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ARTICLE INFO ABSTRACT

Keywords: Background: In this study, zinc oxide nanoparticles-coated with eugenol (ZnO@Eug) were syn-
Zinc oxid nanoparticles thesized and evaluated as a nanosuspension (NSus) formulation against Toxoplasma gondii in vitro
Eugenol and in vivo.

ZnO@Eug NSus
Toxoplasma gondii
Antiparasitic activity

Methods: An anti-Toxoplasma activity assay for ZnO@Eug NSus was conducted in vitro, ex vivo,
and in vivo. FTIR spectroscopy confirmed the formation of ZnO@Eug NSus by detecting several
functional groups involved; EDX and SEM demonstrated the grain of ZnO-NPs embedded with
Eug and compositional purity.

Results: Surface charge (ZP) and size distribution (DLS) of ZnO@Eug NSus were determined to be
—22.7 mV and 109.6 nm, respectively. According to the release kinetics, approximately 60% of
the ZnO-NPs and Eug were released in the first 45 min. In the cytotoxicity assay, ZnO-NPs, Eug,
and ZnO@Eug NSus had ICs values of 71.85, 22.39, and 2.02 mg/mL, respectively. The thera-
peutic efficacy of ZnO@Eug against T. gondii was 56.3%, which was not significantly different
from that of spiramycin (58.9%) (Positive-control). The tissue tachyzoites in the liver, spleen, and
peritoneum were less than 50% in groups treated with Eug, spiramycin, and ZnO@Eug NSus
compared to the control. ZnO@Eug-treated groups showed a survival rate of up to 13 days.
Conclusions: The ZnO@Eug NSus demonstrated antiparasitic activity against T. gondii with min-
imal toxic effects and high efficiency in increasing the survival of infected mice. The nano-
formulations of ZnO-NPs incorporated with Eug could, in the future, be considered for treating
toxoplasmosis in humans and animals if a detailed study was conducted to determine the precise
dose and measure side effects.

Abbreviations: ZnO@Eug, Zinc oxide nanoparticles-coated with eugenol; ZP, surface charge; DLS, size distribution; PVA, Polyvinyl alcohol;
DMSO, dimethyl sulfoxide; ANOVA, One-way analysis of variance (ANOVA).
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1. Introduction

Toxoplasma gondii is a protozoan parasite of the Apicomplexia phylum that causes disease in humans and other warm-blooded
animals. The parasite can be spread to humans through foods, groundwater, soil, and vegetables that have been infected with it
[1]. Infection with Toxoplasma is primarily caused by cats’ shedding of parasitic oocysts. Inmune responses play an important role in
disease severity. Therefore, patients with weakened immune systems may be at risk of developing the fatal form of the disease [2]. In
many cases, Toxoplasma can remain latent in the brain and muscles of people for a long time [3]. One of the most serious diseases that
can occur during pregnancy is the transmission of Toxoplasma to the fetus [4]. Toxoplasmosis is typically treated with dihydrofolate
reductase (DHFR) inhibitors, such as pyrimethamine (PYR). Although these drugs were effective against the active Tachyzoites form of
Toxoplasma, they could not inhibit the Bradyzoites and Sporozoites forms [5]. Thus, a combination of trimethoprim and sulfameth-
oxazole may be recommended to treat T. gondii infections. Among the serious challenges in combination therapy are complications
related to the suppression of bone marrow and the impairment of the renal system [6]. Consequently, finding new therapeutic stra-
tegies with minimal side effects is the foremost priority in the fight against toxoplasmosis. Using herbal metabolites has become a
valuable alternative to many conventional drugs for treating infectious diseases. However, studies show that plant metabolites have
limitations, including low bioavailability, physiological instability, and potential toxic properties [7].

Eug is one of the volatile natural terpenoids (allylbenzene) that is the major part of the essential oil in Syzygium aromaticum. So far,
several studies have been conducted on the biological activities of Eug, such as antibacterial, antifungal, anticancer, antioxidant, anti-
inflammatory, and antiparasitic [1-8]. Eug has been recognized as an edible and safe substance for human food consumption [9,10].

Nanomedicine refers to using nanomaterials to diagnose, treat, and prevent diseases in humans and animals. In recent years,
scientists have been focusing on ways to produce more biomedically suitable nanomaterials with environmentally friendly processes.
ZnO-NPs are inorganic nanostructures with multiple advantages over metal NPs. ZnO-NPs have superior optical, semiconductivity, and
piezoelectric properties, making them useful in various fields, including cosmetics, catalysis, energy storage, electronics, textiles, and
health. Furthermore, ZnO-NPs exhibit a variety of biomedical applications, such as antimicrobial, antifungal, antioxidant, anticancer,
and antiparasitic properties [11,12].

Several studies have shown that coating or conjugating ZnO-NPs could improve/enhance their biological functions, biocompati-
bility, and feasibility for the formulation for in vivo use. ZnO-NPs were coated with curcumin, cinnamaldehyde, thymol, tannic acid,
salicylic acid, and others [13-16]. The use of ZnO@Eug nanocomposites as dental sealants has been demonstrated in several studies.
According to the previous studies, Zn-Eug sealer showed low toxicity in vitro and high biocompatibility in an animal model [17-19].
ZnO-NPs synthesized by green materials could be a suitable alternative to antiparasitic drugs. Studies have shown that combining ZnO
NPs and phytochemicals can remarkably impact microbial infections, including Toxoplasma, a prevalent concern. Considering that Eug
and ZnO-NPs have potential biological properties and no such study has been conducted so far, thus the present study focused on
nanoformulation based on ZnO-NPs coated with Eug for the first time to eliminate T. gondii in mice and ex-vivo samples.

2. Materials and methods
2.1. Chemicals and cell line preparation

Eugenol and 4-(2-pyridylazo) resorcinol were purchased from Sigma (St. Louis, MO, USA). Polyvinyl alcohol (PVA), dimethyl
sulfoxide (DMSO), Zn (NOs)2, Tween 80, and sodium hydroxide (NaOH) were procured from Merck company (Merck, Germany). Vero
cells were obtained from the Pasteur Institute in Tehran, Iran.

2.2. Animal ethics and in vivo studies

In vivo experiments were performed on Balb/c mice aged 8-10-week with 20-25 g weight. All protocols were considered based on
the animal ethics standards with permission of ethics committees of the research deputy of Lorestan University of medical sciences.

2.3. ZnO-NPs preparation

ZnO-NPs were prepared by a chemical method using NaOH and PVA as reducing and stabilizing agents. For this purpose, 2.6 g of Zn
(NO3)2-4H0 was prepared in 100 mL of PVA solution (0.01% in deionized water) and then 0.5 M of NaOH was added dropwise while
shaking on a magnetic stirrer. After 4 h, a white suspension appeared in the reaction solution, confirming the formation of ZnO-NPs.
The solution was centrifuged at 10,000 rpm for 15 min to recover the precipitate. The white precipitate was rinsed three times with
distilled water to remove any remaining impurities and the final product was dried at 65 °C in an oven for 24 h [20].

2.4. ZnO@Eug suspension formation

In a beaker, 40 mL of ethanolic solution (50%) of PVA (1.2%), Eug (0.5%) and Tween 80 (0.1%) was placed in a magnetic stirrer at
50 °C. After that, 0.6 g of ZnO-NPs was dissolved in 10 mL of deionized water and dropwise added to the sample suspension.
Ultrasonication was conducted to prepare a homogenous suspension as seen by visual observation. The beaker was transferred to an
ultrasonic bath (Q500 sonicator, Qsonica, USA) and sonicated at 100 W, 20 kHz in a 5 s on/off pulse mode h at 60 °C for 1. Finally, the
prepared nanosuspension was kept at room temperature for the next studies. Fig. 1 illustrates a summary of ZnO@Eug formation by
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ZnO-NPs and Eug ethanolic emulsion [21].

2.5. Characterization of ZnO-@Eug

Morphological properties were examined using FESEM electron microscope (TESCAN MIRA3, Oxford, Czech Republic) equipped
with FEG-EDAX instrument at 30 kV. For this, 100 mg of ZnO-NPs or ZnO@Eug Nanocomposites was dispersed on a sticky stub and
coated with a gold layer to reduce its charging effects. The images were taken at 200 KX with a view field of 4.97 pm. Elemental
analyses of the samples were conducted using an energy-dispersive X-ray (EDX) detector. The functional groups involved in nano-
structures were studied by an FTIR spectrometer (Bruker IFS 66/s, Bruker Optics, Billerica, MA) at 400-4000 cm ™! with a resolution of
1 ecm™L. The nanostructures’ particle size distribution and zeta potential were determined using dynamic light scattering (DLS) on a
Zetasizer Nano ZS90 system (Malvern, U.K.).

2.6. Release kinetics of eug and ZnO-NPs

The release of Eug and zinc from ZnO@Eug NSus was monitored using a dialysis membrane in phosphate buffer saline (PBS) at
room temperature. The dialysis membrane (Sigma, 12 KDa MWCO) was loaded with 5 mL of ZnO@Eug NSus, sealed by clamps and
placed into a beaker containing 50 mL of PBS. The beaker was then placed on a magnetic stirrer for 120 min. In 15 min regular in-
tervals, 5 mL of PBS was removed to analyze Eug and Zn contents. The released Eug was quantified at 280 nm using a UV-Vis
spectrophotometer (Jenway 6705 UV/Vis) and Zn content in PBS was determined using the Atomic absorption spectroscopy (AAS) on
PerkinElmer AAnalyst 200 (Mundelein, Illinois USA) [22].

2.7. Parasite preparation

Fresh active tachyzoites of T. gondii, RH strain, were harvested from the intraperitoneal cavity of infected BALB/c mice by a sterile
syringe. After harvesting, tachyzoites were washed with sterile normal saline and counted by hemocytometer slide after staining with
trypan blue dye. Those tachyzoites samples with up to 90% viability were considered for experimental use.

2.8. Cytotoxicity assay of the formulations

Cell toxicity of all formulations, including ZnO@Eug, ZnO-NPs and Eug, was assessed using the MTT method on the Vero cell line.
Briefly, 10° cells per well were seeded in a 96-well plate containing 100 pl Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% FBS. Afterward, the cells were treated with 0-500 pg/mL of ZnO@Eug, ZnO-NPs, and Eug and incubated in 5% CO5 under
95% humidity at 37 °C for 48 h. An untreated well was considered as the negative control. The culture medium was then removed, and
10 pl of MTT reagent solution (15%) was added to each well and incubated at 37 °C in 5% CO;, for 4 h. The produced formazan was
dissolved by adding DMSO (200 pl/well), maintained at 37 °C for 10 min, and then the absorbance of the solution was measured at 570
nm using an ELISA plate reader [1]. Cytotoxicity efficiency was calculated by the following equation:

Ac — At

Cell cytotoxicity (%) = x 100

where, Ac and at are the absorbance of the control and treated samples, respectively.

CHy—CH=CH
CHy
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Fig. 1. Diagram of formation of ZnO-@Eug Nanosuspension.
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2.9. Intracellular anti-Toxoplamsa assay

Anti-Toxoplasma activity of ZnO@Eug, ZnO-NPs, Eug, and spiramycin (positive control) were studied in the tachyzoites-infected
Vero cells. As aforementioned, Vero cells were cultured in a 96-well plate until reaching 75% confluency. Afterward, 10° viable
tachyzoites were added to each well to infect the cells. After 24 h incubation, cell-tachyzoite infection was monitored by a reverse light
microscope. Anti-infectivity of the formulations against the infected cells was studied by treating them with sub-ICsg (~2/3 ICs),
including ZnO@Eug, ZnO-NPs, Eug, and spiramycin. After treatment, the culture cell plate was incubated at 37 °C for 48 h. Finally, cell
viability was determined based on MTT assay, and the therapeutic efficacy was calculated according to the following equation [1]:

At — Au

Therapeutic efficacy (%) = x 100

where, A; and A, are the absorbance intensity of the treated and untreated infected cells, respectively.

2.10. Invitro anti-Toxoplasma activity

All formulations were studied for anti-Toxoplasma activity compared with ZnO@Eug and spiramycin. Similar to the previous
experiment, 10° tachyzoites were added to each well in a 96-well plate containing Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS. All treatments were performed based on 2-fold serial dilutions of ZnO-NPs (100 pg/mL), Eug (100 pg/
mL), ZnO@Eug (200 pg/mL) and spiramycin (50 pg/mL). After 2 h incubation, the mortality of tachyzoites was determined by trypan-
blue staining on a hemocytometer slide under a light microscope. Mortality percent was calculated as follows [1]:

Number of treated tachyzoites

Mortality (%) =
ity (%) Number of untreated tachyzoites

2.11. In vivo anti-Toxoplasma assay

2.11.1. Animal infection and survival study

The animal experiment was performed to study the therapeutic potential of all formulations. For this, 60 male BALB/c mice 2-3
months old with 20-25 g weight were divided into 6 groups (n-10). One group was considered as uninfected control. Five groups were
intraperitoneally infected with 100 pl sterile PBS containing 3000 active tachyzoites of the T. gondii RH strain. Each group was
intraperitoneally treated with one formulation, including ZnO-NPs, ZnO@Eug, Eug and spiramycin with sub-MIC dose, except the
spiramycin group administered orally and the positive control received no treatment. Another group included untreated-uninfected
mice were considered as normal control. The experiment was carried out following the Ethics and Animal Care Committee proto-
col, and the mice were raised under standard conditions. After 14 days of follow-up, the survival rate was calculated according to the
following formula [1]:

Number of live mice at the 10th day
Number of living mice at first day

Survival rate (%) = x 100

2.11.2. Monitoring of tachyzoites in tissues

As described previously, we infected 30 mice with tachyzoites and divided them into 6 groups to measure tachyzoite persistence in
tissues. All formulations were then administered to the mice and sacrificed on the fifth day. Tissue samples, including the liver and
spleen, were removed. Also, peritoneal fluid was harvested to count its tachyzoites content. Brain samples were taken for the molecular
studies described in the next section. To detect tachyzoites, tissue samples were smeared on microscope slides and stained using
Giemsa solution (5%). Dead and live tachyzoites were enumerated in terms of the mean parasites on the 5 different fields under the
light microscope [1].

2.11.3. Molecular detection of toxoplasma

T. gondii in the brain of infected mice was studied using PCR assay. For this, DNA was extracted from the brain tissue with Wizol
DNA extraction Kit (Wizbiosolutions Inc., South Korea) according to the manufacturer’s protocol. T. gondii DNA was detected by
amplifying a 200 bp amplicon of the B1 gene using one pair primer, including OutF:5-GGAACTGCATCCGTTCATGAG-3' and OutR:5'-
TCTTTAAAGCGTTCGTGGTC-3'. Gene B1 was amplified using the following protocol: 10 min at 95 °C, 35 cycles of 60 s at 94 °C, 60 s at
50 °C (first step) or 54 °C (second step), 60 s at 72 °C, and a final extension of 10 min at 72 °C. After that, PCR products were elec-
trophoresed on 1% agarose gel, stained using Safe stain and visualized in the UV gel documentation system [23].

2.12. Statistical analyses

Statistical analyses were performed based on at least triplicates and differences between groups were determined by one-tail
ANOVA with significant distances of p-value< 0.05.



K. Cheraghipour et al. Heliyon 9 (2023) 19295

3. Results and discussion
3.1. Physicochemical studies of ZnO@Eug

3.1.1. SEM and EDX analyses

EDX and SEM were used to demonstrate the nanostructure of ZnO-NPs embedded with and without Eug emulsion. The SEM image
of PVA-ZnO-NPs showed an interaction with water-soluble polymers (PVA), resulting in randomly packed shapes with a spherical
appearance (Fig. 2A). According to Fig. 2B and D of EDX patterns, when Eug was incorporated with ZnO-NPs, organic elements such as
carbon significantly increased. Moreover, the agglomerated morphology of ZnO@Eug nanocomposites can be attributed to the
interaction of polymer chains surrounding ZnO-NPs [24,25]. As seen in Fig. 2C, ZnO@Eug was formed by incorporating the porous
structure of ZnO-PVA with emulsified Eug phase. ZnO-PVA nanostructures and ZnO@Eug nanocomposites exhibited different
abundances of elemental peaks in EDX patterns.

3.1.2. Particles size and surface charge analyses

Nanodrugs are often evaluated for their stability and efficacy based on their particle size distribution in an aqueous phase. Fig. 3A
and B illustrate the particle size distribution of ZnO-NPs and ZnO@Eug nanocomposites in aqueous media. According to the mea-
surements, ZnO-NPs showed a Z-average size of 96.5 nm, while ZnO@Eug nanosuspension displayed an average size of 109.6 nm. As
reported in the studies, the nanocomposites swell in aqueous solutions and their hydrodynamic diameters increase significantly [19,
25,26]. The Z-average obtained by DLS in aqueous solutions is typically higher than those obtained by XRD, SEM, and TEM. This means
capping molecules can affect the hydrodynamic diameter of ZnO@Eug nanosuspension [25]. The ZnO@Eug nanosuspension had a
greater hydrodynamic diameter than ZnO-NPs, possibly due to the formation of lipophilic granules suspended in the aqueous phase
[24]. On the other hand, increasing the density of ZnO-NPs due to interacting with Eug might enhance their dispersity and uniformity
[27,28]. ZnO-NPs showed a ZP of —15 mV, while ZnO@Eug nanosuspension showed a value of —22 mV after incorporating Eug
(Fig. 3C and D). As mentioned earlier, nanoparticles are usually electrostatically stabilized by a ZP above 30 mV or below —30 mV (28).

SEM MAG: 200 kx

WO: 487 mm

Wiaw fal: 1.04 pm | Cate{miry): 042421

Fig. 2. SEM images and correspondence EDX of ZnO-NPs and ZnO@Eug nanocomposites. Fig. 2A and C shows the surrounding of ZnO-NPs with Eug
as the porous structure of ZnO-NPs transforms into a smooth surface. Fig. 2B and D shows that organic elements such as carbon were significantly
increased in ZnO@Eug nanocomposites.
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Fig. 3. Particle size distribution (DLS) and zeta potential (surface charge) of (A) and (C) for PVA-ZnO-NPs and (B) and (D) for ZnO@Eug nano-

suspension in an aqueous phase.

[OH] % [c=0] ¢ [znO] @
" \4
* PVA-ZnO ®
4
* Tween-80 ®
* Eugenol
* ZnO@Eu
*
[
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Fig. 4. Fourier transform infrared spectroscopy (FTIR) spectra of all chemicals involved in forming ZnO@Eug nanocomposites. Specific peaks are
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Several studies have demonstrated that the surface charge of a material is a significant factor in its stability and catalytic capacity [29].
Further, metal NPs exhibit varying ZP values depending on their surroundings [30]. Rivera-Rangel et al. reported that biogenic
synthesis increases negatively charged metal NPs and stabilizes them, preventing aggregates and agglomerations [15]. In our study,
Eug acts as a coating or capping agent for ZnO-NPs, thereby altering their surface charge and increasing their anti-parasitic properties.

3.1.3. FTIR analysis

The functional interactions between PVA, Eug, and ZnO-NPs were assessed using FTIR analysis. FTIR spectra were obtained over
400 to 4000 cm ™! for all reactant molecules forming the ZnO@Eug nanocomposites. As seen in Fig. 4, which presents all spectral
patterns, the molecules displayed a broad absorption band at 3300-3700 cm ™!, related to the stretching vibrations of the O-H bands
[15,27]. A stretching bond is formed at 1469.7 cm™! due to chemical interactions between Zn and the carbonyl group of PVA. Ac-
cording to these interpretations, the formation and stabilization of ZnO-NPs occurred by Intra/intermolecular electrostatic interactions
between Zn and PVA molecules [31]. ZnO@Eug nanocomposite presented a noticeable change with an appearance of a bending peak
at 498.1 cm’l, indicating the presence of Zn ions [32,33].

3.1.4. Release kinetics of eug and ZnO-NPs

The release rate of ZnO-NPs and Eug from ZnO@Eu nanocomposite was measured at time intervals of 15 min for 2 h. The highest
release (~60%) of ZnO-NPs and Eug occurred during the first 45 min and then stabilized (Fig. 5A). Multiple factors can affect the
release rate of ZnO-NPs and Eug, including electrochemical conditions, hydrophobic interactions, and composite stability at different
pH, temperature, and osmolarity [34-37]. Additionally, the morphology and size of nanocomposites play a critical role in degrad-
ability, resulting in a leakage of compounds [38]. However, some literature claimed that degradation by swelling might directly affect
the kinetics of drug release in nanocomposites [39,40]. The results of our study indicated that the ZnO@Eug nanocomposites could
provide sustained release of ZnO-NPs and Eug. Therefore, ZnO@Eug nanocomposites can improve the antiparasitic effect and reduce
the cytotoxicity on host cells by exhibiting sustained release.

3.2. Cytotoxicity assay of the formulations

The cytotoxicity effect of three formulations, ZnO-NPs, Eug and ZnO@Eug NSus, was examined against the Vero cells using the
MTT assay method. The results indicated that the cytotoxicity of three formulations followed by dose-dependent status so that the cell
viability decreased with increased compound concentration. As shown in Fig. 5A, the ICsq values for treatments of ZnO-NPs, Eug and
ZnO@Eug were 71.85, 22.39, and 47.81 pg/mL, respectively.

Cell viability was measured in different treatments, in which ZnO-NPs with ICs values of 70.85 pg/mL showed the least cyto-
toxicity (Fig. 5B). The decrease in ICso of ZnO@Eug (47.81 pg/mL) suggests that ZnO@Eug had greater penetration into parasites due
to increased hydrophobicity [41,42]. There was substantial evidence that capping and coating agents affected metal nanoparticles’
physiological properties and biological activities. Accordingly, Javed et al. found that polyethylene glycol (PEG) and poly-
vinylpyrrolidone (PVP) capped ZnO-NPs exhibited more antimicrobial activity [13]. According to El-Kattan et al., curcumin-capped
ZnO-NPs effectively against a broad range of clinically pathogenic bacteria. The occurrence can be attributed to the increased hy-
drophobicity of ZnO-NPs, causing strong penetration into the bacteria [43]. The role of bioactive materials as capping agents in
modulating the cytotoxicity of ZnO-NPs has frequently been demonstrated [44,45]. Consequently, Eug modulates the side effects of
ZnO-NPs, thereby improving their therapeutic efficacy.

3.3. Intracellular anti-Toxoplamsa assay

ZnO@Eug, ZnO-NPs, and Eug were tested on Vero cells for their effectiveness against intracellular infection with T. gondii. For this,

807 4 7h0-NPs @ _=-Eugenol -e-Zn0O-NPs @ IC5o=71.85 pg/ml
2 _ 100} L= Eugenol ICso= 22.39 pg/ml
[+H] o
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© |
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Fig. 5. (A) Release kinetics of ZnO-NPs and Eug from Zno@Eug nanocomposites and (B) cytotoxicity effects of three formulations on Vero cell line.
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Fig. 6. (A) Therapeutic efficacy (%) of the formulations on the infected cell lines (B) Anti-Toxoplasma activity of formulations against infection of
T. gondii with 20, 40, and 60-min exposure.

the Sub-ICs values of ZnO@Eug (ICso = 30 pg/mL), ZnO-NPs (IC5¢ = 50 pg/mL, Eugenol (ICso = 15 pg/mL) and spiramycin (ICso = 20
pg/mL) were used for intracellular anti-Toxoplasma activity assessments (Fig. 6A and B).

The highest anti-Toxoplasma activity was obtained for ZnO@Eug Nsus with therapeutic efficacy of 56.3%, while there was no
significant difference with spiramycin (58.9%) (Positive-control). Although a significant difference in anti-Toxoplasma for ZnO-NPs
treated groups were observed with others, as it turned out, sustained release of the ZnO-NPs significantly synergized its anti-Toxo-
plasma efficiency [46].

3.4. Invitro anti-Toxoplasma activity

The viability of T. gondii Tachyzoites obtained from infected mice was examined in vitro using different formulations at sub-ICsg
concentrations. The highest anti-Toxoplasma activity occurred in those groups exposed to ZnO@Eug, Eugenol, and spiramycin for 60
min. Among all treatments, only ZnO-NPs treated groups tended to mortality at 60 min, with a rate of 38.7%.

Since all formulations were directly in contact with tachyzoites, they showed no statistically significant differences in mortality
efficacy. ZnO-NPs treated groups showed the lowest anti-Toxoplasma activity, which may be attributed to their low aqueous solubility.
Accordingly, several studies have demonstrated the strong antiparasite effects of plant essential oils, particularly against Toxoplasma.
Plant metabolites such as lactones, polyphenols, and terpenoids were shown to be potent antiparasite agents in many studies.

In this regard, Yao et al. showed that Origanum vulgare essential oil has strong anti-Toxoplasma properties [47]. Another study
showed that Eug and cinnamaldehyde could drastically inhibit Leishmania promastigotes in vitro [48]. Saadatmand et al. examined the
effects of biogenic ZnO-NPs against T. gondii in mice. They showed no T. gondii was found in the brain tissue after 14 days of treatment
with 150 mg/kg of ZnO-NPs [12]. Al-Humaidi et al. stated that ZnO-NPs coated with carbon nanotubes could significantly increase
their anti-Toxoplasma activity [49]. Our findings showed decoration of ZnO-NPs with Eug could significantly provide a potent
formulation for killing T. gondii with improved host toxicity.

3.5. In vivo anti-Toxoplasma assay

The therapeutic activity of all formulations is illustrated in Fig. 7A and B. The results demonstrated that 50% of untreated infected
mice died after a four-day infection, while ZnO@Eug and Eug-treated groups survived for up to 14 days. Fig. 7B illustrates cumulative
survival, which showed a survival rate of up to 7 days for control and ZnO-NPs-treated groups, while the ZnO@Eug-treated group
showed a survival rate of 13 days.

Additionally, counts of Toxoplasma were determined in the treated and untreated groups’ liver, spleen, and peritoneal fluid
(Table 1). Tachyzoites were found in the least number in the group treated with Eugenol and Spiramycin. Afterward, ZnO@Eug and
ZnO-NPs had the lowest tachyzoite infectivity. T. gondii DNA from brain tissue was amplified by PCR and then electrophoresed. In
Fig. 8, both ZnO@Eug and Eug groups had weak bands on gel electrophoresis, indicating low levels of DNA from tachyzoites in the
brains. Several studies have confirmed that plant-derived essential oils protect vital organs such as the brain, liver, and spleen from
Toxoplasma infection. Oliveira et al. found that estragol and thymol effectively treat T. gondii tachyzoites infection in pregnant mice
[50].

In addition, Khamesipour et al. reported that essential oils from Dracocephalum kotschyi significantly increased the survival time of
mice infected with Toxoplasma [51]. According to Teimouri et al. chitosan nanoparticles can significantly reduce Toxoplasma
Tachyzoites counts in the brain and liver of mice [52]. Several studies have demonstrated that metal NPs incorporated with essential
oils may enhance in vivo antibacterial, antifungal, antiviral, and anti-parasitic activity. Shankar et al. incorporated ZnO-NPs into PLA
nanocomposites to enhance their antibacterial activity [53]. Costa et al. replaced silver NPs with a conventional therapeutic regimen
(sulfadiazine + pyrimethamine) for congenital toxoplasmosis that observed a favorable outcome [54]. Here, our results demonstrate
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Fig. 7. Animal survival study. (A) Percentage survival of treated groups for 14 days and (B) survival monitoring based on last stage death for all
groups on treatment days.

Table 1

Toxoplasma tachyzoite infection in spleen, liver, and peritoneal tissues treated by the formulations.
Group Mean No. Of tachyzoites in tissues (reduction percentage after treatment)

Liver Spleen peritoneum

Infected” 10.24 + 3.21 (0%) 6.41 (0%) 117.49 (0%)
ZnO-NPs 7.54 (25.61%) 5.34 (16.69%) 102.24 (12.97%)
ZnO@Eu 5.10 (50.19%) 4.38 (31.66%) 42.71 (63.64%)
Eugenol 3.65 (64.35%) 2.71 57.72%) 26.11 (77.77%)
Spiramycin 4.23 (58.69%) 2.36 (63.18%) 37.09 (68.43%)

2 T. gondii infected mice without any treatment (positive control).

.L'_t:”ﬁc IN ZnO-NPs Spiramycin  Eugenol

ZnO@Eu

Fig. 8. Detection of Toxoplasma in the brain tissues of all treated groups. Based on the electrophoresis of the PCR products, all wells containing the
molecular weight ladder (L), negative control (NC), positive control (PC), infected-untreated (IN) and other treated groups can be seen in the gel.

that ZnO-NPs coated with Eug provide an optimistic therapeutic formulation for influencing all organs and targeting Toxoplasma
infections.

4. Conclusions

This study presents a formulation based on ZnO-NPs coated with Eug to improve its stability and anti-Toxoplasma activity. The ZnO-
NPs@Eug Nsus could release sustainably and have low toxicity, allowing them to be used synergistically for treating experimental
toxoplasmosis in animal models. The findings of this study represent the development of a new pharmaceutical formulation combining
NPs with natural metabolites to inhibit Toxoplasma infection. Thus, the proposed therapeutic approach against Toxoplasma can be
achieved by utilizing Eug and ZnO-NPs as highly effective bioactive provided details concerning their toxicity, bioavailability and
possible side effects are clarified.
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