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A B S T R A C T

The highlights of biogenic silver nanoparticles (AgNp-Bio) include low toxicity – depending on size and con-
centration – and efficient antiparasitic activity. Therefore, the objective of this study was to assess the action of
the AgNp-Bio on HeLa cells in an infection with strain of RH Toxoplasma gondii. Firstly, we performed a cellular
viability test and characterized the AgNp-Bio to proceed with the infection of HeLa cells with T. gondii to be
treated using AgNp-Bio or conventional drugs. Subsequently, we determined the level of standard cytokines
Th1/Th2 as well as the content of nitric oxide (NO) and reactive oxygen species (ROS). Results indicated a mean
size of 69 nm in diameter for the AgNp-Bio and obtained a dose-dependent toxicity. In addition, the con-
centrations of 3 and 6 μM promoted a significant decrease in adherence, infection, and intracellular prolifera-
tion. We also found lower IL-8 and production of inflammatory mediators. Thus, the nanoparticles reduced the
adherence, infection, and proliferation of ROS and NO, in addition to immunomodulating the IL-8. Therefore,
our data proved relevant to introduce a promising therapeutic alternative to toxoplasmosis.

1. Introduction

Toxoplasmosis is an infection caused by the compulsory in-
tracellular protozoan Toxoplasma gondii and represents a public health
issue that affects around 30% to 50% of the world population
(Montazeri et al., 2017). In 90% of the causes, the infection develops
without symptoms or is benign (Robert-Gangneux and Dardé, 2012;
Krueger et al., 2014). However, it is possible for immunocompromised
individuals to develop a severe clinical condition (Sutterland et al.,
2015; Atilla et al., 2015; Alday et al., 2017). The organism does not
tolerate well the association of pyrimethamine and sulfadiazine used to
treat symptomatic cases, which interact indistinctly with biochemical
processes of both the parasite and the host (Sepúlveda-Arias et al.,
2014) generating adverse effects, such as the suppression of bone

marrow, which may lead to megaloblastic anemia, leukopenia, and
granulocytopenia (Petersen, 2007).

In this context, investment has focused on the study of nanoma-
terial, whose actions involve carrying drugs, decreasing toxicity, mod-
ulating pharmacokinetics, and increasing bioavailability, in addition to
releasing the drug directly into the specific target (Khalil et al., 2013;
Torres-Sangiao et al., 2016). Silver nanoparticles (AgNp) are commonly
used for a variety of medical applications, especially for their anti-in-
flammatory and antimicrobial activities (Pourali and Yahyaei, 2016)
(Shrivastava et al., 2007; Adair et al., 2010; Scandorieiro et al., 2016)
found in Gram-positive and Gram-negative bacteria (Shrivastava et al.,
2007; Scandorieiro et al., 2016; Durán et al., 2016), filamentous fungi
(Sanguiñedo et al., 2018), some types of viruses (Park et al., 2018;
Sharma et al., 2019), and protozoa of the genus Leishmania
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(Allahverdiyev et al., 2011; Fanti et al., 2018; Isaac-Marquez et al.,
2018). Furthermore, this metallic nanoparticle has remarkable prop-
erties, such as accumulation in tissues – perhaps even reaching cysts of
T. gondii (Adeyemi and Sulaiman, 2015) – and the production of re-
active oxygen species (ROS), which are able to kill infectious agents
(Butkus et al., 2004; Bhardwaj et al., 2012).

Metallic nanoparticles are known as promising anti-Toxoplasma
agents (Gaafar et al., 2014; Assolini et al., 2017; Adeymi et al., 2017;
Adeyemi et al., 2018), but studies on these protozoa and biogenically
synthetized silver nanoparticles in human cells are yet to be developed.
Therefore, silver nanoparticles have an attractive versatility as anti-
parasitic agents, particularly against T. gondii, which has encompassed
a pioneer study on the use of biogenic silver nanoparticles as ther-
apeutic alternative to toxoplasmosis. Thus, this paper assesses the anti-
proliferative and immunological actions of AgNp-Bio in HeLa cells in
the context of an experimental infection with the Toxoplasma gondii RH
strain.

2. Material and methods

2.1. HeLa cells culture

HeLa cells are a continuous cellular lineage that divides indefinitely
– reason why they are called “immortal” – in addition to being the first
human cells to have survived in vitro (Jones et al., 1971). Despite their
cancerous nature, they share many basic characteristics with normal
cells, such as the production of proteins, intracellular communication,
and susceptibility to infection, which enables their use to study the
basic functions of all human cells (Lucey et al., 2009).

We grown the cells in 75 cm2 culture flasks (Ciencor Scientific,
Brazil) in a Dulbecco Modified Eagle Medium (DMEM) (Gibco by life
technologies) supplemented with 2% inactivated fetal bovine serum
(FBS) (Sigma-Aldrich), 1% antibiotics (10,000U/mL penicillin and
10 mg/mL streptomycin solution) (Cultilab, Brazil), Lglutamine, so-
dium pyruvate, and 2-mercaptoethanol (complete medium for HeLa –
MCH). Cell cultures were maintained in an incubator with 5% CO2 at
37 °C. We used cells in the passage 21 for the experimental assays as
well as to maintain the T. gondii strains.

2.2. Maintenance of T. gondii RH strain

Tachyzoites of the T. gondii RH strain were provided by Prof. Italmar
Teodorico Navarro, State University of Londrina, and maintained in the
peritoneal cavity of 60-day-old Swiss mice at intervals of 48–72 h. We
collected the peritoneal exudates derived from mice in sterile PBS upon
peritoneal massage and filtered to obtain the tachyzoite forms. This
study was approved by the Ethics Committee for Animal
Experimentation of the State University of Londrina 88/2017/CEUA.

2.3. Silver nanoparticles

AgNp-Bio were granted by Prof. Dr. Gerson Nakazato – Laboratory
of Basic and Applied Bacteriology of the State University of Londrina
(Paraná-Brazil) – and prepared according to a previously established
method (Durán et al., 2005). Briefly, we obtained the AgNp-Bio after
reducing the silver nitrate using F. oxysporum, strain 551, from the
culture collection of the Molecular Genetics Laboratory of ESALQ-USP
(Piracicaba, SãoPaulo, Brazil). We cultivated F. oxysporum in media
containing 0.5% (w/v) yeast extract (Neogen), 2% (w/v) malt extract
(Neogen), 2% (w/v) agar (Neogen), and distilled water at 28 °C for
seven days. After the growth, the fungal biomass was added to distilled
water at 0.1 g/mL and incubated at 28 °C for 72 h.

Afterwards, the solution components were separated by filtration.
AgNO3 (Nuclear) at 1 mM was added to fungal-free solution, and the
system was incubated for several hours at 28 °C in the absence of light.
Periodically, we removed aliquots of the solution system and measured

the absorptions using an ultraviolet–visible spectrophotometry
(VarianCary50Probe); the peak at 440 nm corresponded to the surface
plasmon resonance of silver nanoparticles. Particle size distribution was
measured through a nanoparticle tracking analysis (NTA) of 1 mM
AgNp-Bio solution diluted in ultrapure water (1:600) using NanoSight
LM10 system (Malvern Instruments Ltd, UK). We performed the ana-
lyses using default settings according to the manufacturer's protocol
(Nanosight Software version 3.1).

2.4. Compounds dilution

We performed the dilution of the biogenic silver nanoparticles
(concentration of 10 mM) according to the following steps: 100 μL of
the AgNp-Bio solution added with 900 μL of DMEM, resulting in the
concentration of 1 mM; serial dilution to obtain the concentrations of 3
and 6 μM. The dilution to reach the concentrations of 50 and 25 μg/mL
of sulfadiazine and pyrimethamine, respectively, was performed ac-
cording to the descriptions of Sanfelice et al., (2017).

2.5. HeLa cell viability by MTT assay

We assessed the viability of HeLa cells after treatment with AgNp-
Bio based on mitochondrial oxidation through a colorimetric MTT assay
(3-[4,5-dimethylthiazol-2-yl] −2,5-diphenyltetrazolium bromide)
(Sigma Chemical Co., Brazil) (Mosmann, 1983). HeLa cells were grown
in 96-well plates (3x104 cells/well/200 μL) for 24 h in MCH at 37 °C
and 5% CO2. After this period, the cells received a 24-h treatment using
the AgNp-Bio (3, 6, 9, and 12 μM); sulfadiazine, and pyrimethamine
combination (50 and 25 μg/mL, respectively) used as positive control;
cells that received only MCH were used as the negative control. After
the treatment, we removed the medium and incubated the cells using a
MTT solution (5 mg/mL) for 3 h under the same growth conditions.

The formazan crystals were solubilized in 10% sodium dodecyl
sulfate (SDS) and 50% dimethyl formamide (DMF), and after a 30-min
incubation, absorbance reading occurred at 570 nm using a plate reader
(TP Reader, Thermo Plate). The results were expressed as percentage of
MTT reduction relative to the control group, calculated with the fol-
lowing formula: viable cells (%) = (Abs of treated cells/Abs of un-
treated cells) X 100.

2.6. Experimental infection

We performed an experimental model of infection with pretreat-
ment in order to assess the effect of the AgNp-Bio on adherence and an
experimental model of invasion and proliferation of T. gondii in HeLa
cells by applying a post-treatment experimental model.

We carried out the pretreatment model in 24-well plates containing
culture of HeLa cells (1x105) adhered to 13 mm round coverslips
(Ciencor Scientific, Brazil). These cells were pre-treated by associating
sulfadiazine and pyrimethamine (50 and 25 μg/mL, respectively) (po-
sitive control) and AgNp-Bio at the concentrations of 3 and 6 μM for
24 h at 37 °C with 5% of CO2. The cells treated only with DMEM were
considered negative control.

After the treatment period, the cells were subjected to a 4%-paraf-
ormaldehyde fixation in phosphate buffered saline solution (PBS) for
30 min. Subsequently, the cells were washed to remove the excess of
the fastener. Each pit was added with the T. gondii tachyzoites (5x105),
which were subjected to a 4%-paraformaldehyde fixation after 3 h of
infection for 30 min, and the glass slides were dyed with tolonium
chloride for 5 s (Castanheira et al., 2015).

For the post-treatment model, the HeLa cells (1x105) maintained in
24-well plates containing 13 mm round coverslips (Ciencor Scientific,
Brazil) were infected with 5x105 tachyzoites of the T. gondii RH strain.
After 3 h of infection, the cells were washed and treated with the as-
sociation of sulfadiazine and pyrimethamine (50 and 25 μg/mL), re-
spectively, and AgNp-Bio at the concentrations of 3 and 6 μM for 24 h.
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After the required time for both treatment models and upon coloring
with tolonium chloride at 1% (Sigma Chemical Co.), we assembled the
glass slides for light microscope analysis (e100, Nikon – led).

We analyzed the cells through light microscopy with immersion
magnification to verify the parameters of adherence and number of
tachyzoites adhered per cell, as well as the infection index (number of
infected cells every 200 cells examined) and parasite intracellular
proliferation (total number of parasites every 200 cells examined).

The percentages of inhibition of infection with T. gondii as well as
inhibition of intracellular proliferation of T. gondii were calculated ac-
cording to the following: mean index of infection or intracellular pro-
liferation analyzed in non-treated cells, corresponding to 100% of the
index of infection or intracellular proliferation. The inhibition percen-
tages of these parameters undergoing treatments with AgNp-Bio were
calculated by subtracting the percent values obtained for treated cells
from those obtained for non-treated cells (Barbosa et al., 2012). The
supernatant of the cells was collected and stored at −80 °C for further
dosage of cytokines and nitric acid.

2.7. Determination of nitrite as estimative of NO levels

We applied the Griess method to determine nitric oxide (NO), ac-
cording to the experiments previously conducted by our group
(Tomiotto-Pellissier et al., 2018). Briefly, supernatant aliquots (60 μL)
from the experimental infection supernatants were submitted to a 2-
min centrifugation at 5000 rpm, and a volume of 50 μL of the super-
natant was recovered and added with 50 μL of Griess reagent (1%
sulfanilamide and 0,1% of naphthyl ethylenediamine dihydrochloride
in orthophosphoric acid (H3PO4) 5%). After 10 min incubation at room
temperature, the samples were placed in 96-well microplates. A cali-
bration curve was generated using dilutions of NaNO2, and the absor-
bance was determined at 550 nm on microplate reader (Multiskan GO,
Thermo Scientific).

2.8. Estimative determination of the levels of reactive oxygen species (ROS)

We performed the test according to the experiments previously

conducted by our group (Tomiotto-Pellissier et al., 2018). Therefore,
the HeLa cells (1x105) were maintained in 24-well plates containing
13 mm round coverslips (Ciencor Scientific, Brazil) infected with 5x105

tachyzoites of the T. gondii RH strain. Aiming at assessing ROS pro-
duction, the HeLa cells (1x105) infected with 5x105 tachyzoites of the T.
gondii HR strain and treated for 24 h with AgNp-Bio at the concentra-
tions of 3 and 6 μM were washed with PBS (pH 7.4) and charged with
10pM of a diacetate probe of 20, 70-dichlorofluorescein (H2DCFDA)
(Sigma, St. Louis, MO, USA) diluted in DMSO and incubated in the dark
(HeLa 30min, 37 °C, CO2 at 5%).

We measured the reactive oxygen species (ROS) as the increase in
fluorescence resulting from the conversion of the non-fluorescent dye
into highly fluorescent 20,70-dichlorofluorescein with an excitation
wavelength of 488 nm and an emission wavelength of 530 nm using a
microplate fluorescence reader (Victor X3, PerkinElmer).

2.9. Determination of cytokine levels

We analyzed the levels of the cytokines IL-1β, TNF-α, IL-12p70, IL-
8, IL-6, IL-10 present in the supernatant of the infected cells through a
Cytometric Bead Array (CBA) according to the instructions in the kit
(BD CBA Human Th1/Th2) using the equipment FACS Canto II by
Becton Dickinson. The analysis of the cytometry data was performed on
the software FCAP Array, v1.0.1, by Soft Flow Hungary Ltd. and gen-
erated the concentrations of the cytokines in pg/mL.

2.10. Statistical analysis

All data represent the mean and standard deviation of three in-
dependent experiments performed in triplicate. Differences between
treatments and controls were evaluated by one-way analysis of variance
(ANOVA) followed by Tukey's multiple comparison test, using
GraphPad Prism software 5.0 (GraphPad Software, Inc., San Diego, CA.
USA). Statistical significance was considered when P ≤ 0.05.

Fig. 1. AgNp-Bio size distribution characterization. Distribution of the size of the particles detected through the nanoparticles tracking analysis. Data represent the
size distribution showing a mode of 65 nm of an independent analysis.
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3. Results

3.1. Characterization of biogenic silver nanoparticles

A recent analysis on the production of biogenic silver nanoparticles
(AgNp-Bio) by Fusarium oxysporum revealed that the silver nano-
particles coexist with chloride nanoparticles (AgCl) – named Ag@AgCl
(Durán et al., 2016; Picoli et al., 2016). However, our study used the
term AgNp-Bio to which our nanoparticle tracking analysis (NTA) re-
vealed a mean diameter of 69.0 nm (Fig. 1).

3.2. Treatment using biogenic silver nanoparticles (AgNp-Bio) has dose-
dependent toxicity in HeLa cells

The treatment of the HeLa cells at the concentrations of 9 and 12 μM
reduced cellular viability in 17% and 31%, respectively, in relation to
the negative control. However, the concentrations of 3 and 6 μM for
24 h maintained the cells viable, thus justified as the concentrations
selected for the subsequent experiments. Additionally, the positive
control (association of sulfadiazine and pyrimethamine at the con-
centrations of 50 and 25 μg/mL, respectively) was not able to decrease
cellular viability for 24 h (Fig. 2).

3.3. Biogenic silver nanoparticles reduce adherence, infection, and
proliferation of tachyzoites in HeLa cells infected with T. gondii RH strain

The efficiency of the treatment using AgNp-Bio at the concentra-
tions of 3 and 6 μM was evaluated according to the processes of ad-
herence through pretreatment test and indices of intracellular infection
and proliferation of the tachyzoites of T. gondii at the post-treatment
stage.

We found in the pretreatment experiments a decrease of 51% and
66% in the number of cells with tachyzoites adhered upon treatment
with AgNp-Bio at the concentrations of 3 and 6 μM, respectively
(Fig. 3A) (p < 0.0001) and 26% in the treatment using conventional
drugs (p < 0.05) in relation to the negative control. Regarding the
amount of tachyzoites adhered per cell, we found a reduction of 67%
and 76% in the treatment using AgNp-Bio (3 and 6 μM respectively) in
relation to both the negative and positive controls (p < 0.0001) as
well as a decrease of 42% in the treatment using conventional drugs in
relation to the negative control (p < 0.0001) (Fig. 3B).

For the post-treatment experiments, the infection indices showed a
decrease of 78% and 90% in the cells infected regarding the con-
centrations of 3 μM and 6 μM, respectively, in relation to the negative
control (p < 0.0001). In turn, the treatment using the association of
sulfadiazine and pyrimethamine was responsible for a reduction of 56%
in relation to the control (p < 0.0001) (Fig. 3C).

Regarding the proliferation of tachyzoites in the HeLa cells, we
detected a decrease of 82% upon treatment with AgNp-Bio (3 μM) and
94% at the concentration of 6 μM in relation to the negative control
(p < 0.0001). We found a 86% lower proliferation of infected cells for
the treatment using the association of sulfadiazine and pyrimethamine
(50 μg/mL and 25 μg/mL) (p < 0.0001) in relation to the negative
control (Fig. 3D).

3.4. Reduced replication of T. gondii is independent of NO and ROS

We assessed the treatment capacity to modulate the production of
NO and ROS and found that the treatment using AgNp-Bio reduced the
production of NO at the concentration of 6 μM (p < 0.005), while the
positive control also revealed a reduction in the levels of NO in relation
to the negative control (p < 0.05) (Fig. 4A). In addition, we carried
out a ROS test using a fluorescent probe H2DCFDA in HeLa cells in-
fected with T. gondii and treated at different concentrations of AgNp-
Bio. The results indicated that the concentrations tested were not able
to induce ROS production (Fig. 4B).

3.5. Cytokines

The cytokines IL-1β, IL-6, IL-10, IL-12p70 and TNF-α did not pre-
sent statistical differences in relation to the infected control or the
positive control, as demonstrated in Fig. 5.

However, the production of cytokine IL-8 presented statistically
reduced indices having reached values of 50% and 89% at the con-
centrations of 3 and 6 μM, respectively, in relation to the infected
control. In turn, the treatment associated with sulfadiazine (50 μg/mL)
and pyrimethamine (25 μg/mL) in relation to the infected control, with
a reduction of 92% (p < 0.0001) (Fig. 5C).

3.6. Photomicroscopy

Fig. 6 presents illustrative images of light microscopy resulting from
the dyeing of the infected HeLa cells treated with DMEM (negative
control), conventional drugs (positive control) or AgNp-Bio and dyed
with tolonium chloride. Image 6A – infected HeLa cells without treat-
ment – shows many infected cells with parasitic vacuoles containing a
large amount of intracellular tachyzoites. Image 6B – infected HeLa
cells treated with the association of sulfadiazine and pyrimethamine at
the concentrations of 25 and 50 μg/mL, respectively, – reveals fewer
vacuoles and intracellular parasites in relation to 6A. Imagens 6C and
6D – infected HeLa cells treated with AgNp-Bio at the concentrations of
3 and 6 μM, respectively, – presents fewer infected cells in relation to
both the negative and positive controls.

4. Discussion

The AgNp-Bio have a large surface area, single chemical properties,
and small size, which provides them with the ability to surpass many
biological barriers to transport therapeutic agents into the target tissue
(Riehemann et al., 2009). Thus, they contribute significantly to an in-
terdisciplinary field of sciences by offering a greater specificity as well
as reduced collateral effects in relation to other conventional treatments
existing in nanomedicine (Khanna et al., 2015).

According to the results obtained in this study by using the MTT
test, the biogenic silver nanoparticles (AgNp-Bio) presented dose-de-
pendent toxicity in relation to the HeLa cells. Accordingly, a study by
Mnkandhala et al., (2018) using Plasmodium falciparum – parasite of the

Fig. 2. The viability of HeLa cells after treatment with AgNp-Bio at the con-
centrations of 3 and 6 μM and the association of sulfadiazine and pyr-
imethamine (50 and 25 μg/mL respectively) for 24 h. Cells treated with DMEM
were applied as negative control. ****Significantly different from the negative
control (p < 0.0001). Three independent experiments were performed in tri-
plicate (One – way ANOVA followed by Tukey test).
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Fig. 3. Treatment with AgNp-Bio reduce the index of adhesion, infection and proliferation. Infection test in HeLa cells with tachyzoites of T. gondii in vitro in the
models of pre- and post-treatment with biogenic silver nanoparticles. HeLa cells infected with tachyzoites of T. gondii were treated with AgNp-Bio for 24 h (3 and
6 μM). The following parameters were assessed adherence (A and B), number of infected cells (C), and intracellular proliferation of T. gondii (D). Tachyzoites treated
with DMEM were considered as negative control and the treatment using the association of sulfadiazine and pyrimethamine (50 and 25 μg/mL respectively) was
considered as positive control. Data represent the mean ± SEM of the three independent experiments performed in triplicate. *Significantly different from the
negative control (p < 0.05). ****Significantly different from both the negative and positive controls (p < 0.0001) #Different from both the positive and negative
controls (p < 0.05); ### (p < 0.0005); #### (p < 0.0001) (One-Way ANOVA followed by Tukey test).

Fig. 4. Death of T. gondii is dependent on NO and independent of ROS. The following methods were applied to assess the HeLa cells infected with T. gondii and
subjected to the treatment using AgNp-Bio: (A) Griess method for nitrite levels; (B) fluorescent probe H2DCFDA for reactive oxygen species mediation. Data represent
the mean ± SEM of the three independent experiments performed in triplicate. *Significant difference in relation to the negative control (p < 0.05), **
(p < 0.005).
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phylum Apicomplexa as well as Toxoplasma – demonstrated that the
treatment with AgNp has a more pronounced toxic effect on the para-
site than the HeLa cells. Rahul et al., (2015), in turn, found that mi-
crobial pigments associated with AgNp did not present significant
toxicity in breast cancer cells (MCF7) as well as in HeLa cells.

Furthermore, a study by Kim et al, (2012) revealed that over a
period of 24 h, the cytotoxic effect in HeLa cells proved dose-dependent
and size-dependent. Thus, the size of nanoparticles is regarded as a
significant contributing factor to toxicity since smaller nanoparticles
have more pronounced toxic effects due to a larger surface area
(Oberdörster et al., 2005). In addition, many studies did not find toxic

effects in different cultures of human cells with the incubation of silver
nanoparticles of diameters from 6 to 80 nm (Hussain et al., 2005;
Asharani et al., 2008; Singh et al., 2010; Lu et al., 2010; Foldbjerg et al.,
2011). As our study found a mean size of 69.0 nm for the silver na-
noparticles, we believe it to be a factor to justify the low toxicity of this
nanomaterial in HeLa cells.

Our study revealed that the AgNp-Bio promoted a significant de-
crease in the number of tachyzoites adhered to the HeLa cells as well as
the number of infected cells in addition to having fostered an inhibition
up to 94% in the parasite intracellular proliferation. The images in
Fig. 6 corroborate these data through light microscopy with reduced

Fig. 5. Levels of cytokines dosed from the supernatant of the infected HeLa cells cultures treated with AgNp-Bio and positive control (sulfadiazine and pyr-
imethamine) according to the instructions in the kit (BD CBA). Control was considered: HeLa cells infected with tachyzoites of T. gondii (infected control) and HeLa
cells infected with T. gondii treated with sulfadiazine and pyrimethamine (50 and 25 μg/mL) (positive control) **** Different from the infected control (p < 0.0001);
#### Different from the positive control (p < 0.0001) (One-Way ANOVA followed by Tukey test).
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parasitic vacuoles and tachyzoites in the cells treated with AgNp-Bio.
In this context, the in vitro study by Rahul et al (2015) also corro-

borates our data by demonstrating that prodigiosine – a bioactive mi-
crobial pigment – associated with phytosynthetic AgNp inhibit the
growth of P. falciparum and Trypanosoma brucei gambiense in vitro. The
authors also found a significant reduction in the values of IC50 for both
parasites (2.7–3.6 times) without an increase in cytotoxicity in the cells.

Specifically regarding the protozoan T. gondii, a study carried out by
Gaafar et al, (2014) demonstrated that the AgNp had an anti-Tox-
oplasma in vivo effect since all animals that received this compound had
a significant reduction in parasitic load in the liver and spleen in re-
lation to the control group – infected animals and without treatment.
Furthermore, this treatment caused the paralysis of the parasite and
deformations in the tachyzoites with the formation of multiple irregular
grooves and disorder of the conoid observed through scanning electron
microscopy.

Additionally, s study by Adeyemi and collaborators (2017) assessed
the anti-T.gondii action of gold, silver and platinum nanoparticles and
detected a decrease in the parasite invasion and replication, which
suggests that the treatment interrupts the replication of T. gondii
through unknown mechanisms. Jointly, the antiparasitic actions pro-
moted by the AgNp are consistent with the study by Yah and Simate
(2015) on the antimicrobial actions of these nanoparticles and stimu-
late the investigation of AgNp as a promising anti-Toxoplasma alter-
native.

Although the parasitic invasion processes prevent in this study are
yet to be revealed, it is known that the AgNp can act by causing de-
formations and disorder in the plasmatic membrane as well as damages
in the ultrastructures, which interferes in the infectivity potential of
parasites (Gaafar et al., 2014; Fanti et al., 2018). Additionally, ac-
cording to the literature, it is known that the AgNp can be stored inside
mitochondria, thus hampering the synthesis of adenosine triphosphate
(ATP) (Zheng et al., 2008) as well as causing damages to the mi-
tochondrial membrane (Adeyemi et al., 2017). It was also demonstrated
that the T. gondii has the leucine aminopeptidase (LAP) enzyme (Jia
et al., 2010), which has fundamental roles on physiological processes in

the parasite, such as catabolism of proteins and modulation of genic
expression (Matsui et al., 2006).

Zheng et al., (2015) demonstrated its importance by studying
knockout parasites of this enzyme and finding a reduction in in-
tracellular invasion, infection, and proliferation. It is known that the
AgNp are able to interact with LAP fragmenting its protein structure
and leading to a loss of function (Mnkdhala et al., 2018) and conse-
quently able to impair the parasitic activity of T. gondii. We believe
these to be the main reasons pointed out in our data regarding both the
adherence and the indices of parasite intracellular infection and pro-
liferation.

The fact that the AgNp-Bio interfere in the mitochondrial membrane
can contribute to the increase in oxidative stress promoting enhanced
ROS and free radicals, such as NO (Lodge et al., 2006; Misawa and
Takahashi, 2011; Manke et al., 2013). However, our study found that
the treatment with AgNp-Bio decreased NO production and did not
alter ROS production. Thus, by knowing that the AgNp is able to diffuse
in cellular membranes (Busch et al., 2011) and associating it with the
results of low production of the molecules necessary to the death of
intracellular pathogens, we can infer that the action of the silver na-
noparticles is more direct in the parasite. A similar study conducted by
our own group found a reduced proliferation of amastigotes of Leish-
mania amazonensis, but without the induction of inflammatory mediator
synthesis (Fanti et al., 2018). Nonetheless, the heterogeneity of the in
vitro cellular models generates a great diversity of results in the lit-
erature regarding the effects of the AgNp for the production of ROS and
NO.

Regarding the cytokines, Stępkowski et al. (2014) demonstrated
that the treatment using AgNp generated an inducibility of the NF-kB
signaling in lung cancer cells (A549) approximately five times lower
than in liver cancer cells (HepG2), which proves that cellular type in-
fluences the cellular response mediated by the NF-kB. This is clear in
the case of T. gondii in the studies by Butcher et al (2001) demonstrating
that the T. gondii tachyzoites obstructs the NF-kB activation route pre-
venting its translocation to the core and allowing the parasite to invade
the macrophages without triggering the induction of pro-inflammatory

Fig. 6. Photomicroscopy of experimental
infection in HeLa cells treated for 24 h and
dyed with tolonium chloride. HeLa cells
infected with the T. gondii RH strain treated
with DMEM medium (negative control) (A).
HeLa cells infected and treated with the
association of pyrimethamine and sulfadia-
zine (50 and 25 μg/mL respectively) (posi-
tive control) (B). HeLa cells infected with T.
gondii and treated with AgNp-Bio at the
concentrations of 3 μM (C) and 6 μM (D).
Arrows indicate tachyzoites of T. gondii in-
side the parasitic vacuoles; edges of arrows
point to tachyzoites adhered to the cells.
Magnification of 1000x.
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cytokines, such as IL-12 and TNF-α.
Such interference caused by the parasite was also found by Shapira

et al (2002) in fibroblasts, which proves that the T. gondii is able to
interfere in the NF-KB route escaping the immune system and fostering
its survival inside the host cell. In contrast, Kim et al, (2001) concluded
that HeLa cells infected with T. gondii produce a higher amount of IL-8
(chemokine that help the migration of leukocytes, especially neu-
trophils) due to the NF-kB activation, which is in accordance with our
results. In addition, some authors demonstrated the regulating role of
NO regarding the IL-8 by stimulating its production, while the NO in-
hibition decreases its production (Villarete and Remick, 1995; Andrew
et al., 1995), which was proven in our results that show reduced NO in
the treatment using AgNp-Bio, thus a reduction in IL-8 is expected.

Furthermore, aiming at overcoming the anti-inflammatory action
triggered by the parasite, the AgNp can have an important role in the
anti-inflammatory field (Zhang et al., 2016). In this context, Wong et al
(2009) use in vivo and in vitro models to obtain evidence on the anti-
inflammatory properties of AgNPs and found that these nanoparticles
are able to reduce the quantity of inflammatory markers, which was
also corroborated by David et al (2014), who reported an ability of
AgNp-Bio to inhibit the production of pro-inflammatory cytokines in an
immortalized lineage of keratinocytes (HaCaT) as well as decrease the
levels of edema in in vivo experiments.

It is known that Toxoplasma is a highly successful parasite that
establishes a chronic infection along its life by carefully regulating the
immune activation and effector mechanisms of the host cell.
Consequently, T. gondii has the ability to soften or inciting the immune
response of the host through effector proteins (Melo et al., 2011). Thus,
it is possible to infer that the combinations of these effectors present in
certain T. gondii strain work to maintain an optimum parasitic load in
different hosts to guarantee the parasite transmission. However, even
though an important advance has been reached over the last decade
regarding the understanding on the action of T. gondii to modulate
immune responses, the exact mechanisms mediated by the cytokines as
an initial response to inflammation upon infection with T. gondii are yet
to be further explored.

5. Conclusion

Considering all the above-mentioned remarks, our study was pio-
neer at highlighting the anti-T. gondii action of biogenically synthetized.
Our results indicate that these nanoparticles proved able to reduce the
parasite proliferation without producing ROS or NO. In addition, we
found that the AgNp-Bio had the ability to immunomodulate the IL-8.
Therefore, the data found in this study have proved relevant for pre-
senting promising results as a therapeutic alternative for toxoplasmosis.
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