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ARTICLE INFO ABSTRACT

Keywords: This study examined the synthesis of magnetic iron oxide nanoparticles coated with PO (FOMNPsP) and assessed
Nanomedicine their in vitro, ex vivo, and in vivo effects against cystic echinococcosis. The FOMNPsP was synthesized through
ProtosFolicidal the alkalization of iron ions in a deoxygenated form. In vitro and ex vivo protoscolicidal effects of FOMNPsP
ig:s::ii?ﬂ (100-400 pg/mL) were evaluated on hydatid cyst protoscoleces by the eosin exclusion test for 10-60 min. The
Scolicidal effect of FOMNPsP on caspase-3 gene expression and exterior ultra-structural of protoscoleces was assessed by

real-time PCR and scanning electron microscopy (SEM), respectively. In vivo effects were assessed by evaluating
the number, size, and weight of hydatid cysts among infected mice. The FOMNPsP size was < 55 nm, and the
most frequent particles were in the 15-20 nm range. In vitro and ex vivo assays revealed that the highest pro-
toscolicidal effect was observed at 400 pg/mL with 100% lethality. After exposure of protoscoleces with
FOMNPsP, the level of gene expression of caspase-3 was dose-dependently increased (p < 0.05). By SEM, the
FOMNPsP-treated protoscoleces showed wrinkles and bulges resulting from the formation of blebs. FOMNPsP
significantly decreased (p < 0.01) the mean number, size, and weight of the hydatid cyst. FOMNPsP revealed the
potent protoscolicidal traits through disrupting the cell wall and apoptosis induction. The results also indicated
the promising effect of FOMNPsP in controlling hydatid cysts in the animal model. Although FOMNPsP is safe for
human normal cells, more investigations are required to clarify its toxicity and precise mechanisms of action.

1. Introduction

Cystic echinococcosis (CE) or hydatid cyst disease is one of the most
prevalent infections among humans and animals, triggered by the larval
form of the Echinococcus granulosus cestode. Larval infection (hydatid
disease) is linked to the continuing development of cysts in the inter-
mediate host [1]. Humans, as accidental hosts, become infected by
ingesting parasite eggs (excreted from dogs), along with the consump-
tion of vegetables and fruits, drinking water, and having contact with
infected dogs [2]. After an indeterminate period of several months to
years, the disease may become symptomatic as widespread lesions,
although 60% of infections are asymptomatic [3]. Cysts usually appear
in the liver (47-78%) and lungs (8-35%) and rarely affect other organs
such as the spleen, brain, kidneys, peritoneal cavity, muscles, bones, and
heart (4-24%) [4,5].

The typical approach to CE is surgery, but in patients with numerous

* Corresponding author.

cysts in critical organs or in high-risk patients, pharmacotherapy with
albendazole, mebendazole, amphotericin B, praziquantel, etc. is
administered [6]. Although the risk of protoscoleces’ leakage increases
during surgery, which is the most common cause of disease recurrence,
however, the use of protoscolicidal agents can reduce the recurrence
rate [7]. Among the most important protoscolicidals, 0.5% silver nitrate
(AgNO3), 10% or 20% hypertonic saline, and hydrogen peroxide are the
most common agents [8]. Nevertheless, recent studies have reported
that these chemical agents have side effects such as liver fibrosis [8-10].

Magnetic nanoparticles are biological resources with a wide range of
biological and therapeutic properties [11]. Among these nanoparticles,
magnetic iron oxide nanoparticles (FOMNPs) are broadly applied as a
proper antimicrobial delivery system to infected sites due to their high
site-specific delivery power [12]. FOMNPs also display potent antimi-
crobial effects against some microbial pathogens, e.g., Candida spp.,
Enterococcus spp, Escherichia coli, and Leishmania spp., [13].
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Pyroctoneolamine (PO) (1-hydroxy-4-methyl-6-(2,4,4-trimethylpen-
tyl)-2(1H)-pyridone) is a pyridone derivate with strong bactericidal and
fungicidal effects [14] . PO is reported to exhibit antimicrobial effects by
disrupting microbes’ cell membranes and stopping metabolism energy
and oxygen uptake [15].

The efficacy of various synthesized nanoparticles against CE has been
reported in recent years; however, reliable findings have not been re-
ported due to some limitations in studies, e.g., differences in results,
unclear cytotoxicity, lack of a study on animal models (in vivo), and the
non-specified mechanisms of action of the tested nanoparticles [16].
Given the biological and pharmacological effects of iron oxide nano-
particles, the current study examined the synthesis of magnetic iron
oxide nanoparticles coated with PO (FOMNPsP) and thoroughly inves-
tigated the in vitro and ex vivo effects of the protoscolicidal, mechanisms
of action (e.g., apoptosis induction and affecting the structure of the
parasite), cytotoxicity, and their effect on the hydatid cyst in an animal
model.

2. Materials and methods
2.1. FOMNPsP synthesis

The FOMNPsP was synthesized through the alkalization of Fe2 4+ and
Fe3 + ions (>99.9% purity, Merck, Germany) in a deoxygenated form
based on a previously described method [17]. FOMNPsP was prepared
according to the precipitation process by coating FOMNPs with PO [17] .
To this end, Fe304 NPs (100 mg) were dissolved in deionized water
(100 mL) by ultrasonication (100 W) for 10 min. Next, 2 mL of the PO
solution (30 mg/mL, Sigma—Aldrich, USA) was gradually added to the
mixture with continuous stirring (300 rpm) by a magnetic stirrer (Joan
Lab Equipment (Zhejiang) Co., Ltd. China). Subsequently, the attained
solution was kept at 45 °C for 20 min, and then, the PO-coated Fe304
NPs were separated from the mixture by using a magnet. After the NPs
were washed with deionized water, they were lyophilized and kept at
4 °C until testing.

2.2. Characterization of the NPs

Transmission electron microscopy (TEM, Zeiss 902 A, Germany) was
used to characterize the NPs. Zetasizer MS2000 (Malvern, Worcester-
shire, WR14 1XZ. UK) and a P3000 diffractometer tool (Rich Seifert, NY,
USA) were applied to obtain the particle size and information of X-ray
diffraction (XRD). Fourier-transform infrared (FTIR) spectroscopy using
a PerkinElmer (Wellesley, MA, 02481, USA) and UV-Vis spectroscopy
analysis by a UV-visible spectrophotometer (UVD-2950; Labomed, USA)
were also applied to study the crystalline nanoparticles and identify the
functional groups and biomolecules responsible for the synthesis and
coverage of nanoparticles, respectively.

2.3. Protoscoleces preparation

This study was conducted experimentally on E. granulosus proto-
scoleces prepared from liver cysts of infected sheep from a slaughter-
house in Khorramabad, Iran. Infected livers containing hydatid cysts
were transferred to the parasitology laboratory under sterile conditions.
Then, the required protoscoleces were removed from the cysts, moved to
sterile tubes, and washed with sterile normal saline at least three times
[18].

2.4. Viability test

After obtaining the protoscoleces, their viability was checked by the
movement of flame cells and 0.1% eosin staining (>95% purity, Sigma-
Aldrich, Germany) [19]. By counting 100 protoscoleces, only cysts
whose viability was above 90% were used for further testing. In this test,
viable protoscoleces remained colorless, while dead ones turned pink
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Fig. 1. The viable colorless protoscoleces (A) and dead pink protoscoleces (B)
after exposure with tested drugs.

(Fig. 1).
2.5. In vitro protoscolicidal effects

To study the in vitro protoscolicidal effect of FOMNPsP, first,
100-400 pg/mL of nanoparticles (the selection of these concentrations
was based on preliminary tests) was separately mixed with a suspension
of protoscoleces (1 x10%/mL) and left for 10, 20, 30, and 60 min. By
adding 50 pL of 0.1% eosin stain to the treated parasites, the smears
were prepared on a glass slide and covered with a coverslip, and the
viability of the tested parasites was examined under a light microscope.
Normal saline and AgNO3 (10%, Sigma-Aldrich, Germany) were the
negative and positive control, respectively [20].

2.6. Ex vivo protoscolicidal effects

For each concentration of FOMNPsP (100-400 pg/mL), three hyda-
tid cysts were used. First, half of the content of the cyst was emptied, and
then, different concentrations of nanoparticles were injected into the
cyst to fill the whole cyst. Next, a low volume of the cyst fluid was ob-
tained in 5, 10, 15, 20, 30, and 60 min, and viability was measured
similarly to the in vitro method [21].

2.7. Evaluation of caspase-3 activity of iron nanoparticles on
protoscoleces

After treating and exposing the protoscoleces to different concen-
trations of FOMNPsP, an RNA commercial kit (CinnaGen, Tehran, Iran)
was employed for RNA extraction. Complementary DNA (cDNA, Cin-
naGen, Tehran, Iran) was synthesized using 1 pg of total RNA, random
hexamer primer. The thermal condition was an initial denaturation step
at 96 °C for 4 min and, then, 35 cycles at 95 °C for 30 s, followed by
58 °C for 40 s, and 73 °C for 40 s. PCR amplification was also performed
in triplicate. Finally, AACt 2 was calculated using the optical system
software (iQTM5, Bio-Rad, Hercules, CA, USA) and B-actin was applied
to normalize the mRNA levels of the tested samples [22] . The sequence
of the used primers was as follows:

Caspase-3F: 5-TTCATTATTCAGGCCTGCCGAGG-3'.

Caspase-3R: 5'-TTCTGACAGGCCATGTCATCCTCA-3.

p-actinF: GTGACGTTGACATCCGTAAAGA.

B-actin R: GCCGGACTCATCGTACTCC.

2.8. Exterior ultra-structural effects of NPs on protoscoleces

Initially, the protoscoleces were fixed in glutaraldehyde (2.5%) at
21 °C for 4 h. After the protoscoleces were washed with phosphate-
buffered saline (PBS), the dehydration procedure was started in
alcohol ascending grades (50-100% V/V) for 15 min. Next, the proto-
scoleces reached the last level of drying via a dryer apparatus (S4160,
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Hitachi, Japan) for 40 min. Then, the treated protoscoleces were on a
metal stub and sputter-coated in gold using a SEM covering tool (E5100
Polaron, Milton Keynes, UK). The covered specimens were then assessed
via scanning electron microscopy (SEM, 6400 JEOL, Ltd., Tokyo, Japan)
at an acceleration voltage of 15-25 KV.

2.9. Cytotoxicity effects of FOMNPsP

Human normal embryonic kidney (HEK293) and human hepatocel-
lular carcinoma (HepG2) cell lines procured from Pasteur Institute
(Tehran, Iran) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Merck, Germany) improved with Pen-Strep (100 pg/mL,
Merck, Germany) and 10% fetal bovine serum (FBS, Merck, Germany) at
37 °C in 5% CO,. To determine the cytotoxic effects, 0.1 mL of the cells
(1 x10°/mL) exposed to various concentrations of FOMNPsP was placed
in the wells and incubated at 24 °C for 48 h. After MTT solution (5 mg/
mL, Sigma-Aldrich, Darmstadt, Germany) was added to the wells, the
plate was incubated for 4 h. Then, DMSO was added to the wells and,
after 30 min, the absorption of the wells was read by an ELISA reader
(ELISA Plate Reader, BioTek 800 TS — Agilent, USA) at the absorption
wavelength of 570 nm. The cytotoxic concentrations of 50% (CCsg) were
obtained via Probit examination in IBM SPSS Statistics for Windows 26.0
(IBM Corp., Armonk, N.Y., USA). [23]. Finally, the selective index (SI=
CCs of healthy cells / CCsg of cancer cells) expressed the selective
toxicity of the Fe304 NPs against cancer cells and healthy cells.

2.10. In vivo effect of NPs on hydatid cysts in mice

2.10.1. Animals

Forty 40-60-day-old male BALB/c mice (25-30 g) were prepared
from the Animal House of Lorestan University of Medical Sciences
(Khorramabad, Iran). The animals were kept under normal situations
with a 12:12 h dark/light cycle with access to food and water.

2.10.2. Establishment of hydatid cysts in mice

The mice were randomly allocated to four groups of 10 mice each.
Then, they were all infected intraperitoneally with 0.5 mL of sterile PBS
containing 2 x 10% viable protoscoleces [24]. Twelve weeks
post-infection, one mouse from each group was randomly selected and
deeply anesthetized with ether, and the hydatid cysts were observed in
the peritoneal cavity.

2.10.3. Treatment of mice with hydatid cysts

The infected mice orally received (i) albendazole at 200 mg/kg/day
for 28 days; (ii) FOMNPsP at 20 mg/kg/day for 28 days; (iii) FOMNPsP
at 40 mg/kg/day for 28 days; (iv) normal saline for 28 days. After 28
days, the mice were euthanized; after the peritoneal cavity was opened,
the internal organs were checked for hydatid cysts and cautiously
collected. In vivo effects of FOMNPsP were assessed by calculating the
number, size, and weight of hydatid cysts among the tested groups.

2.11. Data analysis

All in vitro and ex vivo experiments were repeated in triplicate. After
data collection, descriptive statistics were used to describe the data by
calculating the central tendency and dispersion indices. To compare the
groups, one-way analysis of variance (ANOVA) and repeated measure
ANOVA were used. All statistical tests were performed in IBM SPSS
Statistics for Windows 26.0 (IBM Corp., Armonk, N.Y., USA), and
p < 0.05 was considered significant.

3. Results and discussion
The characterization of the synthesized FOMNPsP is fully reported in

Supplementary File 1. Checking the XRD pattern of FOMNPsP with
characteristic peaks ranging from 30.10 to 740 confirmed the correct
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synthesis of NPs; however, the PO covering process had no obvious ef-
fect on the crystalline construction of NPS. In line with our results, Gan
et al. (2011) confirmed that covering FOMNPs via boronic acid does not
significantly alter the XRD pattern of NPs [24]. The findings showed
that FOMNPsP and FOMNPs exhibited saturation magnetization (MS)
values of < 45 and 90 emu/g, respectively. This difference in MS values
of NPs is likely linked to the larger size of FOMNPs and the appearance
of PO on the NPs’ surface. Wei et al. (2012) reported that the variation of
Fe304 surface via oleic acid and sodium citrate exhibited reduced MS in
NPs [25,26].

Functional groups located on the NP’s surface were identified by the
FTIR analysis. The considerable absorption of the Fe-O bond at
632 cm ™! was observed in FOMNPs. The predominant peaks at 627,
1190, 1366, 1500, 1625, and 3000 cm~! were linked to Fe-0, C-O, C-N,
C=C, C=0, N-H, and O-H groups, respectively. In addition, the analo-
gous peaks in the FTIR PO spectrum represented that the covering
procedure was properly performed. TEM was applied to estimate the size
and shape of NPs before and after the covering process. The size of the
FOMNPsP and FOMNPs was < 55 nm and < 40 nm, respectively, while
the most frequent particles in FOMNPs and FOMNPsP exhibited the size
of 10-15 and 15-20 nm, respectively. Aggregation of the synthesized
NPs is probably due to the wide surface of the NPs and the magnetic
powers surrounded by NPs [27] . The covering of NPs with PO increased
the NP size. Similarly, Khorramizadeh et al. (2010) found that covering
magnetic NPs with umbelliprenin increased the NP size [17].

The in vitro protoscolicidal activities of the synthesized NPs are
depicted in Fig. 2. With raising the concentration, the protoscolicidal
effect of NPs increased in a dose-dependent manner (p < 0.001). Among
the concentrations of FOMNPsP, the highest protoscolicidal effect
belonged to the concentration of 400 ug/mL with 100% lethality after
10 min of exposure to hydatid cyst protoscoleces. As for other concen-
trations, the rate of the highest anti-parasitic effect for concentrations of
300, 200, and 100 pg/mL was 100% (after 20 min), 100% (after
30 min), and 73.2% (after 60 min), respectively. The lethality rate of
protoscoleces in normal saline and AgNO3 was 4.23% and 100% after 60
and 5 min of exposure, respectively.

Although the NPs showed a significant protoscolicidal effect in ex
vivo similar to in vitro conditions, the concentrations tested ex vivo
required more incubation time for the effectiveness and protoscolicidal
effect of NPs (Fig. 3). FOMNPsP at concentrations of 400 and 300 pug/mL
displayed their protoscolicidal effects with 100% lethality after 20 and
30 min of treatment, respectively. Additionally, NPs at concentrations of
200 and 100 pg/mL exhibited their protoscolicidal effect as 79.6% and
42.7% after 60 min of exposure, respectively.

As shown in Fig. 4, the real-time PCR showed that after exposure of
protoscoleces to FOMNPsP, the gene expression level of caspase-3 dose-
dependently increased compared with the control group (p < 0.05). The
SEM results demonstrated that in the control group (protoscoleces
treated with normal saline), the smoothness and integrity of the proto-
scoleces were observed, while in the treatment group (protoscoleces
treated with FOMNPsP at 400 pg/mL), wrinkles and bulges appeared
due to the formation of blebs (Fig. 5). Considering the cytotoxicity ef-
fects of FOMNPsP, the results of the cell viability assay showed that the
CCso value of FOMNPsP for HepG2 and HEK293 was 246.1 and
537.4 ug/mlL, respectively. The SI was 2.18 (>2), indicating that
FOMNPsP is safe for healthy cells (Fig. 6).

By in vivo assay, the macroscopic examinations showed that all the
hydatid cysts were hepatic and peritoneum cysts. The highest size, the
largest number, and the greatest weight of hydatid cysts belonged to the
mice of the negative control group that received normal saline for 28
days (Fig. 7). As shown in Table 1, after treatment of mice with
FOMNPsP, especially at the dose of 40 mg/mL, the mean number, size,
and weight of the hydatid cyst significantly decreased (p < 0.01). In
addition, albendazole at 200 mg/kg significantly declined the mean
number, size, and weight of hydatid cysts in comparison with the control
group.
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Fig. 2. In vitro effects of the various concentrations magnetic iron oxide nanoparticles covered by piroctone olamine on the mortality rate hydatid cyst protoscoleces

in different time. Mean+SD (n = 3).
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Fig. 3. Ex vivo effects of the various concentrations magnetic iron oxide nanoparticles covered by piroctone olamine on the mortality rate hydatid cyst protoscoleces

in different time. Mean+SD (n = 3).
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Fig. 4. Effect of different concentrations of magnetic iron oxide nanoparticles
covered by piroctone olamine on the level of gene expression of Caspase-3 in
hydatid cyst protoscoleces. Mean + SD (n = 3). *P < 0.001.

Concerning the anti-parasitic effects of iron magnetic nanoparticles,
Khatami et al. (2017) found that iron oxide nanoparticles were effective
on the growth rate of the promastigotes of L. major with the ICs value of
350 pg/mL [28]. Dorostkar et al. (2017) also reported that iron oxide
nanoparticles at the doses of 0.004-0.012% w/v predominantly
elevated the lethality rate of Toxocara vitulorum [29] . Moreover, Kannan
et al. (2019) found that FeONPs significantly strengthened the effect of
artesunate against andartemisinin-resistant Plasmodium falciparum in
human blood and mice infected with P. berghei ANKA [30].

In recent years, resistance to antiparasitic agents mainly through
genetic changes has made parasitic infections rigid to treatment and

increased the risk of infection spread, severe illness, and death [31]. It
has been proven that nanoparticles can overcome drug-resistance
mechanisms due to their unique physio-chemical possessions, enabling
multiple new antiparasitic pathways to complete antimicrobial activity
[32]. Concerning the antimicrobial mechanisms of iron oxide nano-
particles, although the accurate mechanisms of action are not still un-
derstood, previous studies showed that these particles display their
antimicrobial mechanisms by disturbing the outer and inner cell wall
membranes, increasing reactive oxygen species (ROS), arresting the cell
enzymatic activity, disrupting proteins and DNA, and inducing apoptosis
[33, 34].

The strength of this study lies in the full examination of pre-clinical
tests (e.g., in vitro, ex vivo, and in vivo) against protoscoleces and hy-
datid cysts, examination of the cytotoxicity of synthetic nanoparticles,
and studying some possible anti-parasitic mechanisms of these nano-
particles. On the other hand, not investigating the mechanisms of the
action and possible toxicity of FOMNPsP in hydatid cyst control in the
animal model is the main weakness of the present study. We hope that
by clarifying all aspects of the effectiveness, mechanisms of action, and
toxicity of these nanoparticles, especially in human cases, they can be
introduced as a new agent in the treatment of hydatid cysts. However,
the reduction of circulation half-time and uptake by macrophages or the
reticuloendothelial system through opsonization are the main draw-
backs of magnetic nanoparticles such as FOMNPs [34]. The advised
approach to overcoming these drawbacks is crosslinking the coating
molecules, especially with polymers, e.g., chitosan and dextran, while
protecting these nanoparticles from opsonization by forming a hydrogel
layer on their surface [34]. Therefore, in a future study, we will try to
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Fig. 5. Exterior ultra-structural effects of magnetic iron oxide nanoparticles covered by piroctone olamine on hydatid cyst protoscoleces by scanning electron
microscopy. A: protoscoleces treated with normal saline and B: protoscoleces treated with the magnetic iron oxide nanoparticles.
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Fig. 6. Effect of different concentrations of magnetic iron oxide nanoparticles
covered by piroctone olamine on viability of human normal embryonic kidney
(HEK293) and human hepatocellular carcinoma (HepG2) cell. n=3
(mean4sd).

Fig. 7. The liver and peritoneum hydatid cysts after treatment of the infected
mice with different concentrations of magnetic iron oxide nanoparticles
covered by piroctone olamine.

load these nanoparticles with polymers, e.g., chitosan and dextran.
4. Conclusion

The results of this experimental study revealed the potent in vitro
protoscolicidal effects of FOMNPs covered with piroctone olamine

Table 1
In vivo effects of various doses of magnetic iron oxide nanoparticles coated with
PO (FOMNPsP) on number, size and weight of hydatid cysts in mice of the tested
groups.

Drug Mean No. of Mean of size Cyst weight
cysts (mm) [€9]
Control (treated with normal 13 4.36 + 3.63 0.42 + 0.31
saline)
FOMNPsP 20 mg/mL 9 3.78 £3.13 0.28 £+ 0.196
FOMNPsP 40 mg/mL 7 2.23+1.14 0.13 +0.078
Albendazole 200 mg/kg 6 1.96 + 1.12 0.096
+ 0.046

against hydatid cyst protoscoleces through direct effects on the cell wall
and indirect effects via apoptosis induction. Our results also indicated
the promising effect in terms of controlling hydatid cysts in an animal
model of these cysts. Although we reported that these nanoparticles are
safe for human normal cells, more investigations are required to clarify
their toxicity and precise mechanisms of action.
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