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ABSTRACT

Objective(s): Toxoplasma gondii is a common parasite in the world. Pharmaceutical options for toxoplasmosis
treatment are limited. Several studies have been conducted on the anti-infectious properties of miltefosine
(MLF). We investigated the effectiveness of nanoemulsion miltefosine (NEM) in tachyzoites of T. gondii, RH
strain.

Materials and Methods: Various NEM formulations were designed considering pseudo-ternary phase
diagrams. Physicochemical properties of the developed nanoemulsions (NEs), including pH, polydispersity
index (PDI), droplet size, and refractive index (RI) were evaluated. The considered formulation was analyzed
for dilution and stability tests. MTT assay was performed on Vero cells for calculation CC, and on Vero cells
with RH strain tachyzoite for calculation IC_. Sulfadiazine (SDZ) and pyrimethamine (PYR) were positive
controls. The trypan blue method was used to investigate the effect of drugs (NEM, MLE, SDZ, PYR) in
reducing the number of infected Vero cells and reducing the intracellular proliferation of tachyzoites. Next,
the viability of tachyzoites was measured in the tube in the direct vicinity of different drug concentrations.
Results: The final particle size of NEM was calculated to be 17.463 nm by DLS and TEM. The CC50 of NEM
(75.7 pg/mL) indicated lower toxicity than the other drugs. IC,  obtained by trypan blue, MTT, and test tube
methods showed that NEM (28.43 ug/mL) has a suitable IC,  against Toxoplasma tachyzoites.

Conclusion: The calculated selectivity index (SI) demonstrated that NEM (SI=2.66) is a more suitable drug
candidate than the MLF and positive controls. The trypan blue assay indicated the excellent reduction effect

of NEM on T. gondii intracellular proliferation rate and the number of infected cells.
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INTRODUCTION

Toxoplasma gondii is a common parasite in
the world. It is expected that one-third of the
global population is infected with T. gondii [1].
The effect of primary infection during pregnancy
and its reactivation in patients with immune
deficiencies is well-known; however, there are
still many uncertainties regarding its diagnosis
and treatment. It is estimated that 190,000 cases
of congenital toxoplasmosis result in a loss of life
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equal to 2.1 million years (DALY) [2]. T. gondii
consists of three strains: a) RH, b) ME49, PRU, and
c) NED [3]. Infected children who are not treated
may experience neurological complications and
visual disorders. Reactivation of the parasite,
especially in HIV-positive individuals, is a significant
concern in chronic toxoplasmosis, which has
been controlled in developed countries due to
antiviral treatments. However, it continues to be
problematic in poor and developing countries.
Pharmaceutical options for treating toxoplasmosis,
especially in chronic cases, are limited. Drugs that
are effective against the parasite’s dihydrofolate
reductase (DHFR) in tachyzoite form are also
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effectiveinthe acute phase, suchas pyrimethamine
(PYR) and trimethoprim; however, they affect
human enzymes. Additionally, these drugs are
ineffective when used alone and should be used
in conjunction with sulfonamides that target
dihydropteroate synthetase. This medication
regimen can lead to myelotoxicity and pose a
significant challenge for patients, such as infants
or those with immune deficiencies, who require
long-term treatment. Furthermore, reports of drug
resistance to PYR and SDZ have been documented
[4]. Other drugs, like dapsone, spiramycin,
clarithromycin, azithromycin, atovaquone, and
cotrimoxazole, are also employed for the clinical
treatment of toxoplasmosis; however, they have
no significant impact on the bradyzoite form of T.
gondii [2]. Accordingly, identifying novel potent
drug candidates effective on pregnant women
and newborns with fewer side effects is essential.
Ideal treatments are drugs that can disperse in
the placenta and enter the fetal circulation, pass
through the brain-blood barrier (BBB), spread
in the central nervous system (CNS) and eyes,
and be effective on cystic forms. Developing
non-toxic and tolerable formulations that can
suppress reactivation, shorten the therapy
period, or even eradicate chronic toxoplasmosis
can revolutionize the available treatment of T.
gondii. Nanotechnology has been developed
in this regard. Among established nano-based
formulations, nanoemulsions (NEs) have displayed
high potential as novel drug delivery vehicles
[5]. NEs are associated with many advantages,
including high capacity to solubilize large quantities
of hydrophobic agents, low viscosity, high kinetic
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stability, sustained drug release pattern, and ease
of sterilization [6, 7].

NEs are promising systems to increase the oral
bioavailability of medications with low levels of
solubility. Surfactants, oils, and an aqueous phase
are mostly applied to obtain fine oil-in-water
or water-in-oil NEs characterized by a droplet
size < 200 nm. NEs due to their smaller droplet
provide a larger surface area, leading to a higher
concentration of the drug for absorption [8].

Miltefosine (MLF) is an alkyl phospholipid
that acts as a metabolically stable analog of the
primary  phospholipid  (phosphatidylcholine)
found in the cell membrane of eukaryotic cells.
MLF was initially synthesized in the early 1980s
and considered as a treatment for cancer [9]. It
was later discovered to help treat leishmaniasis,
and in 2002, it was approved for this indication
in India [10]. The antibacterial properties of MLF
have attracted researchers’ attention, particularly
in cases where the bacteria are resistant to
other treatments [11]. Several studies have
been conducted on the antifungal [12], antiviral
[13], and anti-worm [14] properties of MLF. It
has also shown efficacy against metronidazole-
resistant Trichomonas vaginalis [15], Giardia
[16], Entamoeba histolytica [17], and free-living
amoebae [18, 19], indicating its effectiveness
against a wide range of infectious agents. MLF
has a high distribution level in body tissues and
a long half-life, making it beneficial in terms of
pharmacokinetics. Its distribution in the brain is
not well understood, but it has shown promising
efficacy in treating brain parenchymal parasites,
such as Balamuthia and Naegleria [20]. MLF has
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also been considered an anti-HIV medication. The
PI3K/Akt pathway inhibition removes HIV-infected
macrophages from circulation with no effect on
normal cells [13, 21]. MLF induced apoptosis in
T. gondii [22]. MLF is listed among the essential
drugs by the World Health Organization, as it is
considered a safe and effective drug needed in
the healthcare system [23]. A study conducted
in Egypt in 2015 demonstrated the MLF effect on
the tissue forms of T. gondii, and further research
was recommended on the nano forms of MLF to
increase its efficacy [24]. No effect of miltefosine
nanomedicine on T. gondii has been reported in
any published articles. Therefore, we investigated
the in vitro effect of the new NE formulation
containing MLF compared to its standard form on
T. gondii. This is the first time such an investigation
has been conducted.

MATERIALS AND METHODS
Materials

This research used MLF (molecular weight:
407.576 g'mol-1) with a chemical formula
C21H46NO4P (lot#tslch7768) from the Sigma
Company. In the first step, the drug components
underwent FTIR examination. The resulting
chart was then compared to its reference chart
to confirm accuracy. SDZ (lot#0000116925) and
PYR (lot#BCBZ7909) were supplied by the Sigma
Company. Samchun Chemical Co., Ltd, South Korea
prepared Triacetin (glycerol triacetate).

Construction of pseudo-ternary phase diagrams

The  considered surfactant, oil, and co-
surfactant were applied to build pseudo-
ternary phase diagrams by the water titration
approach [25]. Tween-80 as surfactant, ethanol
or Transcutol-P as co-surfactants, and triacetin
as oil were mixed at different surfactant/co-
surfactant mass ratios (Rsm, 2: 1, 1: 1, and 1: 2)

to achieve surfactant mixture (Smix). Following
each ftitration step, the clarity of the specimen
was visually monitored. Mixtures characterized by
optically translucent or transparent appearance
were considered NE. Sigma-plot 12 software was
employed to build pseudo-ternary phase diagrams.

Preparation of NE-containing MILF (NEM)

Based on the phase diagrams, systems were
considered to prepare drug-loaded NEs that create
a suitable region of oil-in-water NE. To prepare
1 g of drug-loaded NE systems, specific amounts
of co-surfactant, surfactant, and oil were initially
mixed. Then, a certain quantity of MLF (Table 1)
was mixed with the resulting mixture. In the next
step, after thoroughly mixing and ensuring the
drug’s solubility, a specified amount of water was
added all at once, and the samples were stirred for
1 hr. Samples were monitored for any appearance
changes during the next 72 hr.

Physicochemical characterization
The obtained NEMs were characterized as follows:

A) Droplet size and polydispersity index

The selected NEM droplet size was assessed by
photon correlation spectroscopy, where the scattered
light intensity was assessed by a Nanosizer (Malvern
Instruments Ltd., UK) at ambient temperature.

B) Size confirmation by TEM electron microscopy

Due to the liquid nature of the samples and
containing oil, first, the samples were sent to Tehran
University for staining and fixation on a formvar/
carbon-supported copper grid. Then the copper grid
was sent to Mahamax Co.(rastak lab, sample:41826)
for analysis by TEM Philips EM 208s device.

C) pH assessment
A pH meter (Boeco BT675) was applied to
assess the pH of NE specimens. The assessments

Table 1. Composition of nanoemulsions containing miltefosine (MLF)

Formulation Triacetin Tween 80 Ethanol Water Drug Appearance

(Oil %) (Surfactant %) (Co-surfactant %) % % (after 72 hr)
F1 2.5 6.67 13.3 77.38 0.15 Transparent
F2 5 6.67 13.3 74.88 0.15 Transparent
F3 7.5 6.67 13.3 72.38 0.15 Transparent
F4 2.5 10 20 67.35 0.15 Transparent
F5 5 10 20 64.85 0.15 Transparent
F6 7.5 10 20 62.35 0.15 Transparent
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were performed in triplicate, and the values are
reported as mean * standard deviation (SD).

D) Refractive index (Rl)
The Rl of NE samples was determined using a
refractometer (Fisher Scientific) device at 25°C.

Dilution test

The optimum NE samples were subjected to
dilution in three different mediums, including
distilled water dilutions, hydrochloric acid (pH=1.5),
and phosphate buffer saline (PBS; pH=6.8). The
formulation was diluted 50 and 100 times with the
mentioned environments and the appearance and
droplet size of the samples were evaluated.

Accelerated stability testing

Centrifugation reports and freeze-thaw and
heating-cooling cycles were applied to assess the
stability of the considered NEM formulations.
After the tests, changes in physical instability like
droplet size, opacity, drug precipitation, or phase
separation were considered [26, 27].

A) Heating-cooling cycles
Samples were intermittently kept at 4°C and
40°C for six 48-hr periods.

B) Freeze-thaw cycles
Samples were intermittently kept at -21°C and
25 °C for three 48-hr periods.

C) Centrifugation
Samples then underwent centrifugation at
13000 rpm for 30 min.

In vitro study methods
Preparation of T. gondii protozoan

T. gondii (RH strain) tachyzoites were achieved
from continuous intra-peritoneal injection of
parasites (1x10°) to Swiss Albino mice in the
Parasitology Research Laboratory, Hamadan
University of Medical Sciences. Their collection
was done after washing the peritoneal cavity of
animals by injecting 2 ml PBS (pH= 7.2), 100 pg/
ml of streptomycin, and 100 units/ml of penicillin.
Harvested fluid underwent centrifugation at 1000
g for 10 min for the removal of the peritoneal cells
and debris, followed by counting tachyzoites by
a hemocytometer at 2x10* tachyzoites per ml of
sterile PBS. The isolated parasites were used for in
vitro studies within less than 30 min (28).

Cell culture
African green monkey kidney fibroblast cells
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(Vero) enriched with RPMI-1640 culture (obtained
from Pasteur Institute, Tehran, Iran) in addition to
10 % inactive fetal bovine serum (FBS), 100 units /
mL of streptomycin and 100 units / mL of penicillin
at 37 °C with 5% CO, in cell culture flask (surface
area: 25 cm?) were used for cell culture [29].

Investigating the toxicity of drug concentrations
on Vero cells in vitro

To assess the cytotoxicity of the drugs, Vero cells
(10* cells per 200 uL well) underwent incubation at
37 °Cwith 5% carbon dioxide for 24 hr. Subsequently,
the cells were exposed to various levels of MLF
(10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 pg/
mL) separately to NEM. PYR and SDZ were used
as positive controls with the same concentrations.
Additionally, the cells were exposed to RPMI-1640
medium containing 10% fetal bovine serum for the
negative control. Ultimately, the cell viability was
evaluated using the tetrazolium salt (MTT) assay and
spectrophotometric analysis at 570 nm by an ELISA
plate reader [28]. All experiments were performed in
triplicates. The below formula was applied to convert
OD to the percentage of viable cells.

0D Test
0D Contrel

Viability% = X 100

Investigating the effect of drug concentrations on
Vero cell + tachyzoite and conducting MTT assay
to obtain IC,

To assess the toxicity of MLF and NEM on T.
gondii tachyzoites in Vero cells and indicate the
half maximal inhibitory concentration (IC, ), drug
concentrations of 0, 10, 20, 30, 40, 50, 60, 70, 80,
90, and 100 pg/mL were used. The tachyzoites (1
x 10% were exposed to the experimental drugs
under sterile conditions and at 37 °C for 24 hr.
Subsequently, the cell survival percentage and
inhibition level were assessed using the MTT
assay in the presence of a negative control group
(T.gondii tachyzoites in the Vero cell and Sham)
[30]. The positive control groups used PYR and SDZ
with the same concentrations.

Investigating the effect of drug concentrations on
in vitro intracellular T. gondii proliferation

Vero cells were seeded in plates with 24 wells
with 13 mm diameter slides at 1 x 10° cells in 200
pL volume. When a confluent monolayer was
obtained, Vero cells were infected by T. gondii
tachyzoites at the ratio of 5:1. The plates underwent
incubation for 3 hr with various concentrations of
the experimental drugs at 37 °C [31]. Afterward,
cell washing was done to eliminate extracellular
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parasites. Slides were rinsed with cold, sterile
saline phosphate buffer and fixed in 10%
formalin for 24 hr. Staining was performed with
1% trypan blue solution for 10 sec. The number
of infected cells was examined in 200 cells using
light microscopy (%¥100) to determine the infection
index. Additionally, the intracellular replication of T.
gondii was assessed by calculating the number of
parasites in 200 cells under light microscopy (*100).
The inhibition percentage of T. gondii infection and
intracellular replication in the presence of the drug
was determined as below [32]:

Suppression of infection index by T. gondii (%) =
infection index/control negative Infection index x
100 - 100

Suppression of T. gondii intracellular proliferation
(%) = count of intracellular parasite / control
negative count intracellular parasite x 100 - 100

Counting was performed twice, and the
average results and the mean values were
recorded in Table 6. The data were transferred to
the PRISMA 8 in both xy and group formats, and
the relevant analyses, including two-way ANOVA
and calculation of the mean and standard error of
the mean (SEM), were conducted.

Investigating the effect of drug concentrations on
tachyzoites in the test tube and calculating the
viability of tachyzoites in various periods

To measure the drug toxicity of T. gondii
tachyzoites and obtain the IC value, drug
doses of 10, 20, 40, 60, 80, and 100 pg/mL
of MLF and separately its NE were prepared.
These concentrations were exposed to 1 x 10*
tachyzoites in a 1 mL suspension under sterile
conditions at 37 °C for 30, 90, and 180 min. Then,
0.5 mL of the prepared parasite suspension was
poured into each of the six microtubes and 0.5 mL
of different drug concentrations were added to
each microtube. The Negative control microtube
received 0.5 mL of physiological serum, and the
sham microtube received 0.5 mL of drug-free NE.
PYR and SDZ with the same concentrations were
used as positive control groups. The microtubes
were incubated at 37 °C. Then, 30, 90, and
180 min later, the inhibitory effect of the NEM
compared to the control group was calculated
separately for each concentration and time point
using the formula Pl = (TC - TT) / TC x 100, where
Pl represents the inhibitory effect of the drug,
TC is the number of live tachyzoites in the control
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group, and TT is the number of live tachyzoites at
different concentrations. This experiment was done
in triplicate, and the mean values were applied for
calculations [29].

RESULTS AND DISCUSSION

Construction of pseudo-ternary phase diagrams
The pseudo-ternary phase diagrams of systems
including triacetin and Tween 80 with two
various co-surfactants (Transcutol®P & ethanol)
at different regular solution models (Rsms) were
constructed. As mentioned in Fig. 1, all different
compositions showed an NE area that reveals
appropriate compatibility between all components
to form NE. Furthermore, by considering Rsm,
we can conclude that regardless of co-surfactant
type (Transcutol-P or ethanol), by an increase in
the amount of co-surfactant, the NE region will
expand; thus, the Rsm of 1:2 has the widest NE
domain compared to 1:1 and 2:1. This trend has
been observed in other studies [33, 34]. Finally,
as the widest area was obtained at Rsm of 1:2
(Tween 80: ethanol), the composition of triacetin,
Tween 80, and ethanol (1:2) was considered to
develop NE formulations. Table 1 demonstrates
the composition of six MLF-loaded NEs prepared
by low-energy technique.

Preparation of NEs loaded with MLF

To create 1 gram of nanoemulsion systems
containing the drug miltefosine, we used the
optimal formula NE1 with Rsm of 1:2. First,
66.7 mg of surfactant Tween 80, 133.4 mg of
cosurfactant ethanol 96, and 25 mg of triacetin oil
were weighed using scales sartorius (Resolution
0.001 g). Mix them in a glass vial on a Magnetic
Stirrer for 5 min. Next, 1.5 mg of miltefosine drug
powder was added and mixed again for another 5
min. Finally, a 773 mg of distilled water was added to
the vial and mixed on a stirrer at low speed for one
hr. The formulations were stable and transparent
after 72 hr at ambient temperature and evaluated.

Physicochemical characterization
Droplet size and polydispersity index

The droplet size of < 20 nm was observed for
all formulations. Furthermore, their PDI was less
than 0.4, which indicates the uniformity of small
droplet dispersion. The small droplet size and
uniformity may be attributed to the appropriate
molecular arrangement of co-surfactant within the
surfactant layer surrounding the oil droplets, leading
to reduced interfacial tension and size reduction. The
nanoscale droplet size can enhance drug delivery

Nanomed J. 11(2): 172-186, Spring 2024
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Fig. 1. Pseudo-ternary phase diagrams with various ratios of Tween 80: ethanol (a. 1:1, b. 1:2, c. 2:1) and Tween 80: Transcutol-P (d.
1:1, e. 1:2, f. 2:1). The colored region of the diagrams indicates the NE area

to target cells and improve drug permeation from
the gastrointestinal epithelial cells. This allows for
administering lower drug doses and fewer side
effects [35].

Size verification with TEM electron microscope

TEMimages displayed 20 nm diameter spherical
drops (NE1). As Fig. 2 displayed, the particle sizes

Nanomed J. 11(2): 172-186, Spring 2024

matched the mean sizes obtained via Nanosizer
(17.463 nm), did not indicate accumulation, and
had normal dispersity.

pH measurement

The pH of the formulations was determined
using a pH meter at 25°C (Table 2). The pH of all
formulations was between 4.53 and 4.91. Low pH
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Fig. 2. Size verification with TEM Philips EM 208S electron microscope

Table 2. Physicochemical characteristics of nanoemulsions containing miltefosine (MLF) (mean + SD; n = 3)

Formulation code F1 F2

F3 F4 F5 F6

Droplet size (nm) 17.277 £1.196  16.535 £2.452

Polydispersity index (PDI) ~ 0-260 +0.015 0.238 +0.046
pH 4.670 +0.010 4.650 +0.010
Refractive index (RI) 1.3510.001 1.352 +0.001

19.303 £1.194  16.597 +0.955 18.907 +0.325 16.162 +0.861

0.289 +0.017 0.277+0.032 0.301 +0.002 0.270 £0.027
4.533 +0.015 4.910 +0.020 4.907 +0.006 4.910 +0.010
1.354 £0.002 1.358 +0.001 1.361 +0.001 1.361 +0.001

values have been reported in similar studies [36,
37]. It should be noted that these values could be
adjusted around the physiologic value at 7.4.

Refractive index

The mean RI of all formulations was between
1.35 and 1.36, close to the Rl of water (1.333),
representing the isotropic nature of the NEs [38].

Dilution test

Table 3 presents the size and PDI values
obtained from the selected formulation upon
dilution ratio of 1/50 and 1/100 in various
mediums, including distilled water, hydrochloric
acid (pH=1.5), and PBS (pH=6.8). During the transit
of NEs through the gastrointestinal (Gl) tract,
they face harsh conditions that can affect the
structure of NEs; thus, the stability of NEs should

Table 3. Size and PDI of selected formulation (F1) after dilution
test in different mediums

be evaluated in similar mediums. Our findings
revealed that the selected formulation (F1) could
tolerate different conditions of the Gl tract with no
significant droplet size or PDI changes.

Accelerated physical stability assessments

Formulation F1 underwent three various
stress conditions to assess physical stability.
During Freeze-thaw cycles and heating—cooling
cycles, and following centrifugation, no changes
were observed in physical instability, like phase
separation, cracking, creaming, droplet size
growth (Table 4), or any turbidity.

In vitro studies

To investigate the cellular toxicity effects of the
sham, SDZ, PYR, and MLF, NEM with 10 to 100 pg/
ml concentrations were prepared. These samples
were utilized for the following experiments.

Effect of drugs’ concentrations on Vero cells to

three times

Dilution Formulation Code:F1 Droplet size (nm) PDI . . ops.
obtain CC_ and viability percentage
1/50 D.W 15.403£4.199 0.24610.097 50

00 rss772 025750019 The samples were tested

1/100 D.W 17.121+45.7. .257+0.01 . .
independently, and the OD readings were recorded
1/50 HCL 23.16642.311 0.329+0.028 N

/ using PRISMA 8 software. The graphs and R2 values
1/100 HCL 21.01342.809 0.326+0.017 . .

/ were obtained for each time. The R2 values (NEM:
1/50 PeS 15:518:0873 024520.023 0.719, MLF: 0.878, PYR: 0.961, and SDZ: 0.997) in
1/100P8S 19.018:5.027 0248:0.019 the analyses were close to one, indicating their

Table 4. Accelerated physical stability of the selected formulation (F1) (mean  SD; n = 3)
Formulation Freeze-thaw cycles Heating-cooling cycles Centrifugation
Size (nm) PDI Size (nm) PDI Size (nm) PDI
F1 14.990+ 0.388 0.306+0.013 13.247+ 0.845 0.235+0.012 13.798+ 1.071 0.202+0.068
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Fig. 3. Two-way ANOVA results and the significant effect of the time (24, 48, and 72 hr) and drugs’ concentration on viability (P-value<0.01)

validity. Group analysis and two-way ANOVA were drugs (P-value < 0.01) and it was decreased over
performed, revealing that the passage of time time (Fig. 3). However, no significant relationship
significantly affected cell viability in response to the was detected between the negative control
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Effect of drugs on Vero cell (CC50)
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Fig. 4. Accumulative and comparative CC, of the drugs:
NEM: 75.7 > MLF: 58.6 > PYR: 49.8 > SDZ: 29.2

and drug-free NE (sham) regarding the effect of
elapsed time on cell viability (P-value > 0.05). In
all drug groups, the increase in drug concentration
caused a serial increase in cytotoxicity (P-value <
0.01). The obtained CC, for each drug at 24 hr was
used in the selective index (SI) formula to calculate
the drug safety. The CC. values of the tested
drugs indicated a decrease in cellular toxicity, as
illustrated in Fig. 4. It is evident that the higher
the CC,, value, the safer the drug, particularly
at higher concentrations. NEM exhibited a safer
profile with a CC,  of 75.7 pug/mL compared to the
conventional form of MLF and positive controls.
In the study by Nemati et al. (2022), the cell
toxicity of NeO-SLNs (Neem oil-loaded solid lipid
nanoparticles) showed a direct correlation with
the component concentration (P-value=0.0013).
The concentration of NeO-SLNs with toxicity for at
least 50% of alive T. gondii was > 10 mg/mL [39].
Sanfelice et al. (2021) performed an MTT assay to
assess the AgNpBio cytotoxicity (Biogenic AgNPs)
on Hela cells. AgNp-Bio at different concentrations
respectively decreased the viability of HelLa cells (p
<0.001), than the negative control [40]. It appears
that nanomedicines may cause less harm to cells
by altering cytokines.

Effects of drug concentration on Vero cell
+tachyzoite and MTT assay to obtain the IC_

The optical absorbance of the drugs at different
concentrations was recorded using PRISMA 8. The
IC,, and R2 values were calculated. The mortality

Effect of drugs on Tachyzoite (IC50)
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Fig. 5. Accumulative and comparative diagram of the drugs'
effect on tachyzoite + Vero cell. IC, : SDZ: 15.29 pg/ml < NEM:
28.43 pg/ml < PYR: 39.94 pg/ml < MLF: 48.56 pg/ml
of tachyzoites was significantly enhanced by an
increase in the dose of drugs (P-value <0.01). The
negative control group and drug-free NE (sham)
did not show a significant relationship regarding
increased death and inhibition of tachyzoites
(P-value>0.05). SDZ exhibited the highest efficacy
in killing tachyzoites. Fig. 5 illustrates the order of
potency in the lethal dose of the drug. The lower
the IC_, value, the lower the drug dosage required
to kill the parasite. However, SDZ with a CC,, of
29.2 ug/mL had the highest cellular toxicity among
the tested drugs, and the small margin between
the lethal dose IC, and CC, indicates its low safety
profile. NEM demonstrated a higher killing potency
with an IC_ of 28.43 pug/mL compared to PYR (39.94
ug/mL) and MLF (48.56 pg/mL) when confronted
with tachyzoite + Vero cell. Because there are not
many studies on the effect of MLF on Toxoplasma,
no article was found to mention the IC_; of this drug
against Toxoplasma for discussion and comparison.

Future studies must pay attention to this issue.

Selectivity index calculation

The Sl can be calculated by obtaining the CC,,
from the first-stage experiments and the IC_  from
the second-stage experiments, using the formula:
Sl = CC,, / IC,,. The calculated Sl values for each
drug are presented in Table 5. A higher Sl indicates
a safer drug. NEM exhibited a higher SI compared
to its conventional form and positive controls,

Table 5. CC_; values obtained for drug effects on Vero cells and IC, values obtained for drug effects on Vero cell+ tachyzoite, and
calculation of selectivity index (SI) for each drug

Tested drug’s name

Cytotoxicity Concentration(CCso, pug/ml)

(Vero + Drug)
NEM 75.70
MLF 58.60
sbz 29.20
PYR 49.80

In vitro anti-Toxoplasma assay (ICso, ug/ml) Sl
(Vero + tachyzoite + Drug) CCso/ ICso
28.43 2.66
48.56 1.20
15.29 1.90
39.94 1.24
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indicating fewer drug-related adverse effects and
lower toxicity toward the treated cells.

Effect of drug concentration on in vitro
intracellular T. gondii proliferation
After exposing Vero cells to tachyzoites and

different drug concentrations, the cells were

stained with trypan blue for 10 sec (Fig. 6).
The indices related to the effect of reducing
infected cells and intracellular parasitemia were
calculated based on the formula provided in the
methodology. Table 6 shows that the impact of
the drug on reducing both indices was statistically

N

Fig. 6. Images captured using optical microscopy (HPF 100): Vero cells + tachyzoites + NEM, stained with trypan blue. As observed in
the negative control, the intracellular tachyzoite regular rosette arrangement was lost in the group receiving NEM. The accumulation of
tachyzoites decreased both extracellularly and intracellularly with increasing drug concentrations. The extent of reduction in intracellular
and extracellular tachyzoites corresponded to the calculated IC, values for all tested drugs. The images of positive control and MLF at
concentrations close to IC,; validated the accuracy of the obtained IC_,. The tachyzoites are shown with arrows
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Table 6. A summary of the obtained data for intracellular parasite proliferation and infection index (cell invasion) in Vero cells
indicating the sum (mean + SEM) and the inhibition (%) of the two parameters following treatment with different concentrations

Drug Concentration Infection index Inhibition of infection index by Parasite proliferation Inhibition of T. gondii, intracellular
pg/ml (mean + SEM)® T. gondii (%)° (mean + SEM)°® proliferation (%)°
MLF 10 143.0+2.82 6.53 844.0+33.94 7.96
20 112.5+4.94 26.47 668.50+60.10 27.09
40 97.0+1.41 36.60 580.50+44.54 36.69
60 68.5+3.53 55.22 436.50+130.81 52.39
80 8.0£2.82 94.77 48.50£28.99 94.71
100 1.50%0.7 99.01 8.50+4.94 99.07
NEM 10 110.0+2.82 28.10 661.5057.27 27.86
20 70.50+3.53 53.92 418.0+49.49 56.07
40 42.50+3.53 72.22 248.50+31.81 72.90
60 20.5046.36 86.60 126.50+24.74 87.29
80 4.50£0.7 97.05 26.50+14.84 97.98
100 2.0+1.41 98.69 4.0+1.41 99.56
Sbz 10 105.0+5.65 31.37 665.0+65.05 26.09
20 68.0+2.82 55.55 411.50+12.02 55.12
40 32.0+2.82 79.00 239.50+26.16 74.97
60 15.05.65 90.19 123.50£13.43 86.53
80 5.0£2.82 96.72 22.05.65 97.60
100 2.5040.7 98.36 6.50+3.53 99.29
PYR 10 118.0+5.65 22.58 740.50+36.06 19.24
20 72.50+6.36 52.44 423.0+33.94 53.87
40 45.50+6.36 70.26 342.50+53.03 62.64
60 17.0+4.24 88.88 130.50£13.43 85.76
80 9.0£2.82 94.11 37.04£9.89 95.96
100 2.50+2.12 98.36 8.50+2.12 99.18
Sham 0 151.0+14.56 1.300 922.0+16.68 0.0
Negative control 0 153.0+£12.72 0.0 917.0+22.62 0.0

a: The number of infected cells per 200 evaluated cells; b: Intracellular proliferation of parasites: the total population of parasites
per 200 evaluated cells; c: Mean population of total cell invasion or identified intracellular proliferation in cells treated with the drug
The number of parasites in cells infected with T. gondii was reduced compared to cells infected with tachyzoites, sham, and negative

control (P-value<0.01)

significant (P-value<0.05). The serial increase in
drug concentrations significantly reduced both
indices (P-value <0.05). Negative control and sham
groups did not significantly reduce the indices. SDZ,
withanIC_ of 15.29 ug/mL obtained from previous
stage experiments, also demonstrated a greater
potency (except for the 80 ug/mL concentration
of NEM) in reducing the number of T. gondii-
infected cells in this stage (Fig. 7-A). Furthermore,
in other drug formulations tested, the reduction
in the number of T gondii-infected cells was
closely correlated with the obtained IC levels.
However, NEM showed a more substantial effect
(except at 40 pug/mL concentration) in decreasing
the number of intracellular parasites compared to
other tested drugs, indicating better intracellular
penetration of this drug (Fig. 7-B). The NE form of
anti-Toxoplasma drugs has already been studied
using this method with favorable results. Azami et
al. (2007) assessed in vitro activity of atovaquone
NE against T. gondii RH and Tehran strains, in
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Hela cell culture by vital (Gimsa) staining. The
atovaquone NE concentration exhibited in vitro
anti-parasitic effects on both T. gondii strains
(P-value <0.0001) [41]. In the study by Nemati et
al. (2022), MTT assay evaluated the cell toxic effect
of the component. The anti-Toxoplasma activity
of NeO-SLNs was assessed by vital (trypan-blue)
staining. Anti-intracellular Toxoplasma effect of
NeO-SLNs was assessed on Vero cells infected by
T.gondii. NeO-SLNs concentration-dependently
could kill T. gondii (P-value <0.0001), and all
concentrations could kill 70% of alive tachyzoites
[39]. In the study by Sanfelice et al. (2021), AgNp-
Bio at different levels decreased the proliferation of
tachyzoites in Hela cells than the negative control
(P<0.0001). The relationship between SDZ and
PYR decreased the tachyzoite proliferation in Hela
cells than the negative control [40]. There was a
significant decrease in proliferation, intracellular
parasitic load, and infection whereas there was
an elevation in IL-6 and ROS levels. Regarding the
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Fig. 7. Cumulative comparative effect of different concentrations of
drugs on inhibition of infection (A) and intercellular proliferation (B)

action mechanisms of the parasite, AgNp-
Bio can act directly on tachyzoites, induce
mitochondrial membrane depolarization, increase
ROS, accumulate the body’s lipids, and trigger an
autophagy process, leading to phosphatidylserine
exposure and damage to the parasite membrane.
Adeyemi et al. (2017) showed that inorganic NPs
killed T. gondii via alterations in mitochondrial
membrane potential and redox status [42]. Arruda
da Silva et al. (2022) showed that biogenic AgNPs
reduced T. gondii infection and proliferation in
RAW 264.7 macrophages through tumor necrosis
factor-alpha and ROS generation in the cells [43].
Quan et al. (2020) reported that AgNP-related
apoptosis in ARPE-19 cells was suppressed by
T.gondii pre-infection by inhibiting NOX4-associated
ROS production [44]. Therefore, it seems that
nanomedicines can speed up the destruction of
tachyzoites by changes in the concentration of
inflammatory mediators and cytokines.

Effect of drugs’ concentrations on tachyzoites
viability in the test tube

This experiment was performed three times
independently, and the mean values and SEM were
recorded in Table 7. The results were analyzed
using PRISMA 8 according to the provided formula.

Table 7. Direct effect of the drugs on tachyzoite viability in the test tube

Groups Concentrations Time P-value
pug/ml 30 min 90 min 180 min ICso Sl
Mean SEM Mean SEM Mean SEM
MLF 10 83.22 +1.33 78.02 +0.99 75.01 +1.02 <0.05 45.86 1.27
20 80.05 +0.98 77.25 +1.45 72.53 +1.99
40 67.50 +2.32 66.03 +2.60 61.52 +2.03
60 35.45 +1.35 33.80 +1.45 30.33 +2.01
80 18.05 +2.15 15.08 +1.02 10.42 +1.91
100 12.66 +1.65 9.22 +2.46 5.01 +2.44
NEM 10 80.30 +1.18 76.88 +2.14 69.04 +1.47 <0.05 35.28 214
20 69.02 +2.33 66.25 +1.94 58.22 +2.22
40 44.40 +1.52 40.18 +1.52 39.00 +15
60 2235 +2.13 18.20 +2.56 10.11 +1.22
80 12.27 +1.15 8.09 +2.68 6.59 +3.12
100 6.16 +2.13 6.23 +1.29 2.09 +3.22
sbz 10 68.46 +1.38 54.02 +1.92 50.11 +2.88 <0.05 30.35 0.96
20 42.45 +2.57 34.27 +2.03 28.90 +3.02
40 20.77 +2.38 15.90 +2.35 10.05 +2.05
60 9.63 +1.64 8.33 +1.33 7.64 +2.38
80 5.26 +2.55 4.33 +1.09 3.00 +2.08
100 4.20 +1.39 221 +1.44 1.50 +2.52
PYR 10 85.55 +1.52 82.00 +2.00 74.28 +2.51 <0.05 46.77 1.06
20 80.63 +2.08 77.20 +2.08 69.01 +2.59
40 73.87 +3.15 54.33 +3.41 47.21 +3.11
60 40.55 +3.58 31.60 +3.04 24.56 +2.99
80 20.06 +1.87 14.83 +2.71 11.36 +2.44
100 10.02 +1.52 5.03 +2.08 3.10 +1.98
Sham 95.00 +1.09 92.00 +2.81 90.58 +1.65 >0.05
Negative control 96.08 +1.33 94.33 +1.51 92.09 +1.82 >0.05

The Two-Way ANOVA test with a P-value < 0.05 was performed to assess the significance of the reduction in tachyzoite viability when exposed to serial

concentrations of the drug
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Fig. 8. The level of tachyzoite viability in direct exposure to
different drug concentrations. SDZ was more effective in
reducing tachyzoite viability than other drugs

Live tachyzoites remained colorless, while dead
tachyzoites appeared blue. Drugs significantly
affected tachyzoite viability compared to the
negative control (P< 0.05). The potency of the
drugs in increasing tachyzoite mortality was in
the following order: PYR < MLF< NEM < SDZ (Fig.
8). The increase in drug effect was significant
with increasing concentration (P<0.05). The IC_
values of the drugs were determined based on
the concentration required for 50% tachyzoite
viability. However, since the target parasite is
an intracellular species, it is more accurate to
calculate the IC_, by directly exposing the parasite
to Vero cells and the drug, followed by the MTT
assay. Nevertheless, the IC, values obtained by
this approach approximate the results of the MTT
method. Furthermore, the obtained S| values
indicate the relative safety of the drug. Sl value
for NEM was 2.14, followed by MLF (1.47), PYR
(1.06), and SDZ (0.96). This highlights the lower
risk associated with NEM compared to the positive
controls and MLF. The sham and negative control
groups had no significant effect on tachyzoite
viability (P>0.05). In the study by Khamesipour
et al. (2021), the effect of D. kotschyi essential oil
(EO) against Toxoplasma was more significant than
the negative control (P< 0.05) [29]. In addition, a
significant difference was detected between the
EO of D. kotschyi and the positive control at all
concentrations and following various exposure
times. In our study and this study, there is a
difference regarding the effect of positive control
drugs on the survival of tachyzoites. In our study,
SDZ was more effective in reducing the survival
of tachyzoites in direct exposure, which was
consistent with the obtained IC_ . This issue should
be considered in future studies.
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CONCLUSION

The average size of less than 20 nm for NEM
can effectively deliver drugs to sites, such as the
brain. Sl values demonstrated that the NE of MLF
(SI NEM: 2.66) is a more suitable drug compared
to the conventional form and positive controls.
A high CC_, (75.7 pg/mL) of NEM when exposed
to Vero cells and a suitable IC_ (28.43 pg/mL)
against the tachyzoite + Vero cell combination
indicates an effective drug with fewer side effects.
The tachyzoite + Vero cells underwent trypan blue
staining to evaluate the impact of different drug
concentrations on the number of infected cells
and intracellular replication and its results showed
that NEM had a significant effect, particularly on
intracellular reduction. Improved intracellular
penetration of MLF as an NE formulation holds
promise for combating intracellular T. gondii. The
effectiveness of MLF in the treatment of cancer,
AIDS (diseases, in which the likelihood of T. gondii
activation is high due to immune deficiency),
and toxoplasmosis, makes it a logical choice for
therapeutic purposes. Because T. gondii cysts are
predominantly formed in the brain, and the BBB
poses a challenge for drug accessibility to brain
tissue and the significance of treating cerebral
cysts, it is recommended to assess the effect of
NEM in vivo.
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