lowed by a 50-90% Percoll gradient centrifugation to enrich the population of trophozoite and schizonts. ECAgNPs (1 mg/
ml stock solution) were diluted to the working concentrations and added to parasitized erythrocytes in the complete
medium. 100 pl of parasite from 1% parasitemia at 0.2% hematocrit was seeded in a 96-well black plate to quantify the
ROS production. The parasitized RBCs were stained with dichlorofluorescein diacetate (H,DCFDA) (20 uM) followed by
treatment with various concentrations of ECAgNPs for 1 h. Further, fluorescence was measured to quantify the oxidation
of H,DCFDA to the highly fluorescent DCF. Fluorescence of treated parasites was measured at 493 nm/522 nm using a
Synergy™ H1-Biotek multi-plate reader. The control cells were added with PBS only [43].

2.9.2 Glutathione 5-transferase (GST) assay

GST activity was determined by measuring the conjugation of |-chloro-2,4-dinitrobenzene (CDNB) with glutathione
(GSH) using spectrophotometer. P. falciparum at 0.2-0.5% parasitemia and 2% hematocrit in complete RPMI-1640 was
treated with 0.6-5 pg/ml ECAgNPs for 6 h. After further incubation for 24 h, untreated P. falciparum served as a negative
control. The assay mixture (1 ml) containing 0.5 mM CDNB, 1 mM GSH and 100 mM potassium phosphate buffer at pH
6.5. The phosphate buffer (PBS)-CDNB mixture was pre-incubated for 10 min at 37 °C, and the reaction was initiated by
adding GSH, followed by the addition of purified enzyme. The increase in absorbance at 340 nm was measured for 5 min
at 37 °C against a blank containing the reaction mixture without enzyme [44].

2.9.3 Glutathione assay

GSH concentration was determined following the published protocol with slight modifications [45]. Parasite culture
at 0.2-0.5% parasitemia and 2% hematocrit in complete medium were treated with 0.6-5 pg/ml ECAgNPs for 6 h. After
further incubation for 24 h, untreated P. falciparum served as a negative control. Parasite lysate (200 ul) was mixed with
an equal volume of 5% meta-phosphoric acid and centrifuged at 3000 rpm for 10 min at 4 °C. The reaction mixture
(1 ml) consisted of 100 pl supernatant, 800 pl of 0.1 M potassium phosphate buffer (pH 8.0), and 0.02 ml of 4% DTNB
[5,5'-dithiobis-(2-nitrobenzoic acid)]. Following incubation at room temperature for 15 min, the absorbance of the devel-
oped coloured product was measured at 412 nm. The GSH concentration was determined by plotting a standard graph
using the known concentrations of GSH [45].

2.9.4 Thioredoxin reductase (TrxR)

Parasite at 0.2-0.5% parasitemia and 2% hematocrit in complete medium treated with 0.6-5 pug/ml ECAgNPs for 6 h. After
washing, parasite was further incubated for 24 h, with untreated parasite served as a negative control. TrxR activity was
measured spectrophotometrically based on nicotinamide adenine dinucleotide phosphate (NADPH) mediated reduction
of DTNB [46]. The assay mixture (1 ml) comprising 100 ul parasite lysate in 0.1 M potassium phosphate buffer with 2 mM
EDTA, supplemented with a 10 uM NADPH and 50 uM DTNB. The reaction was initiated by introducing NADPH, and the
increase in absorbance was read at 412 nm for 3-min at 25 °C. Enzyme activity was defined as one unit, representing the
NADPH-dependent generation of 2 umol of 2-nitro-5-thiobenzoate (g4, 13.6 MM~ cm™') per minute.
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2.9.5 NADPH oxidase activity

We determined the NADPH oxidase activity by the protocol published with slight modifications [47, 48]. 0.2-0.5% para-
sitemia and 2% haematocrit in complete medium treated with 0.6-5 ug/ml EcCAgNPs for 6 h and then incubated for an
additional 24 h after washing. Untreated parasites served as a negative control. Parasite lysate was subjected to a reac-
tion mixture (of 1 ml) containing 50 mM phosphate buffer (pH 7.0), 0.25% SDS, and 1 mM MgCl,. After centrifugation at
2000 rpm for 10 min at 4 °C, the supernatant (100 ul) was mixed with 80 uM cytochrome c and 2 mM sodium azide. The
reaction was initiated by 10 uM NADPH, and the absorbance of coloured product was measured at 550 nm [47].

2.9.6 Detection of caspase like activity

Caspase-like activity was determined using Caspase-3 assay kit (Molecular probe, USA) in parasitized huRBCs at 2%
parasitemia treated with various concentrations of ECAgNPs for 24 h. Parasitized RBCs were lysed with saponin to obtain
cell-free parasite, with untreated parasites serving as an experimental control. The lysate was gently sonicated, and a
reaction buffer (parasite lysate and caspase substrate Z-DEVD-R110 in a 1:1 ratio) was prepared. The reaction mixture
was incubated for 30 min at room temperature in the dark. Fluorescence was measured using a microplate reader (Syn-
ergyHT Biotic) at excitation and emission wavelength of 460 nm and 530 nm, respectively, to detect the cleavage of the
Z-DEVD-R110 substrate.

2.9.7 Determination of calpain activity

Calpain activity was measured following a published protocol [49] with slight modifications. Calpain activity was assessed
using 35 pl of parasite cell lysate,7 pl fluorogenic substrate (Carbobenzoxy-Phe-Arg-4-methylcoumaryl-7-Amide), and
700 pl reaction buffer (50 mM Tris—HCl, pH 7.5, 5 mM MgCl2, 1 mM DTT, and 1 mM ATP) at 37 °C for 90 min. The hydrolys-
ing activity of the enzyme was determined by fluorimetric quantification of substrates Suc-LLVY-AMC at excitation and
emission wavelength of 380 nm and 440 nm, respectively, using a fluorescence spectrophotometer (Synergy HT Biotic).

2.10 Expression of lysophospholipase 1 (LPL1) of P. falciparum
2.10.1 RNA isolation and cDNA synthesis

For the expression of PALPL1, parasite culture at 0.2-0.5% parasitemia and 2% hematocrit in complete medium were
treated with 0.6-5 pg/ml ECAgNPs prepared in 0.4% DMSO for 6 h and DMSO served as an experimental control. Treated
parasites were washed with PBS and lysed with saponin (0.075%) to remove the red blood cells. The pellet was washed
three times with ice-cold PBS to remove the debris of RBCs. The cell suspension was centrifuged at 9000 rpm at 4 °C for
5 min each. RNA was isolated by the RNeasy mini kit (Qiagen). Total RNA was quantified with a Nanodrop 2000 (Thermo
Fisher) before being adjusted to 30 ng/pl for the cDNA synthesis.

2.10.2 Real-time quantitative PCR (RT-qPCR)

c¢DNA was synthesized from the total RNA with the random hexamers using the cDNA synthesis kit (Cat No: GE27-9261-
01, Sigma). The cDNA was used to carry out real-time quantitative PCR to calculate the fold regulation of relative mRNA
expression of PALPL1, Bax and Bcl-2 (primer sequence; Table 1). The reaction conditions used were as follows; Melting
temperatures (Tm), 55-65°C. RT-qPCR was performed using Roche LightCycler® 480 System in a 25 pl reaction volume
with the PCR Master Mix Power SYBR™ Green Kit. Three independent biological samples were assayed in duplicates. 185
rRNA sequence was used as the house-keeping gene for data normalization, and melting curves were analysed at each
reaction cycle. The relative fold change was determined using the 2 — 22 method [50].

2.10.3 DNA fragmentation of parasitized RBCs
The terminal deoxynucleotidyl transferase (TdT) mediated nick end labelling kit (QIA33, Sigma Aldrich, USA) was

used to carry out the TUNEL assay following the manufacturer’s recommendations. P. falciparum infected and EcAg-
NPs treated RBCs were washed with PBS and fixed with 1% p-formaldehyde in 1X PBS for 30 min on ice. Cells were
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Table 1 Primer sequences

Gene Primer sequences

B-actin Fw: 5-GGCCACAATGGCTGACCATTC3’
Rev: 5-AAGGTGACAGCATTGCTTC3'

Bcl-2 Fw: 5 -GCAGCTTCTTTCCCCGGAAGGA3'
Rev: 5 -AGGTGCAGCTGACTGGACATCT3’

Bax Fw: 5 -AACTTCAACTGGGGCCGCGTGG3’
Rev: 5 -CATCTTCTTCCAGATGGTGAGCG3’

LPL-1 Fw 5-TGAATGCTCATGTCAGATTACAA-3’

Rev: 5-CCATCCATCAGATTTTCCATGACC-3’

permeabilized with 0.1% triton X-100 in 0.1% sodium citrate and then treated with the AlexaFluor488. Flow cytometry
and microscopic analysis were performed by TdT enzyme labelling as reported elsewhere [51]. DAPI stained slides
were observed under the fluorescence microscope, and the ECAgNPs treated parasite, untreated unlabelled parasites
were treated with DNase to remove any unwanted DNA of RBCs.

2.10.4 Assessment of programmed cell death (PCD) by Annexin V-FITC assay

1x 107 parasitized RBCs (pRBC) were treated with 0.05% saponin and washed with PBS to assess the death of para-
sitized RBCs following the ECAgNPs treatment. Cells were harvested by trypsin/EDTA, and the pellet was washed
with 1X PBS. The cells were then suspended in 100 pl of 1X Annexin binding buffer, stained with Annexin-FITC and
propidium iodide (PI) for 15-20 min in the dark, analysed by flow cytometry within 1 h of treatment using Annexin
V- FITC Assay kit (Cat No: APOAF, Sigma) [52].

2.10.5 RBCs hemolysis

The hemolysis assay was conducted following the published protocol [53]. A suspension of ECAgQNPs nanoparticles
(stock concentration =1 mg/mL) was prepared. The cultures of pRBCs were maintained at 1.5-2% parasitemia at 1%
hematocrit in a 37 °C incubator with a 95/5% (vol/vol) air in the CO, incubator. All assays were performed under these
conditions of parasitemia and hematocrit. A hemolysis buffer (5 mmol/L sodium phosphate, 1 mmol/L EDTA, pH 8.0)
served as the positive control (Ctrl +), while 1X PBS and 5 mM glucose were taken as the negative controls (Ctrl-). A
suspension of nanoparticles (stock concentration =1 mg/mL) prepared in sterile isotonic 1X PBS with 5 mM glucose
was added to a diluted pRBC culture (0.1 mL) at various concentrations (0.6, 1.25, 2.5, 5 ug/ml) for 24 & 48 h of incu-
bation at 37 °C and 41 °C (using a Thermomixer) to determine the hemolytic activity of pRBCs. Samples were then
centrifuged for 1 min, and the absorbance of hemoglobin released into the supernatant was measured using a UV-VIS
spectrophotometer (Boitek Synergy HTX Multi-Mode Reader) at 600 nm with a standard wavelength of 405 nm.
% hemolysis was calculated using the formula:

Hemolysis % = [(sample absorbance — negative control)/(positive control — negative control)] X 100%.

2.11 Statistical analysis

The data are shown as mean £ SD, and statistical analysis was carried out by one-way and two-way analysis of vari-
ance (ANOVA) with Tukey-Kramer multiple comparison post-test using the GraphPad InStat™ software (GraphPad
Software Inc., San Diego, California). The statistical variations are presented as *p <0.05, **p <0.01, ***p <0.001,
and ns=non-significant (p >0.05). Data presented is Mean + SEM of at least three independent experiments (n=3),
***P <0.0001, **P <0.001 *P < 0.05.

@ Discover



Research Discover Nano (2024) 19:136 | https://doi.org/10.1186/511671-024-04098-2

3 Results
3.1 Formulation and characterization of ECAgNPs
3.1.1 UV-VIS spectroscopy

The plant E. cotinifolia serves as a bio-reducing agent for the green synthesis of AgNPs (ECAgNPs). The synthesized
AgNPs were marked and characterized by the development of a dark brown colour. This colouration process is a
morphological manifestation of AgNPs article synthesis (Fig. TA). The reaction conditions were optimized to bio-
synthesize AgNPs using the aqueous extract of E. cotinifolia leaves. The stability of synthesized green nanoparticle
formulation was confirmed by the UV-visible spectroscopy (UV-VIS), which exhibited a spectral peak at 430 nm. On
the contrary, chemically synthesized AgNPs using sodium borohydride (NaBH,) showed an absorption maxima at
398 nm. No discernible spectral peak was observed with the plant extract (Fig. 1B). The zeta potential was determined
to ascertain the electrostatic charge potential within the electrical double layer surrounding the formulated NPs
[54]. Higher negative zeta potential measured by the zeta sizer (-29.4 mV) of green NPs constructed by E. cotinifolia
confirmed the stability of synthesized green nanoparticles formulation. And, this stability is attributed to the pres-
ence of phytochemicals in the plant extract (Fig. 1C).
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Fig. 1 Preparation of green silver nanoparticles synthesized from E. cotinifolia leaves (ECAGNPs). A a) Biosynthesized EcAgNPs colloid b) E.
cotinifolia plant extract c) silver nanoparticle (AgNO;) solution. Characterization of biosynthesized ECAgNPs through B Ultraviolet-visible
(UV-VIS) absorption spectrum of plant (E. cotinifolia; Ec) extracts (pink), AGNPs solution (Red) and EcAgNPs solution (black) C Determination
of surface zeta potential to confirm the stability of ECAGNPs D The FTIR spectral analysis of synthesized green nanoparticles. The compara-
tive analysis of peaks observed with the classical AgNPs (black) and EcAgNps (red). Three prominent peaks; a broad peak around 3438 cm™'
corresponds to O-H stretching, Peaks at 1828 cm™ represent carbonyl groups and 1548 cm™' originates from stretching vibration of ester
phenolic compounds (n=3)
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3.1.2 Fourier transform infrared spectroscopy (FTIR) analysis

Potential interaction between silver (Ag) ions and biomolecular functional groups present in E. cotinifolia, including EFL-9,
Helioscopinolide, quercetin-3-O-3-p-glucoside, 4a3,9a,16,20-tetrahydroxy-14(13 — 12)-abeo-12aH-1,6-tigliadiene-3,13
dione,helioscopianoid P and H and euphol) was investigated through FTIR spectroscopy [28]. These functional groups
have been reported to confer various health benefits [28]. The mature leaves of E. cotinifolia are known to be rich in
diterpenoids and flavonoids and possess antioxidant, antibacterial, and antiviral properties [55]. The FTIR spectra of
EcAgNPs green nanoparticles showed overlapping peaks with those of the plant extract, signifying their crucial role in
the capping and effective stabilization of nanoparticles (Fig. 1D). The analysis of ECAgNPs revealed the presence of car-
bonyl groups and phenolic compounds in the spectral analysis. Our data indicated three prominent peaks; a broad peak
around 3438 cm™' corresponding to O-H stretching, peaks at 1828 cm™' representing carbonyl groups, and 1548 cm™
originating from stretching vibration of ester phenolic compounds. The presence of these compounds suggested their
role in stabilizing the AgNPs formulation. A comparative FTIR analysis was essentially needed to understand the capping
process, involving both the dry plant extracts and associated AgNPs (Fig. 1D).

3.1.3 X-ray diffraction (XRD) analysis

Size of formulated silver nanoparticles was estimated by utilizing Scherrer’s formula, aligning the presence of silver
phase with the whole width at half maximum of high intensity diffraction peak as is evident with the series of enlarged
line profiles.

D=094/fcosé

D represents the maximum crystalline domain size perpendicular to the reflecting plane, A is the x-ray wavelength, 3
is the diffraction peak, and © is the diffraction angle. The hydrodynamic size of "green nanoparticles" for ECAgNPs was
found to average approximately 30 nm, as reported previously [56]. The diffraction peak of ECAgNPs showed characteris-
tics of a metallic face-centered structure (Fig. 2A). The stability of silver nanoparticles in aqueous media was determined
by a high negative Zeta potential (—29 mv) (Fig. 1C). Moreover, the robust dispersion of ECAgNPs in aqueous medium
prevented the aggregation of synthesized nanoparticles confirmed by the absorbance (Fig. 1D). Energy dispersive X-ray
spectroscopy (EDX) was performed to determine the compositions of different elements during synthesis of the ECAGNPs
formulation [57]. A prominent peak was observed for silver metal, with smaller peaks corresponding to other metals (C,
O, Ca) in the green nanoparticle formulation (Fig. 2B).

3.1.4 Morphological characterization of green nanoparticle

Morphology and structural characteristics of biosynthesized silver nanoparticles were analysed by transmission electron
microscopy (TEM) to confirm the size of prepared green nanoparticles (ECAgNPs) (Fig. 2C). The EcCAgNPs maintained a
spherical shape throughout the formulation process. The average particle size, as determined by the TEM analysis, was
estimated to be 50 nm, suggesting the presence of a staking layer with a size distribution spawning from 20 to 50 nm.
This small size of the prepared nano-formulations (ECAgNPs) mitigates issues associated with uptake and retention by
the reticulo-endothelial system (RES) [58] (Fig. 2C). The estimated % frequency of nanoparticle with smaller size was
observed higher upon counting the cells (Fig. 2D).

3.1.5 Antimalarial activity of E. cotinifolia silver NPs (ECAgNPs)

P. falciparum was maintained in the complete medium at 0.5% parasitemia (3% hematocrit) for 24 h and treated with
tenfold successive dilutions of ECAgNPs to determine parasite inhibition and half-maximal effective concentration (ECs)
by the SYBR green based emission assay (Fig. 3A). Half-maximal effective concentration (ECs) by the SYBR Green fluores-
cent probe estimated to be 0.75 pg for ECAgNPs. Based on ECs, four concentrations (0.6, 1.2, 2.5, 5 ug/ml) were opted for
further cell based assays with ECAgNP. The assays were conducted with lower (than EC.;) concentration, medium, and
eightfold higher (5 pg/ml) concentration to confirm the antimalarial activity of ECAGNPs (Fig. 3A-C). The antimalarial
activity of prepared ECAgNPs was assessed in the routine in vitro culture of chloroquine (CQ)-sensitive laboratory strain
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Fig.2 Characterization of synthesized green nanoparticles. The Biosynthesized green ECAgNPs were characterized by A X-ray diffraction
pattern, B Energy dispersive X ray spectrum of biosynthesized green nanoparticles, C Structural characterization of the biosynthesized silver
nanoparticles by the transmission electron microscopy (TEM). D Estimated size of ECAgNPs was 10-15 nm, and the histogram of size distri-
bution of biosynthesized ECAgNPs (n=3)

(3D7) of P. falciparum using a SYBR green emission-based drug sensitivity assay. Parasites were treated with E. Cotinifolia
leaf extract (50, 100, 200 ug), AgNPs (0.6, 1.25, 5 pug) and EcAgNPs (0.6, 1.25, 5 pg) and incubated for 6 h. The treated
P. falciparum was then washed with the in incomplete medium and cultured in the complete medium with the same
EcAgNPs concentrations for 72 h. The incubation period (24, 48 h) dependent parasite growth inhibition was seen with
the EcAgNPs formulations (Fig. 3B). Our data indicated that the reduction in parasite growth was significantly higher
(****P <0.0001) with ECAgNPs formulation following the 24 and 48 h of incubation. % reduction in parasitemia confirm-
ing the inhibited parasite growth was seen more pronounced at 5 ug ECAgNPs as compared to that seen with the higher
concentration (200 ug) of E. cotinifolia (Ec) and 5 ug AgNPs (Fig. 3B). This data suggested the importance of chemically
synthesized green nanoparticles to confer the antimalarial activity of ECAgNPs. These findings prompted us to perform
the ring stage survival assay (RSSA) by determining the % decrease in parasite re-invasion (Fig. 3C). The synchronized
ring stages were treated with different concentrations (0.6, 1.2, 2.5, 5 ug/ml) of ECAgNPs (Fig. 3C). Results with 5 ug EcAg-
NPs showed a decrease in the ring stage of parasite development compared to untreated control confirming inhibited
parasite replication and transformation to the schizonts (Fig. 3C). This data is important as parasite re-invasion is crucial
for the replication and growth of parasite [59, 601.

3.1.6 Inhibition of schizont maturation
We next decided to confirm the inhibition of schizont maturation (Fig. 3D) from trophozoites when the parasite was

treated with ECAgNPs, artemisinin (AS), and (CQ) for 48 h, wherein AS and CQ serve as the positive controls. A concen-
tration dependent and significant inhibition (****P <0.0001) in schizont maturation was observed with the decrease
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Fig. 3 In vitro antimalarial activity of green silver nanoparticles biosynthesized from E. cotinifolia (ECAgNO3) in the asexual blood stage infec-
tion of P. falciparum A Sensitivity of 3D7 strain of P. falciparum was determined by the SYBR green based drug sensitivity assay and half-max-
imal effective concentration (EC50) of ECAgNO; calculated is 0.75 pg/ml at the different concentrations of ECAgNPs tested. B Assessment of
% growth (parasitemia) inhibition when P. falciparum was treated with incrementally increasing the concentration from 0.6 to 5 pg/ml of
EcAgNPs. 0.6, 1.2, 2.5, 5 pg/ml concentrations were designed based on ECg,. Assays were performed with the lower (than EC,;) concentra-
tion, medium and eightfold higher (5 ug/ml) concentration for confirming the antimalarial potential of ECAgNPs. Parasites were treated with
E. Cotinifolia leaf extract (50, 100, 200 pg), AgNPs (0.6, 1.25, 5 ug) and EcAgNPs (0.6, 1.25, 5 ug) C Inhibited reinvasion (% decrease in the par-
asite re-invasion) as shown by the decrease in the ring stage parasitemia after the treatment with ECAgNPs at different NPs concentrations
(0.6, 1.2, 2.5, 5 pg/ml) for 6 h followed by washing with the RPMI-1640. Parasite reinvasion was determined by reading the Giemsa stained
thin blood smears drawn on 8, 16, 24, 32, 40 h of incubation D) Inhibition in schizont maturation was determined when parasite was incu-
bated with ECAgNPs (0.6, 1.2, 2.5, 5 pg/ml), Chloroquine (CQ;10 pM) and artesunate (AS;2 uM) for 48 h. Untreated parasite served as negative
control whereas AS and CQ as positive control. E) Differential counting of ring, trophozoites and schizonts in ECAgNPs (0.6, 1.2, 2.5, 5 ug/
ml) and CQ (10 uM) treated parasite per 1000 RBCs counted (n=3). ****P<0.0001 (highly significant), ***P<0.001 (moderately significant)
**P<0.001 (significant), *P <0.05 (less significant),

proportional to the ECAgNPs concentration. The highest inhibition was seen with 5 ug/ml ECAgNPs, compared to that
with the lowest concentration of ECAgNPs (0.1 ug/ml) and this inhibition was comparable to that with AS and CQ (Fig. 3D).

3.1.7 Differential counting of developmental forms of P. falciparum
The clearance of parasite and inhibition of schizont maturation following treatment with CQ (10 uM) and EcAgNPs (0.6,
1.2,2.5,5 pg/ml) led us to carry-out the differential counting of developmental forms (rings, trophozoites, schizonts) of

P. falciparum (Fig. 3E). We assessed the % differential ratios of rings, trophozoites, schizonts per 1000 RBCs. After 48 h of
incubation with ECAgNPs and CQ, a significant (***P<0.001) decrease in the developmental forms counting was observed,
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and was proportional to the ECAgNPs concentrations tested. This decrease was compared to that seen with the untreated
control and CQ treated formulations (Fig. 3E). The highest decrease, seen with 5 ug/ml ECAgNPs, was comparable to CQ
treatment (Fig. 3E). Therefore, this data suggests that ECAgNPs can clear all developmental forms and might be a viable
option for malaria treatment.

The inhibition of parasite growth and development led us to examine the number of schizonts on smear drawn from
parasite culture receiving treatment with 5 ug ECAgNPs as compared to the untreated control (Fig. 3). This indicates the
DNA concentration in the parasite and confirms parasite viability. The ability of ECAgNPs to permeate across P. falcipa-
rum cell membranes in order to check the growth and development of the parasite was demonstrated (Fig. 3A-C). The
thin blood smears drawn on treated parasites were stained with Giemsa, and morphological alterations, particularly
distortion in the ring stage of parasites at 6 & 12 h of P. falciparum development, were observed in comparison to the
untreated control (Sl Fig. S1). This data is consistent with published [61, 62] findings confirming inhibited reinvasion of
parasite by Giemsa stained parasites. Here, we confirm that smears drawn from parasite receiving treatment with 5 ug/
ml EcAgNPs for 24 and 48 h, compared with untreated control (SI Fig. S1), show inhibited growth of the ring stage para-
site and distorted morphology of ECAgNPs treated P. falciparum following 48 h of treatment. This again suggests for the
antimalarial activity of ECAgNPs (Sl Fig. S1).

3.1.8 Measurement of reactive oxygen species (ROS) and antioxidant enzymes activity

We next decided to dissect the mechanism underlying the parasite clearance and showing antimalarial activity of EcAg-
NPs. The generation of ROS was assessed using dichlorofluorescein diacetate (DCFDA) stained P. falciparum treated with
AgNPs and EcAgNPs at 0.6, 1.2, 2.5 and 5 ug/ml (Fig. 4A).

The increase in the fluorescence was observed with increasing concentrations of AQNPs and ECAgNPs. The DCFDA
assay is based on the diffusion of DCFDA into the cells, followed by its de-acetylation by the cellular esterases to form
a non-fluorescent compound, which is then oxidized by ROS into 2, 7’-dichlorofluorescein (DCF). DCF is highly fluores-
cent and can be detected by fluorescence spectroscopy with excitation and emission wavelength of 485 and 535 nm,
respectively [63]. Also, we quantified the number of DCF positive cells to determine the ROS production. Our data sug-
gested that increase in the ROS production was proportional to the increasing concentrations of AgNPs and EcAgNPs
(0.6, 1.2, 2.5, 5 ug/ml) (Fig. 4A). A significantly higher (nearly 1.5-fold) (****P <0.0001) ROS production (indicated by %
DCF positive cells) was observed with ECAgNPs at 5 ug/ml compared to that with AgNPs (Fig. 4A). Additionally, our data
suggested higher fluorescence was emitted by the 5 ug/ml ECAgNPs 10 h post-treatment. Based on these findings, we
confirmed the concentration and duration of incubation (with P. falciparum) dependent increase in the ROS production
was seen with ECAgNPs (Fig. 4B).

This increased ROS production by the ECAgNPs led us to assess the activity of redox enzymes, including glutathione
S-transferase (GST) (Fig. 4C), glutathione reductase (GR), and TrxR (Fig. 4D), in the cytosolic fraction of P. falciparum
receiving treatment with ECAgNPs (0.6, 1.2, 2.5, 5 pg/ml). We observed a decrease in the activity of redox enzymes (GSH
and TrxR) (Fig. 4C, D) proportional to the increasing (0.6, 1.2, 2.5, 5 ug/ml) concentrations of ECAgNPs. Treatment with
AgNPs and EcAgNPs was compared to that with the untreated infection control, and both formulations were shown to
decrease GSH (Fig. 4C) and TrxR (Fig. 4D) at all the concentrations tested. This decrease was seen significantly pronounced
(****P < 0.0001) with ECAgNPs at 5 pg/ml when compared to that with AgNPs treated parasite (Fig. 4C, D).

Furthermore, the activity of NADPH oxidase, a multi-subunit enzyme comprising membrane and cytosolic components
was determined. NADPH oxidase plays a key role in clearing parasite infection. Since NADPH oxidase activity of the host
compromised during malaria infection, the lack of a functional NADPH oxidase leads to the generation of phagocyte-
derived ROS, and hence contributes to the malaria pathogenesis [64]. Treatment with ECAQNPs and AgNPs formulations
showed increased levels of NADPH oxidase activity at all the concentrations tested (Fig. 4E). Significantly (****P <0.0001)
higher NADPH oxidase activity may clear P. falciparum infection (Fig. 4E).

3.1.9 EcAgNPs treatment mediates the endoplasmic reticulum (ER) stress in P. falciparum
We evaluated the ROS production during ER stress by assessing protein disulfide isomerase (PDI) activity in the cyto-
sol and ER fraction of ECAgNPs treated parasites, compared to untreated experimental control (Fig. 5A). PDI activity

facilitates disulphide bond formation during ER stress [65]. A concentration dependent increase in PDI activity was
observed when cytosolic and ER fractions of P. falciparum were treated with the increasing ECAgNPs concentrations
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Fig. 4 Generation of reactive oxygen species (ROS) and antioxidant enzymes activity. P. falciparum stained with dichlorofluorescein diac-
etate (DCFDA) dye to quantify the ROS production. A Increased ROS production by AgNO; and biosynthesized AgNO; nanoparticles (EcAg-
NPs) on ROS production in DCFDA stained parasitized huRBCs (PfhuRBCs). ROS production was increased in proportion to the increased
fluorescence with the increasing AgNPs and EcAgNPs concentration as shown by the DCF positive cells B The flow cytometry histograms
based analysis showed an increase in DCF positive cells at different time points (1-10 h) when parasite was treated with the different con-
centrations (0.6, 1.2, 2.5, 5 ug/ml) of ECAgNPs. Antioxidant enzymes such as Glutathione (C), Thioredoxin reductase D and NADPH oxidase E
activity was determined in parasitized RBCs at ~1.8% parasitemia following 6 h treatment of various AgNPs and ECAgNP concentrations in
the prepared homolysate. The levels of GSH are expressed as pM/mg protein whereas other enzymes activities are indicated as U/ml where
1 unit is equal to pM/cm/min. Data expressed as the Mean+SEM of three independent experiments (n=3). ****P<0.0001 (highly signifi-
cant), ***P<0.001 (moderately significant) **P <0.001 (significant), *P <0.05 (less significant),

(0.6, 1.2, 2.5, 5 pg/ml). Our data indicated a sixfold increase in the PDI activity in the ER fraction compared to the
cytosolic fraction at the 5 ug/ml treatment with ECAgNPs. The untreated infection control served as a negative
control (Fig. 5A). These data suggest that ECAgNPs can modulate ER stress. Further, we assessed calpain (calcium-
dependent cysteine protease) activity in the cytosolic fractions to determine calcium levels. Calpain mediates hae-
moglobin degradation and leads to the increased ER stress, heat shock, and altered the levels of oxidative enzymes
in ECAgNPs treated parasite. Our data showed increased fluorescence intensity (Cps) at a 5 ug/ml treatment of
EcAgNPs when compared to the untreated control (Fig. 5B). PDI is an important enzyme for designing anti-malarial
drugs and vaccine targets, ensuring the correct folding of proteins required for parasite propagation [66]. Calpain
activation facilitates the cleavage of Bcl2 into its active form/membrane targeted death ligand (tBID), which targets
the mitochondrial outer membrane and the apoptotic protein Bcl2 [67]. Our data suggest that P. falciparum adapts
through the unfolded protein response (UPR) mechanisms to survive immune response onslaught and changing
environmental conditions (such as pH and temperature changes, oxidative stress, and nutrient deficiency) during
ER stress [68]. We next determined caspase-3 activity by measuring fluorescence units to present calpain activity
and confirmed the death of P. falciparum (Fig. 5C). We observed significantly (**P <0.001) higher fluorescence at a
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Fig.5 The endoplasmic reticulum (ER) stress is delineated in terms of Protein disulfide isomerase (PDI) activity to assess the calcium release,
A PDI activity was assessed in the subcellular fractions (cytosol and ER) at 650 nm by the spectrophotometer B Calpain activity was deter-
mined in cytosolic fraction of P. falciparum lysate following the treatment with 5 pg/ml of ECAgNPs. The fluorescence intensity (CPS) was
determined by quantifying the fluorogenic substrate Suc-LLVY-AMC at 380 nm excitation/440 nm emission spectrum using the Synergy
HT Biotic fluorescence spectrophotometer. The untreated infection control (Red line) was kept as a negative control. Black line shows the
5 ug/ml EcAgNPs treated P. falciparum, € Detection of the caspase-3 activity in the parasitized RBCs following the treatment with ECAGNPs
at different concentrations (0.6-5 pg/ml), D The qualitative evaluation of the DNA fragmentation by TUNEL assay in ECAGNPs treated rou-
tine culture of asexual blood stage infection of P. falciparum, E quantification of the tunnel positive cells following the ECAgNPs treatment
F) Bax/Bcl-2 ratio. Higher transcript regulation of Bax/Bcl-2 ratio at 5 ug/ml of ECAgNPs treated parasite indicates the apoptosis. G) EcAg-
NPs treatment for 12 h (4.4%) and 24 h (16.91%) induced programmed death of P. falciparum was determined by the Annexin-V staining.
***¥p < 0.0001 (highly significant), ***P<0.001 (moderately significant) **P <0.001 (significant), *P <0.05 (less significant)

2.5 pg/ml EcAgNPs treatment compared to a relatively less significant (*P <0.05) at a 5 ug/ml ECAgNPs treated in
comparison to the untreated control (Fig. 5C).

3.1.10 DNA fragmentation
We next conducted a TUNEL assay to assess the DNA fragmentation in P. falciparum infected erythrocytes receiving
treatment with the varying concentrations (0.6, 1.2, 2.5, 5 ug/ml) of ECAgNPs (Fig. 5D). Qualitatively observation

of DNA fragmentation in the nucleated schizonts of P. falciparum were made after treating parasites with different
concentrations of ECAgNPs for 12 h (Fig. 5D). Additionally, TUNEL positive cells were quantified to confirm the DNA
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fragmentation (Fig. 5E) since the DNA of parasitized RBCs was seen fragmented by the ECAgNPs treatment. This
data suggests that ECAgNPs are capable of inducing the death of parasitized RBCs.

3.1.11 Apoptosis like death of parasitized RBCs

The lower relative mRNA expression of apoptotic family protein (Bcl-2) [69] and higher expression of the core regulator
of apoptosis, Bax [70], indicated the regulated apoptosis of parasitized RBCs (Fig. 5F, SI Fig. S2). The significantly highest
(****P <0.0001) (Fig. 5F) ratio of Bax and Bcl-2 at 5 ug/ml ECAgNPs confirmed the apoptosis of P. falciparum infected RBCs.

We then detected DNA fragmentation in parasitized RBCs to confirm the induction of apoptosis in P. falciparum culture
treated with 5 pg/ml ECAgNPs for 12 and 24 h using Annexin V/PI staining (Fig. 5G). Our data indicated the induced death
of parasitized RBCs by the ECAgNPs treatment. Higher parasite clearance was observed following 24 h of exposure to NPs
compared to that seen with the 12 h. Hence, our data suggested higher apoptosis of parasitized RBCs based on the incu-
bation of P. falciparum culture with the ECAgNPs. We observed higher % killing of parasitized RBCs at 24 h (16.91%) com-
pared to 12 h (4.41%). In the end, we infer that the significant parasite clearance was achieved with ECAgNPs formulation
compared to the untreated control (Fig. 5G). Also, the Pl staining confirmed the apoptosis of parasitized RBCs (Fig. 5G).
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Fig. 6 Detection of the gene expression of lipoprotein lipase-1 (LPL-1) of P. falciparum through RT-PCR. RNA was extracted from all groups
(control, 0.6, 1.2, 2.5, and 5 pg/ml) by loading with Triazol and cells were lysed using saponin enrichment to carry-out qRT-PCR to determine
the expression of A PfLPL-1 through agarose gel electrophoresis of PCR product B fold change of relative mRNA expression of PfLPL-1 C
% hemolysis of RBCs following the treatment with ECAgNPs (0.6, 1.2, 2.5, and 5 ug/ml) for 24 and 48 h. ****P<0.0001 (highly significant),
***P<0.001 (moderately significant) **P <0.001 (significant), *P < 0.05 (less significant)
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3.1.12 Expression of lysophospholipase 1 (LPL1) of P. falciparum

The LPL1 of P. falciparum is known to maintain the lipid homeostasis in P. falciparum [71, 72]. Therefore, we decided to
investigate the expression of LPL1 in the parasite treated with different ECAgNPs concentrations (0.6, 1.2, 2.5, 5 ug/ml)
(Fig. 6). The concentration-dependent decreased (**P < 0.001) expression of PfLPL1 was quantified from the NPs treated
P. falciparum [71] (Fig. 6A). This study highlights the complex interplay between ECAgNPs, ER stress, calcium homeosta-
sis, and lipid metabolism in P. falciparum. The lower fold change (**P <0.001) in the relative mRNA expression of LPL1 at
5 ng/ml EcCAgNPs compared to that seen with the other concentrations confirmed the disrupted lipid homeostasis in P.
falciparum (Fig. 6B). The house-keeping ([3-actin) gene was used as an internal control (Fig. 6B).

3.1.13 Toxicity of ECAgNPs (RBC hemolysis)

To assess the toxicity of ECAgNPs, we performed a hemolysis assay on RBCs and compared with AgNPs (data not shown).
We observed 4 times lesser RBCs hemolysis with AgNPs as compared to that with ECAgNPs at all the concentrations tested.
Parasitized RBCs were treated with all the ECAgNPs concentrations (0.6, 1.2, 2.5, 5 ug/ml) for 24 and 48 h. Hemolysis buffer
served as a positive control, and PBS as a negative control (Fig. 6C). The results showed significantly lower (****P<0.0001)
RBC hemolysis when parasitized RBCs were incubated with ECAgNPs for 24 and 48 h. Hemolysis seen at 48 h was non-
significantly (****P <0.0001) higher at 5 ug/ml compared to that seen with lower concentrations (0.6, 1.2, 2.5 pg/ml)
(***P<0.001) following 24 h incubation. These data suggest that green AgNPs do not exhibit toxicity and could be safe
for human use (Fig. 6C).

4 Discussion

The ever-emerging field of nanotechnology has been at the forefront of devising the therapeutic options to address the
infectious diseases. Hence, plant extract-based synthesis of silver nanoparticles (AgNPs) has been emerging and could
be instrumental in the fighting the malaria infection. Therefore, utilizing extracts from Artemisia species [35], Termina-
lia bellirica leaves [73], Azadirachta indica (neem) [53], Azadirachta indica seed [74], and Salvia officinalis (sage) [75] to
produce AgNPs that target P. falciparum, P. berghei, and P. chabaudi, the causative agents of human and rodent malaria,
respectively. AgNPs have shown remarkable antimalarial properties, with the mechanisms ranging from the inhibition of
parasite growth and the induction of oxidative stress to the protection of liver tissue against malaria-induced injury. The
eco-friendly synthesis methods, which leverage the natural reducing agents present in plant extracts, not only ensure
the hemocompatibility of the AgQNPs but also underscore the potential of phytochemicals in yielding effective and non-
toxic therapeutic agents. The stability of these AgNPs over time and their compatibility with blood cells, coupled with
their protective effects on hepatic tissue, place them as viable candidates for alternative or complementary antimalarial
therapies.

Hence, present study reports the successful biosynthesis of silver nanoparticles (AgNPs) using a leaf extract from
Euphorbia cotinifolia (ECAgNPs) via a green synthesis method (EcAgNPs). The synthesized ECAgNPs were subjected to
comprehensive characterization using X-ray diffraction (XRD), F-TIR spectroscopy, and TEM [76]. This analysis revealed
the stability and spherical morphology, with an average size range of 20-30 nm for the ECAgNPs. FTIR spectroscopy
identified phenolic compounds within the E. cotinifolia extract, which were shown to play a critical role in stabilizing the
biosynthesized AgNPs. The presence of capping agents and functional groups from the plant’s phyto-constituents was
also confirmed. Moreover, the XRD analysis confirmed the crystalline structure of the synthesized nanoparticles [77].
The antimalarial properties of ECAQNPs were evaluated through drug sensitivity assay in the routine in vitro culture of
asexual BS of P. falciparum. The lower half maximal effective concentration of ECAgNPs (ECs,; 0.75 pg/ml) indicated the
high efficacy of ECAgNPs in inhibiting the growth and development of P. falciparum. The reduction in parasite burden, as
evidenced by the decreased total parasitemia at various concentrations of AgNPs and EcCAgNPs confirmed the antima-
larial activity of ECAgNPs [78]. This data validated the previously published findings [79] and confirmed the antimicrobial
activity of ECAgNPs. Also, our data confirmed that ECAgNPs selectively target and kill the parasite without adversely
affecting the shape or size of human RBCs [80]. Thus, this observation could serve as a biomarker for anti-malarial drug
efficacy [80, 81].
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Building upon the established antimalarial potential of biosynthesized AgNPs, we delved into the underlying mecha-
nism of their antimalarial activity [82]. The cellular metabolism naturally produces ROS, which are effectively scavenged by
the antioxidants. However, ECAgNPs facilitate an increase in ROS production and diminish mitochondrial activity, leading
to apoptosis-like death of parasitized huRBCs [83]. This further disrupts the redox homeostasis due to the dysregulated
antioxidant enzyme activity, essentially required for the growth and development of P. falciparum.

The ER stress is a critical factor in maintaining redox homeostasis, allowing P. falciparum to withstand and endure the
host's cellular defence onslaught [84, 85]. The higher production of ROS triggered by ECAgNPs inhibits the activity of the
antioxidant enzyme system [86, 87]. As a result, the compromised functionality of these antioxidants fails to mop up the
free radicals, and hence escalate the ROS levels. The latter therefore program the death of P. falciparum within the huRBCs.

Further, our findings reveal the unique ability of ECAgNPs to target the TGR/Prx2 cascade at lower concentrations, as evi-
denced by their capability to kill the parasite. This work contributes to the understanding of specific pathways and targets
that may be influenced by EcAgNPs in P. falciparum. The oxidative stress, characterized by increased lipid and protein oxida-
tion, higher ROS levels, and impaired glutathione metabolism, is indicated by a decreased GSH/GSS ratio [88]. This stress
phenomenon ultimately leads to an increased production of free radicals that impair antioxidant activity. Our findings, in line
with others [89], confirm that oxidative stress is a pivotal mechanism in clearing malaria infection. This knowledge may guide
us develop targeted and effective antimalarial treatment strategies for developing interventional approaches for treating P,
falciparum infection. Consistent with previous research [90] showing that lower concentration of andrographolide decreases
antioxidant enzyme activity in filarial parasites due to the elevated ROS, our data confirm that increased ROS levels drive
apoptosis in the parasitized RBCs [91]. The oxidative stress induced by ECAgNPs treatment leads to apoptosis and parasite
clearance, as a result of dysfunctional antioxidants (GSH, GST, and TrxR). This mechanism of action is similar to that of artesu-
nate, which is known to reduce the antioxidant levels, causing DNA fragmentation, and increased intercellular ROS levels in P,
falciparum [92]. Our work suggests that ECAgNPs and artesunate may share a common mode of action in killing the parasite.

The comprehensive bio-assays and caspase activity evaluations suggest that ECAgNPs play a significant role in inducing
apoptosis of P. falciparum infected huRBCs. We observed programmed cell death induced by EcAgNPs at various concen-
trations, which was accompanied by a concentration-dependent increase in caspase activity, leading to the clearance of P,
falciparum (Figs. 1, 2, 3, 4, 5, 6). These findings are consistent with and support previous reports of caspase-3-like activity
indicating apoptosis in other protozoan parasites, such as P. berghei ookinetes [93] and Trypanosoma cruzi [94]. Furthermore,
the enhanced activity of caspase-3, induced by calcium, had a notable impact on the morphological changes associated
with nuclear apoptosis. The biochemical characterization of apoptosis, including DNA fragmentation analysis by the TUNEL
assay, was corroborated by Annexin V staining, confirming the induced apoptosis of parasitized RBCs. Our data showed a
significantly increased TUNEL-positive cells, which was directly proportional to the increasing concentration of ECAgNPs
treatment (Fig. 5D). The dose-dependent DNA fragmentation observed in P. falciparum supports the conclusion that there
is a considerable increase in the number of apoptotic parasitized RBCs. This study provides further confirmation of the anti-
malarial activity of ECAgNPs. Additionally, the bax/bcl2 ratio, indicating their high expression levels, confirms the induction
of apoptosis in parasitized RBCs [95, 96].

To understand the programmed apoptosis induced by EcAgNPs in P. falciparum, Annexin-V/propidium iodide staining
was used to determine nuclear nucleus position in relation to apoptotic characteristics. Treatment with ECAgNPs resulted in
a significant increase in the percentage of apoptotic cells, along with a modest rise in the number of necrotic cells (Fig. 5G).
Specifically, the proportion of apoptotic cells increased with 5 pg ECAgNPs after 12 h of treatment and continued to rise during
24 h treatment period (Fig. 5G). Our ECAgNPs formulation demonstrated the ability to disrupt the activity of lysophospholi-
pase (PALPL-1), a crucial enzyme for parasite development, and hence confirmed thee antimalarial activity of the ECAgNPs.

In summary, the green synthesis of AGNPs using an E. cotinifolia extract present a sustainable, eco-friendly, and non-toxic
alternative to conventional chemical synthesis methods (Fig. 7). We anticipate that further optimization of the synthesis
process will enhance the yield, stability, and scalability of ECAgNPs production. This work enhances the potential of ECAgNPs
for large-scale manufacturing and potential clinical applications. Moreover, the targeted and controlled delivery of ECAgNPs
is crucial for developing therapeutic interventions against malaria. Encapsulating novel drugs with ECAgNPs for targeted
and controlled drug delivery could minimize the risk of emergence of drug tolerant parasites. Also, ECAgNPs might serve
as a suitable partner drug in artemisinin based combination therapy (ACTs). In the end, exploration of optimized synthesis
methods, combination therapies, and other therapeutic applications of E. cotinifolia is promising for the development of an
effective treatment for malaria. In the wake of unavailability of an effective malaria vaccine and dried pipelines of antimalarials,
malaria poses a formidable challenge. Thus, development of these plant-derived AgNPs represents a significant stride towards
sustainable and effective malaria treatment strategies. However, further investigations are indeed imperatively required to
elucidate the mechanisms underlying their action to assess the safety and efficacy of these AgNPs in clinical settings.
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Fig. 7 P falciparum clearance from the in vitro routine culture was induced by the biogenic green nanoparticles (ECAgNPs) synthesized from
Euphorbia cotinifolia. Modulation of ROS generation, ER Stress, and apoptotic-like processes via the employed intricate mechanisms. Bio-
synthesized green nanoparticles (ECAgNPs) were produced and characterized using Euphorbia cotinifolia plant latex extracts. These nan-
oparticles demonstrated the ability to modulate the generation of ROS by dysregulating the activity of antioxidants such as glutathione
(GSH) and thio-redoxin reductase. Treatment with these nanoparticles led to an augmentation in the activity of NADPH oxidase, thereby
regulating Protein Disulfide Isomerase (PDI) activity. This process activated the Endoplasmic Reticulum (ER) stress and calpain activity, sub-
sequently inducing the release of calcium from the ER. The green nanoparticles treatment increased the Bax/Bcl-2 ratio, resulting in the
release of Cytochrome and activating caspase-3 to induce apoptosis of P. falciparum infected huRBCs

5 Conclusion and future perspectives

Present work suggests the therapeutic value of chemically synthesized silver nanoparticles of Euphorbia cotinifolia. The
synthesized EcCAgNPs showed the antimalarial activity, as confirmed by the increased ROS production and disrupting the
redox equilibrium of parasite leading to induced apoptosis of P. falciparum hosting RBCs. Furthermore, the modulation of
NAPDH oxidase, antioxidant enzyme system, and ER stress and inhibited expression of PALPL- are the key assays showing
the clearance of parasite by the ECAgNPs. This work warrants further investigation to optimize the ECAgNPs synthesis
as well as its use as a partner drug in the artemisinin based combination therapy. Furthermore, we are in the process
of validating the antimalarial activity of ECAgNPs in the rodent model of P. berghei infection followed by the challenge
(huRBCs reconstituted immunodeficient mice receiving infection with P. falciparum) model of P. falciparum infection. In
the end, we believe the green synthesis of ECAgNPs might be a therapeutic options for malaria treatment.
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