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Abstract

Malaria remains a significant global health burden, particularly in Sub-Saharan Africa, where drug resistance necessi-
tates novel therapeutic strategies. This study evaluates the antiplasmodial potential of green-synthesized magnesium
oxide (MgO) and zirconium oxide (ZrO,) nanoparticles and their composite (Mg/ZrO,) using Eucalyptus camaldulensis
leaf extract. MgO, ZrO,, and MgO/ZrO, nanoparticles were synthesized and characterized using scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD), revealing crystalline structures with
particle sizes ranging from 39 to 60 nm. Acute toxicity assessment in mice indicated an LD, >2000 mg/kg bodyweight,
confirming their safety. In vivo antiplasmodial activity was assessed using Plasmodium berghei-infected mice, with treat-
ment groups receiving 50, 100, and 200 mg/kg bodyweight each of the nanoparticles. In the suppressive test, MgO-NPs,
ZrO,-NPs, and MgO/ZrO,-NPs exhibited dose-dependent parasite inhibition of 66.79%, 34.72%, and 41.02% respectively
at 200 mg/kg bodyweight. The curative test further confirmed parasite clearance, with MgO-NPs demonstrating the high-
est efficacy. Nanoparticle treatment also improved survival time and maintained body weight compared to untreated
controls. The observed antiplasmodial effects is attributed to enhanced cellular uptake, reactive oxygen species (ROS)
generation, and disruption of parasite metabolic pathways. These findings highlight the potential of MgO, ZrO, and
MgO/ZrO, nanocomposites as promising candidates for antimalarial drug development, warranting further mechanistic
studies and preclinical validation.
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1 Introduction

Malaria is an acute illness caused by Plasmodium parasites, which is spread through the bites of infected female Anoph-
eles mosquitoes [49]. There are five parasite species that cause malaria namely P. falciparum, P. malariae, P. ovale, P.
knowlesi and P.vivax with P. falciparum and P. vivax causing the greatest threat to humans [32, 53]. P. falciparum is
the deadliest malaria parasite and the most prevalent in the African continent [49]. Nigeria, Democratic Republic of
Congo, Uganda, Mozambique, Angola, and Burkina Faso accounted for over 90% of malaria cases in Africa, consti-
tuting 55% of the global cases [24]. Also, according to WHO 2020 report, over 627,000 deaths occurred globally as a
result of malaria out of 241 million malaria-related cases with 77% of these deaths, involving children less than five
years of age [24].

Despite efforts by the WHO and other international organisations to eradicate malaria in the world, the disease has
continued to be a leading cause of death in Africa particularly Sub-Saharan Africa, where access to medical facilities
and medications still remain a big challenge [40]. In 2018, the Commonwealth Leaders agreed to reduce the global
cases of malaria by half on or before 2023. Unfortunately, the vision did not materialize due to the COVID-19 pandemic
that disrupted global economic growth and distorted the program, leading increased malaria cases and mortality
rates. This among other factors clearly shows that the Commonwealth did not achieve its goal [49].

Furthermore, the evolution and spread of parasites resistant to the current available antimalarial drugs is one of the
major challenges for effective global malaria control (GMC) [29]. Recently, artemisinin-based combination therapies
(ACTs), which are currently the most successful treatments available have played a crucial role in GMC achievement
[29]. However, the advent of P. falciparum strains partially resistant to artemisinin, primarily recorded in Western
Cambodia, Greater Mekong Subregion (GMS) and Southern China poses another threat to these ACTs [48]. The spread
of parasites that are resistant to artemisinin (ART) and/or to associated drugs in ACT is a major setback in the treat-
ment of malaria patients and control strategies. Studies have shown that ACT-resistant parasites are responsible for
higher failure rate from ACT treatment over the years [12, 20, 45]. Also, the spread of parasite resistant strains from
Asia to Africa due to their resistance to antimalarial drugs such as chloroquine and sulfadoxine-pyrimethamine have
also frustrated the efforts of malaria eradication around the globe [50]. Although. there have been many concerns
about the potential emergence of k713 mutations linked to artemisinin resistance in Africa, the mutations that have
been observed thus far are uncommon and unrelated to k13 polymorphisms that have been linked to decrease
susceptibility in Asia [17, 26, 34, 37]. Therefore, the future of malaria control and global elimination strategies would
rely largely on cutting edge research and development of novel chemotherapeutic agents to the next generation
of antimalarial drugs [52].

Different parts of plants have been used since ancient times to treat different ailments. The efficacies of plants
or its extract as medicinal remedies for ailments is attributed to their phytochemical constituents such as phenols,
flavonoids, tannins, alkaloids and saponins [7]. Eucalyptus camaldulensis, or Murray Red Gum, is a medicinal plant
found in Nigeria, West African countries, Asia and Australia (Sebei et al. 2015). The plant has been used by the locals or
traditional herbalist to treats different ailments such as microbial infection, wound healing, aches, respiratory diseases
and malaria [2]. For instance, the leaf is used among the Igala people of Kogi State in Nigeria to treat malaria and
fever [2, 11]. According to Aljawdah et al. [4], treatment of mice with E. camaldulensis extract inhibited 9.4% malaria
parasites in mice. The antimalaria activity of the extract was attributed to the presence of phenols and flavonoids
which were the major phytoconstituents identified in the extract. Also, Dkhil et al. [18] reported that leaf extract of
the plant suppresses about 84% of Plasmodium parasites which was attributed to the phytoconstituents of the plant.

There are different strategies and methods available for developing novel antimalarial drugs, some of which have
been derived from biological materials such as plants, animals, and microorganisms [29]. Recently, nanotechnology,
which is an emerging field of science with wide applications in diverse field of human endeavours, have offered a new
approach to the development of novel therapeutic drugs for the management of diseases [40]. Different studies have
shown that biological methods of synthesis of nanomaterials are a promising alternative to the conventional chemi-
cal methods [10, 30, 56]. Studying the physical and chemical properties of nanomaterials for biomedical applications
is essential because it provides the connection between their biological activity with specific parameters such as
composition, size, shape, and capping [10]. Also, size as well as surface properties of nanomaterials are an important
criterion to determine their pharmacokinetic, bioavailability, and biological activity [56]. The potential of nanomate-
rials to provide controlled-release of active materials/ingredients is advantageous to address recrudescence, which
is frequently encountered during artemisinin-based therapy [44]. The use of nanomaterials has been reported to
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enhance treatment results and efficacies due to their unique properties such as large surface area and morphology,
size distribution, catalytic properties, high conductivity and stability, and the ability to manipulate them to carry
out a desired function in the biological system such as functionalization for active targeting of cells or organs [55].

Metallic nanoparticles are useful and safe in nature, with many applications in biomedical and agricultural research,
electronics, cosmetics, food, and environmental remediation [3, 28]. The biological uses of metallic nanoparticles such
as zinc oxide, iron oxide, silver, and titanium nanoparticles include as antibacterial [42, 43], antifungal [8, 33], and anti-
viral agents [15, 39]. In vivo antiplasmodial study of magnesium oxide nanoparticles (MgO-NPs) and zirconium oxide
nanoparticles (ZrO,-NPs) are scanty in literature. Other metallic nanoparticles such as silver (Ag) and zinc oxide (ZnO)
nanoparticles have been used in vitro for their antiplasmodial potential. In a study by Najoom et al. [38], ZnO nano-
particles significantly inhibited Plasmodium parasites with lower doses, while Hawadak et al. [23] showed that silver
nanoparticles inhibited Plasmodium parasites with less haemolysis of the red blood cells. Currently, there is no study
on the antiplasmodial activity of metallic nanocomposites. Previous studies only report on the antiplasmodial activity
of individual metallic nanoparticles. This is the first study to explore the antiplasmodial activity of MgO/ZrO,-NPs in P.
berghei infected mice. Therefore, the aim of this study is to evaluate the antiplasmodial potentials of phyto-mediated
magnesium and zirconium oxide (ZrO,) nanocomposite against chloroquine sensitive NK-65 P. berghei infected albino
mice. The objectives of the study include synthesis and characterization of the nanomaterials, acute toxicity testing and
evaluation of in vivo antiplasmodial activity of the nanomaterials using suppressive and curative test.

2 Materials and methods
2.1 Materials

Fresh leaves of Eucalyptus camaldulensis were collected from Bosso Campus of Federal University of Technology, Minna,
Niger State, Nigeria. The leaves were identified and authenticated at the Plant Biology Department of Federal University
of Technology Minna and assigned a voucher number: FUT/PLB/MYR/001.The leaves were washed with clean water and
air dried at the Laboratory of Biochemistry Department for 2 weeks to a constant dried weight. Zirconium tetrachloride
octahydrate (ZrCl4.8H,0) = 99.5%, magnesium sulfate heptahydrate (MgSO,.7H,0) = 98% and sodium hydroxide = 97%
were used for the synthesis of MgO-NPs, ZrO2-NPs and MgO/ZrO2-NPs.

2.2 Methods
2.2.1 Preparation of plant extracts

The dried leaves were blended into fine powder using a kitchen blender, and 20 g of the powder was extracted with
400 mL of distilled water at 45 “C for 30 min using a magnetic stirrer to obtain a concentration of 50 mg/mL. The extract
was filtered using a muslin cloth and centrifuged to obtain a fine filtrate, which was preserved in the refrigerator at 4 °C.

2.2.2 Synthesis of magnesium oxide nanoparticle (MgO-NPs) and zirconium oxide nanoparticle (ZrO,-NPs)

The synthesis of MgO-NPs or ZrO,-NPs was carried out following the reported protocol of Khan et al. [27] and Chau et al.
[16] with slight modifications. Exactly 20 mL of the plant extract and 100 mL of 0.2 mM solution of either magnesium
sulphate or zirconium tetrachloride was stirred continuously on a magnetic stirrer for 2 h at 60 °C. The pH of the mixture
was adjusted to 9 using 0.2 M NaOH and stirred further for another 1 h. The synthesis of the nanoparticles was confirmed
by a colour change from light green to milky colour for MgO-NPs and light green to yellow for ZrO,-NPs. The solution
was immediately centrifuged to collect the nanoparticles which was washed severally with deionized water to remove
any trace of impurities. The nanoparticles were oven dried at 60 “C to a powdered form and calcined at 500 °C for 3 h.

2.2.3 Synthesis of magnesium oxide/zirconium oxide nanocomposite (MgO/ZrO,-NPs)
For the synthesis of MgO/ZrO,-NPs, 50 mL each of 0.2 mM solution of MgSO, and ZrCl,.8H,0 solution were combined

and stirred continuously for 30 min. This was followed by the addition of 20 mL of the plant extract before stirring for
3 h.The pH of the solution was adjusted to 9 using 0.2 M NaOH and stirred further for another 1 h. The synthesis of the
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nanoparticle was confirmed by colour change from light green to grey black. The solution was immediately centrifuged,
washed severally with deionized water to obtain the synthesized nanoparticles in pellet form. The pellet was oven dried
overnight at 60 “C and calcined at 500 °C for 3 h.

2.2.4 Characterization of the nanoparticles

The synthesized nanoparticles were preliminarily characterized using scanning and transition electron microscope (SEM
and TEM) (Zeiss Aunga) to determine the size and morphology of the nanoparticles. Powder X-ray diffractometer (Bruker
d8) was used to acquire the X-ray diffraction (XRD) patterns of the synthesized nanoparticles and to determine the crys-
tallinity of the nanoparticles using the Derby Sherer equation:

L=—24__ wherelListhe crystallite size, K is the constant, which is equivalent to 0.94, A=1.54178 and 0 is the

FWHM X Cosf
peak position in radian.

2.2.5 Experimental animals

A total of 75 albino mice of 6-7 weeks old and weighing between 18 and 25 g of both sexes were used for this study. The
mice were obtained from the animal house of the Veterinary Department of the University of Jos, Nigeria. The mice were
kept in well-ventilated metal cages and maintained at room temperature of 25 + 2 °C, 45-55% of relative humidityona 12 h
light/12 h dark cycle, with access to water and pelletized standard guinea feed ad libitum. The mice were kept for 21 days
to acclimatize to the environmental conditions. Ethical approval for the animal studies was obtained from the Directorate
of Research, Innovation and Development (Animal Ethics Committee), Federal University of Technology, Minna, Nigeria
(000079). To minimize pain and discomfort, the mice were monitored daily for any symptoms resulting from the treatment.
At the end of each experiment, mice were euthanized by intraperitoneal injection of 160 mg/kg sodium pentobarbital.

2.3 Acute toxicity testing of the nanoparticles

Oral acute toxicity test of the nanoparticles was carried following the standard guidelines of the Organisation for Eco-
nomic Co-operation and Development (OECD) as described by Misganaw et al. [35]. For a sighting study, a single dose of
2000 mg/kg bodyweight (bwt) each of MgO-NPs, ZrO,-NPs, and MgO/ZrO,-NPs were separately administered to a mouse
by oral gavage. Since no mortality was recorded within 24 h, an additional four mice each were used and administered
the same dose of the nanoparticles and distilled water was administered to the normal control. The mice were monitored
continuously every 30 min for 4 h and then daily for the next 14 days for the general signs and symptoms of toxicity.

2.4 P. berghei parasites

A chloroquine sensitive strain of P. berghei (NK-69) was obtained from the National Institute of Medical Research (NIMER),
Yaba Lagos, Nigeria and was maintained by sub-passage in mice.

2.5 Parasite inoculation
The parasite was inoculated intraperitoneally into the mouse with 0.2 mL of infected blood containing about 1x 107 P.
berghei-parasitized erythrocytes. The inoculum consists of 5x 107 P. berghei erythrocytes per mL. This was prepared by

determining both the percentage parasitaemia and the erythrocytes count of the donor mouse under light microscope
and diluting the blood with isotonic normal saline in ratio indicated by both determinations [31].

2.6 Drug administration

Artemether/lumefantrine (Art/Lum) was used as the positive control in this study. The drug, MgO-NPs, ZrO,-NPs, and
MgO/ZrO,-NPs used for the antiplasmodial study were administered orally using a stainless metallic feeding cannula.
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2.7 Invivo antiplasmodial activity of the nanoparticles
2.7.1 Evaluation of Peters’ 4-day suppressive test of the nanoparticles

This study evaluated the schizontocidal effects of the nanoparticles and artemether/lumefantrine against early-stage
P. berghei infection in mice using Peters' 4-day suppressive assay. Twenty-five Swiss albino mice were infected with the
parasite on the first day and randomly divided into five groups, each containing five mice. The treatment groups were
administered nanoparticles at oral doses of 50, 100, and 200 mg/kg bodyweight, while another group received Art/Lum
(1.4 mg/kg bodyweight). The control group was given distilled water. On the fifth day, thin blood smears were prepared
from tail blood samples, stained with Giemsa, and examined under a microscope to count the number of infected eryth-
rocytes out of 500 randomly observed cells [31]. The average percentage reduction in parasitaemia was calculated in
comparison with the control group using the following formula:

Mean % parasitaemia in the negative control group — Mean % parasitaemia in the treated group
Mean % parasitaemia in the negative control group

% suppression = X100

2.8 Evaluation of curative activities of the nanoparticles (Rane’s test)

This study assessed the schizontocidal activity of the nanoparticles and artemether/lumefantrine in mice with established
infections, following the method outlined by Ryley and Peters [46]. On the first day, P. berghei was injected intraperito-
neally into 25 mice. After 72 h, the mice were randomly divided into five groups, each containing five animals. Groups
| to Il received oral doses of the nanoparticles at 50, 100, and 200 mg/kg bodyweight, respectively. Group IV (positive
control) was treated with Art/Lum at 1.4 mg/kg body weight, while Group V (negative control) was given distilled water.
The treatments were administered once daily for seven days. To monitor the parasitaemia levels, Giemsa-stained thin
blood smears were prepared from tail blood samples every two days during the treatment period. Additionally, changes
in body weight and packed cell volume (PCV) were recorded every two days throughout the experiment.

2.9 Data analysis

The data generated from this study were analysed using GraphPad Prism software (version 9.0.0 for Windows). Study
results were presented as the mean + standard error of the mean (SEM). To compare group outcomes, a one-way ANOVA
was performed, followed by Duncan’s post-hoc test for multiple comparisons. A p-value of <0.05 was considered statisti-
cally significant at a 95% confidence level.

3 Results and discussion
3.1 Characterization of phyto-mediated nanoparticles

The synthesis of MgO-NPs, ZrO,-NPs, and MgO/ZrO,-NPs was conducted via green route. Scanning and transmission
electron microscopy (SEM and TEM) analysis of the nanoparticles shows that MgO-NPs were spherical, agglomerated
and monodispersed with distinct particle sizes (Fig. 1a and b), while ZrO,-NPs were oval shape and agglomerated with
compacted particle grains (Fig. 1c and d). There was a mixture of spherical and oval shape particles in MgO/ZrO,-NPs. The
particles are compacted and agglomerated with no distinct separation between the grains of the nanomaterials (Fig. 1e
and f). The agglomeration of the nanomaterials might be due to the electrostatic or van der Waal force of attraction
resulting from the metallic elements used for the synthesis. This attraction was even more evident in the nanocompos-
ite (Fig. 1e) creating a hollow pore at the core of the nanomaterials. According to Arsuaga et al. [9], agglomeration of
nanomaterials due to attractive van der Waals forces can give rise to in homogeneities and defects in their morphology.

Particle size analysis of the nanomaterials shows that MgO-NPs contains particles ranging between 20 and 80 nm with
an average particle size of 42.71 £ 11.60 nm (Fig. 2a), ZrO,-NPs contains particles ranging between 30 and 100 nm with an
average particle size of 60.22 +6.54 nm (Fig. 2b) while MgO/ZrO,-NPs contains particles ranging from 20 to 70 nm with
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Fig.1 SEM and TEM images of metallic (a and b) MgO-NPs, (c and d) ZrO,-NPs and (e and f) MgO/ZrO,-NPs respectively synthesized using
extract of E. camaldulensis. The SEM image of MgO/ZrO,-NPs shows a hollow pore (red circle) at the centre of the nanomaterials, which can
be attributed to the attraction force between the metallic Mg and Zr present in the nanomaterials

an average particle size of 39.25+9.80 nm (Fig. 2c). The particle size of MgO-NPs and ZrO,-NPs reported in this study is
higher than 11.68 and 5 nm particle size reported by Ammulu et al. [5] and Kumaresan et al. [30] respectively for MgO-
NPs and ZrO,-NPs. The differences in the particle sizes maybe due to the concentration of the metallic salts and capping
agents used and the synthesis condition [51]. Also, it has been reported that the particle size of ZrO,-NPs ranges between
5 and 150 nm but particle size less than 50 nm are usually obtained when chemical or biological synthesis methods is
used [51]. Finally, Amrulloh et al. [6] reported a particle size range between 60 and 100 nm for MgO-NPs synthesized
using Mangifera indica bark.

Elemental analysis of the nanomaterials shows the presence of the constituent elements (Mg, Zr, and O) in different
proportions. In MgO-NPs, there was 41.4% O and 50.69% Mg while ZrO,-NPs contain 51.4% O and 43.35% Zr. For MgO/
ZrO,-NPs, the nanomaterials contain 20.51%, 33.89% and 39.34% of Mg, Zr and O respectively (Table 1). All the nano-
materials contain small amount of carbon (C), which may be contributed by the plant materials used as a reducing or
capping agent during the synthesis. The presence of Cin the nanomaterials may also be due to the bioactive metabolites
of E. camaldulensis, which play a dual role in both reducing and stabilizing the nanomaterials [1]. According to Shayoub
etal. (47) and Ghareeb et al. [19], leaf extract of E. camaldulensis contains phytochemicals such as flavonoids and phenols,
which has been reported to be a good capping and reducing agents for the synthesis of nanoparticles.

X-ray diffraction analysis of the nanoparticles shows the appearance of different diffraction peaks in all the
nanomaterials with different fragmentation patterns and distinct phases (Fig. 3). In MgO-NPs, the periclase and
lattice face-centred cubic nanomaterial shows the appearance of peaks at position 36.94°, 42.92°, 62.30°, 74.69°
and 78.63° with a fragmentation pattern of (111), (200), (220), (311) and (222), respectively and a crystallite size of
11.69+0.23 nm. Monoclinic tetragonal ZrO,-NPs shows the presence of similar peaks with MgO/ZrO,-NPs at posi-
tion 30.22°,34.57°,50.22° and 59.28° with a fragmentation pattern of (101), (002), (112) and (103) with a crystallite
size of 4.16+0.82 and 6.07 £0.51 nm for ZrO,-NPs and MgO/ZrO,-NPs, respectively. There was an emergence of
unidentified peak at position 50.22° and 60.00° in MgO-NPs, which becomes prominent in MgO/ZrO,-NPs while
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Fig.2 Particle size distribution of (a) MgO-NPs, (b) ZrO,-NPs and (c) MgO/ZrO,-NPs synthesized using extract of E. camaldulensis

Table1 Elemental

o . Elements MgO-NPs ZrO,-NPs MgO/ZrO,-NP
composition of the metallic
nanoparticles synthesized C 7.91 525 6.26
using extract of E. 0 414 514 39.34
camaldulensis ’ ’ ’
Mg 50.69 - 20.51
Zr - 43.35 33.89
Total 100.00 100.00 100.00

peaks at position 74.69° and 78.63° which are prominent in MgO-NPs where absent in MgO/ZrO,-NPs (Fig. 3).
Studies have shown that increase crystallite size increases with increasing temperature and reaction time [22, 54].
From this study, a temperature of 60 ‘C and 3 h reaction time was chosen based on the reported optimal condition
for the synthesis of these nanomaterials in literature [36]. Crystallite size is one of the important parameters that
influence physical properties of nanomaterials. Crystallite size is inversely proportional to the surface area of mate-
rial [54]. Therefore, the synthesized nanomaterials shows that ZrO,-NPs have more surface area followed by MgO/
ZrO,-NPs and MgO-NPs. Finally, the diffraction peaks pattern is similar to those identified by Younis et al. [56] who
synthesized MgO-NPs using Rosa floribunda charisma extract and Bishwokarma et al. [14] for ZrO,-NPs synthesized
using Curcuma longa extract.
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3.2 Acute oral toxicity test of the nanoparticles

Acute oral toxicity test shows that the nanoparticles (MgO-NPs, ZrO,-NPs, and MgO/ZrO,-NPs) did not caused any
gross behavioural changes and mortality within 24 h as well as in the following days, indicating that the LD, values
of the nanoparticles is greater than 2000 mg/kg body weight in mice as per OECD 423 guidelines [13]. The mice show
no loss of appetite and weakness in the first hour of administration of the nanoparticles with normal breathing, eye
colour, skin, and furs position throughout the study period. Therefore, 50, 100, and 200 mg/kg bodyweight doses of
the nanomaterials were selected for antiplasmodial study.

3.3 Antiplasmodial activity of the nanoparticles

Peter’s 4 days suppressive study of the nanoparticles shows a dose-dependent suppression of the parasites (Table 2).
MgO-NPs at 50, 100, and 200 mg/kg bodyweight significantly inhibited 38.54 +£3.91, 55.34 + 2.60, and 66.79 + 2.05% of
the parasites. The level of parasite inhibition by ZrO,-NPs and MgO/ZrO,-NPs was not significantly difference (p > 0.05)
at 50 and 100 mg/kg bodyweight doses but at 200 mg/kg bodyweight, MgO/ZrO,-NPs show a slightly higher inhi-
bition of the parasites compared to ZrO,-NPs (Table 2). This result was further confirmed using the Rane’s curative
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Table.2 Percentage % Suppression
parasite suppression by
metallic nanoparticles Nanoparticles 50 mg/kg bwt 100 mg/kg bwt 200 mg/kg bwt Art/Lum
synthesized using extract of E. (1.4 mg/kg
camaldulensis bwt)*
MgO-NPs 38.54+3.91°2 55.34+2.60° 66.79+2.05¢ 90.07 +0.66¢
ZrO,-NPs 29.76 £5.972 31.21+£3.28° 34.72+3.33° 90.07 +£0.66°
Mg/Zr-NPs 29.76 £3.232 31.86+£2.36° 41.023.44¢ 90.07 +0.66¢

Negative control 0 0 0 0

Values are expressed in mean +standard error of mean of 5 replicates. Values with the same superscript
alphabet on the same column have no significance difference at p <0.05. Bwt=Bodyweight. * Serve as the
positive group (group treated with 1.4 mg/kg bwt of Artemether/lumefantrine)

test. The nanoparticles show a significant dose-dependent clearance of the parasites from the erythrocytes of the
mice, which was comparable to the standard drug (artemether/lumefantrine) used as positive control. The observed
antiplasmodial activity of the nanoparticles can be attributed to their particle and crystallite sizes. Smaller particle
size will have a have larger surface area and will have more penetration into the cells resulting in more efficient inter-
action with the parasites. Also, the high surface-volume ratio of this smaller nanoparticles will lead to a significant
release of reactive oxygen species that can alter the cellular structure of the parasite [21]. The crystallite sizes of the
nanoparticles may lead to higher surface energy, which can enhance the interaction between the nanoparticles and
the biological membrane of the parasite resulting in a better antiplasmodial effect [41]. Furthermore, according to
Adesida et al. [2], 800 mg/kg bodyweight of leaf extract of E. camaldulensis suppresses 53.69% P. berghei parasite and
a curative effect of 81.26%. Also, Kabiru et al. [25] treated mice with 100, 200 and 400 mg/kg bodyweight aqueous
and methanolic extract of E. camaldulensis. Their results show a significant decrease (p < 0.05) in the parasitaemia
level of mice by the methanol extract. These studies support the findings reported in this study and justify the choices
of our doses used for this study. The antimalarial properties of the nanomaterials stem from multiple mechanisms,
including direct parasite suppression, oxidative stress induction, and enhanced cellular interactions. Their small
size (39-60 nm) and high surface energy likely enhance their penetration into red blood cells, disrupting parasite
metabolic pathways. Additionally, the nanoparticles may generate reactive oxygen species (ROS), causing oxidative
damage to Plasmodium parasites and leading to cell death. Their crystallite structure further facilitates interaction
with the parasite’s biological membrane, improving efficacy. While not explicitly analysed, immune modulation could
also play a role in their antiplasmodial activity. These findings highlight the potential of these nanomaterials as novel
antimalarial agents, warranting further studies on their molecular interactions, long-term safety, and efficacy against
drug-resistant strains (Fig. 4).

3.4 Effect of the nanoparticle’s treatment on the packed cell volume (PCV), bodyweight changes and mean
survival time of the mice

Treatment of the mice with different doses (50, 100, and 200 mg/kg bodyweight) of the nanoparticles shows a signifi-
cant change (p <0.05) in the PCV of the mice compared to group treated with 1.4 mg/kg bodyweight of artemether/
lumefantrine (Fig. 5). The negative control group show a significant change (p <0.01) in the bodyweight of the mice with
a significant drop on the 8th days of the study (Fig. 5). Furthermore, the nanomaterials had no significant effect on the
bodyweight of the mice throughout the period of treatment (Fig. 6). There was no significant change in the bodyweight
of mice treated with the different doses of the nanoparticles between the first 3 days (Fig. 6) however, on the 8th day,
there was a significant change in the bodyweight of the mice particularly the negative control group, which shows a sig-
nificant drop in the bodyweight of the animals. The different doses of the nanoparticles were able to averagely maintain
the bodyweight of the mice throughout the treatment period compared with the positive control group. Treatment with
different doses of the nanoparticles was also able to extend the survival time of the mice in a dose-dependent manner
compared to the negative control group which have a mean survival time below 10 days (Fig. 7). The negative control
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Fig. 4 Effect of phyto-mediated metallic nanoparticles on the mean parasitaemia level of mice infected with P. berghei parasites and treated
with 50, 100, and 200 mg/kg bodyweight of (a) MgO-NPs, (b) ZrO,-NPs, and (c) MgO/ZrO,-NPs. The control group was administered Art/Lum
(1.4 mg/kg bodyweight) while negative control group consist of mice infected with the parasite and left untreated throughout the period of
the study. Bwt=Bodyweight

group, which was infected with the Plasmodium parasite but not treated show a significant decrease (p <0.05) in their
bodyweight because of the parasites. During malaria infection, loss of appetite is a preliminary symptoms, which affect
the feeding behaviour of the patient. From the acute toxicity study, the nanomaterials had no effect on the feeding
behaviour of the mice hence maintenance of their bodyweight during the treatment period. Finally, treatment with dif-
ferent doses of the nanoparticles was found to extend the survival time of the mice compared with the negative control
group (Fig. 7). This is an indication that the nanoparticle was able to reduce the virulence of the parasite and hence
prevent the mortality of the mice (Fig. 7). In the negative control group, the mice were able to withstand the virulence
of the parasite for about 8-9 days and majority of the mice died after 8 days because of the increase in the number of
parasites in their erythrocytes.

4 Conclusion
The result from this study shows the successful synthesis of MgO-NPs, ZrO,-NPs and MgO/ZrO,-NPs using leaf extract of
E. camaldulensis. Antiplasmodial activity of the nanoparticles at different doses shows a significant inhibition of the para-

sites in a dose-dependent manner with moderate effect on the PCV and bodyweight changes of the mice. The treatment
also shows a significant increase in the survival time of the P. berghei infected mice compared with the negative control
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Fig.5 Effect of phyto-mediated metallic nanoparticles on packed cell volume (PCV) of P. berghei-infected mice. Mice were treated with 50,
100 and 200 mg/kg bwt of (a) MgO-NPs, (b) ZrO,-NPs and (c) MgO/ZrO,-NPs for a period of 7 days. The control group was administered
Art/Lum (1.4 mg/kg bwt) while negative control group consist of mice infected with the parasite and left untreated throughout the period
of the study. Violin with * shows statistically significant difference at p <0.05 while violin with ** were statistically significant at p<0.01.
bwt=Bodyweight

mice with shorter survival time. This study therefore shows that the synthesis nanoparticles maybe a good candidate
compound for the formulation of chemotherapeutic drug to control malaria parasites infections.

4.1 Limitation and future directions

This study has some limitations, including its focus on P. berghei infected mice, which may not fully represent human
malaria infections, necessitating further validation in higher animal models and clinical trials. Additionally, while acute
toxicity was assessed, long-term toxicity, including chronic, genotoxic, and immunotoxic effects, remains unexplored.
The precise mechanism of action of the nanoparticles, such as their impact on parasite metabolic pathways and host
immune responses, was not fully characterized. Moreover, nanoparticle stability, pharmacokinetics, and bioavailability
were not investigated, which are crucial for clinical translation. Future research should focus on optimizing nanoparti-
cle formulations through surface functionalization or drug conjugation, conducting in-depth mechanistic studies on
their mode of action, evaluating chronic toxicity and biodistribution, and testing their efficacy against drug-resistant
Plasmodium strains. Ultimately, further preclinical studies, including primate models and potential human trials, will
be necessary to establish the therapeutic potential of these nanoparticles as next-generation antimalarial agents.
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