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ABSTRACT

Recently, the incorporation of magnetic nanoparticles in nanomaterials has been showning to be very efficient,
which leads to several scientific studies being carried out. Magnetic silica nanoparticles have excellent proper-
ties, enabling application in different fields including nanoscience. In this context, this work aimed to synthe-
size and characterize nanosilica with magnetic properties, in order to evaluate of the cytotoxicity in L929 cell
line. The methodology for incorporation of magnetic nanoparticles proved to be fast and effective for obtaining
the magnetic nanosilica (Nano SiO,.Fe,O,). Through the characterization of FTIR, and exposure of the mag-
netic field it was possible to verify the incorporation of ferrite in the nanosilica, as well as the XRD technique,
the reduction of the particle size and the degree of crystallinity was evidenced. It was possible to verify that the
synthesized nano SiO,.Fe,0, showed to be safe in the treatments with lower concentrations with less amount of
incoporated ferrite. Nevertheless, more characterizations and studies will be developed to determine the safety
and therapeutic efficacy of this magnetic nanoparticles.

Keywords: Cytotoxic activity, Magnetic nanoparticles; Ferrite.
RESUMO

Recentemente a incorporagdo de nanoparticulas magnéticas em nanomateriais tém se mostrado bastante
eficiente, o que faz com que diversos estudos sejam realizados. As nanoparticulas de silica magnéticas
apresentam excelentes propriedades, possibilitando o emprego em diferentes campos que contemplam
a nanociéncia. Nesse contexto, este trabalho teve como objetivo sintetizar a nanosilica com propriedades
magnéticas, caracterizar e avaliar sua citotoxicidade em linhagem celular L929. O uso da metodologia para
a incorporagdo de nanoparticulas magnéticas mostrou-se rapida e eficaz para a obteng¢do da nanosilica
magnética (Nano SiO, Fe,0 ). Mediante a caracterizagao por FTIR, e a exposi¢do a um campo magnético foi
possivel verificar a incorporagdo de ferrita na nanosilica, bem como, atraveés da técnica de DRX, a diminui¢do
do tamanho de particula e o grau de cristalinidade foram observados. Pelos ensaios realizados foi possivel
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auferir que a nano SiO, Fe,O, mostrou-se segura nos tratamentos em baixas concentragdes e com menor
quantidade de ferrita incorporada. Ndo obstante, novas caracterizagoes e novos estudos serdo desenvolvidos
para determinar a seguranga e a eficacia terapéutica das nanoparticulas.

Palavras-chave: Atividade citotoxica; nanoparticulas magneticas, ferrita.

INTRODUCTION

Nanomaterials are substances that have at least one dimension in the order of 1-100 nano-
meters. Nanoscience, through the manipulation of substances, has important scientific principles in
different areas that include its applications. In particular, pharmaceutical area has stood out for the
development of new substances, such as the encapsulation of active compounds and vectorization of
drugs (PINTO et al., 2017, VIANA et al., 2019). Among these compounds, siliceous nanoparticles
have important characteristics for the development of compounds with biological applications, owing
to the high surface area, size, morphology control, support capacity and structural modification
(NABESHI et al., 2011; ZHANG et al., 2020).

Silica nanoparticles can easily be covered by metallic particles forming a core-shell nanoparticulate
system (BARIK; SAHU; SWAIN, 2008). Recently, Li et al. (2011) synthesized silica microspheres coated
with Fe,O, to extract human DNA from whole blood samples, the process proved to be effective, fast,
without needing organic solvents and centrifugation. Similarly, Beg et al. (2017) synthesized mag-
netic silica nanotubes as a doxorubicin nanocarrier and contrast agent. The studies developed have
shown that the compound has excellent performance as a theranostic agent and in the direct delivery
of drugs. In a recent study, Vo et al. (2019) synthesized a porous silica nanoparticle functionalized
with gelatin as a nanoplatform for doxorubicin delivery. The obtained nanocarrier showed excellent
capacity for the encapsulation of the active compound. Morever, by in vitro tests, it was possible to
verify that the drug release occurs in a controlled manner and with a responsive pH.

Janardan et al. (2016) synthesized silica nanoparticles by sol-gel method and hypercoordination
process, where both compounds showed excellent antimicrobial properties against E. coli, S. aureus
and B. subtilis strains. The literature has also reported the use of nanosilica in the synthesis of nano-
composites with application in tissue engineering. Madhumathi et al. (2009) used nanosilica to the
production of scaffolds, through the tests performed, it was found that the material has excellent bio-
compatibility and stimulatory capacity for the synthesis of apatite.

Although nanosilica has important biological activity, some studies have shown that the
nanoparticle is capable of generating reactive oxygen species (ROS), lactate dehydrogenase release
(LDH) and cytokine production. However, toxicity is dependent on size, morphology, chosen cell line
and concentration tests (NABESHI et al., 2011; YOSHIDA et al., 2011). Considering the numerous

possibilities of application of nanosilica, this work aimed to synthesize and characterize nanosilica
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with magnetic properties with different proportions of incorporated ferrite, in order to evaluate the

toxicity of L929 cells to determine the safe concentration for future biological applications.

MATERIALS AND METHODS

PREPARATION OF NANOSILICA

The synthesis of nanosilica was carried out according to the literature (ONG et al., 2019). The
obtaining process was divided into three steps, that is acid leaching, calcination and top-down pro-

cess to reduce the particle size.

Acid leaching

This step consisted of removing impurities contained in the rice husk by acid chemical treat-
ment. Initially, 10 g of unprocessed rice husks were treated in 200 mL of a 0.5 mol/L! hydrochloric
acid solution (Synth®, 37%) for 30-45 minutes under temperature of 60-80 °C.

Then, system was mechanically stirred on a magnetic stirrer (Fisatom, model 752A) at 120
rpm (1 hour). Subsequently, the solution was filtered through (15 micrometers), the first effluent being
discarded in a specific disposal container. In the remaining filtration steps, 1.5 L of preheated distilled
water was added to adjust the pH to close to 7. The silica obtained was dried in oven (DeLeo) at 80 °C
for 24 h.

Calcination

Approximately 8 g of the material was obtained and subjected to calcination in a muffle fur-
nace (EDG, model EDG3P-S) at 600-700 °C for 4 h, with a heating ramp of 30 °C min’, in order to
obtain a crystalline and thermodynamically stable material. The resulting material was cooled and

collected after 24 h.

Top-down processing

Approximately 5 g of calcined material was added to 250 mL of a 1 mol/L-' NaOH solution,
being stirred for 50 minutes at 60 °C. The product obtained from this step consists of sodium silicate

in water (equation 1).

Si0, +2 NaOH —Na,Si0; + H,0 (1)
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Subsequently, sodium silicate (brand, purity) was separated from the aqueous solution, to
react with 200 mL of 1 mol/L" hydrochloric acid (brand, purity) at 50 °C, 30-45 min. The product
obtained on a nanometric scale is presented by equation 2 (reaction of Na,SiO, with HCl, in the pro-

portion 1:2 v/v.

Na,SiO; + 2 HCl>Nano SiO, +2 NaCl + H,0 2)

OBTANTION OF MAGNETIC NANOSILICA

The magnetization of the nanosilica was carried out as described by Rhoden et al. (2017). For
these reactions, 250 mL round-bottom flask containing 100 mL of ultrapure water previously deoxy-
genated was used, then 100 mg of nanosilica and 100, 500 or 1000 mg of iron chloride II (FeCl,) were
added (Sigma-Aldrich®) to promote the production of nanosilica with different amounts of Fe,O, and
ammonium hydroxide (Synth®) until reaching an oxidizing pH (pH = 9.0).

Afterwards, the mixture was submitted to ultrasonic radiation (Elma, power of 150W) for 60
minutes. Sequentially, the solution was poured with the assistance of a magnet, the solid was washed
consecutively with methanol (Synth®) and acetone (Synth®). Subsequently, the material was dried
(DeLeo) in an oven at 50 °C for total evaporation of solvents.

To obtain the magnetic nanosilica, nanosilica and FeCl, were used and later, it was submitted
to oxidation conditions. In equation (3), the methodology used to obtain the nanoparticle with mag-

netic properties is shown in a schematic way.

Nano SiO, + FeCl, — Nano SiO,. Fe;0, 3)

CHARACTERIZATION OF NANOPARTICLES
FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

The equipment used to characterize the samples synthesized in this work was Perkin-Elmer
FTIR, model Spectro One. The tablets were obtained with 2 mg of sample and 200 mg of the support
(KBr). The spectrum appears, in the form of bands, resulting from the vibrations of the molecules

when absorbing infrared radiation (RHODEN, 2018).

X-RAY DIFFRACTION (XRD)

X-ray diffraction analyzes were performed using a Bruker diffractometer, model D2 Phaser.
The samples were macerated and arranged in the sample holder so that they were as smooth as pos-
sible (RHODEN, 2018).
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AVERAGE CRYSTALLITE SIZE AND CRYSTALLINITY DEGREE

The average size of the crystallite (D) is related to the half height of the diffracted peaks and the
mesh parameter associated with the position of the peaks is given by equation (4) by Scherrer (1912):

Dyy=—— (4)

Where D is the average crystallite size (nm), K is the constant that depends on the shape of the
particles, A the wavelength of the electromagnetic radiation (nm), 0 the diffraction angle(®) and f the
girth of the half peak height (FWHM). The degree of crystallinity of the samples was calculated using
the reported method Navarro-Pardo ez al. (2013) in equation (5), where Ac is the area of the crystalline

peaks and Aa is the area of the amorphous cavities of the samples.

%C=

T 100 (5)

CYTOTOXIC ACTIVITY

Cell culture

The cells were grown in polystyrene bottles (Corning) with Dubecco’s Modified Eagle
Medium (DMEM, Sigma-Aldrich), supplemented with 10% Bovine Fetal Serum (Cultilab) and 1%
antibiotics (Penicillin/Streptomycin, Sigma-Aldrich®) and incubated at 37 °C in a humidified 5%
CO, incubator. The culture media were replaced every 2-3 days, according to the metabolism of cell
lines. Before reaching the confluence (70-80% of their saturation density), the cells were subjected to
subculture to avoid eventual cell death due to excess cells.

The treatments of 1, 5, 10, 25, 50, 100 and 500 pg/mL"' were established from results of the
literature for the compound SiO, (NABESHI ez al., 2011; HANAFI-BOID et al., 2017). L929 cells in

the concentration of 1x10* cells well! received treatments for a period of 24 hours.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) (MTT) assay

The MTT test ([3- (4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide]) is a colori-
metric test used to assess cell viability. Dehydrogenases are enzymes present only in metabolically
viable cells, they cleave the tetrazolium ring, transforming itself from a yellow-colored compound
into a violet-colored compound, called formazan (MOSMANN, 1983).
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After 24 hours, a solution of 5 mg mL™" of the reagent was prepared diluted in 1x fosfat
buffered saline (PBS) (Prolab®) and subsequently added 20 pL per well in the 96 well plates. After
4 hours of incubation in the CO, oven, the supernatant was removed and add 200 pL of dimethyl
sulfoxide (DMSO) (Synth®) to solubilize the crystals formed. Finally, the absorbance was read at a

wavelength of 570 nm.

3-amino-7-dimethylamino-2-methylphenazine hydrochloride or neutral red assay

The neutral red test was based on the initial protocol described by Borenfreund and Puerner
(1985), following the methodology described by Fotakis and Timbrell (2006). This test is based on the
cell’s ability to absorb neutral red through endocytosis. The reagent is accumulated in the lysosomes
of viable cells, thus being found in greater quantity in cells with integrity of the plasma membrane.

After 24 hours, the supernatant was removed and culture medium without serum was added
fetal bovine with the neutral red reagent at a concentration of 40 pg/mL-". It took 4 hours of incubation
in the CO, oven with the reagent in contact with the cells in the wells of the 96-well plate. Afterwards,
the supernatant was removed, cells were washed with 1x PBS in order to remove excess unreacted
reagent incorporated by them. Finally, a lysis solution containing 50% ethanol (Synth®), 49% dis-
tilled water and 1% acetic acid (Synth®) for cell lysis and release of dye to read its absorbance at a

wavelength of 540 nm.
Statistical analysis

The analyzes were performed using the GraphPad Prism. To compare treatments, one-way
analysis of variance (ANOVA) was performed, followed by Tukey’s post hoc test. Statistically differ-
ent values were considered with P <0.05 *, P <0.01 ** P <(0.001 ***,
RESULTS AND DISCUSSION

FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Figure 1 shows the infrared spectra (FTIR) of the magnetite, nanosilica and magnetic nanosilica.
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Figure 1 - Infrared spectrum of magnetite, nanosilica and magnetic nanosilica.
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According to the Figure 1, In the FTIR spectrum of the nanosilica it was possible to observe
a band in 801 cm™ and another in 474 cm™ indicating the symmetrical connection of Si-O-Si and in
1011 cm™! the asymmetric vibration of the Si-O. In the spectrum of magnetic nanosilica, in addition
to the peaks remaining constant, a more intense peak is seen around 600 cm™ referring to Fe-O
binding indicating the incorporation of ferrite (Fe,O,) in the nanomaterial (VENKATESWARAN;
YUVAKKUMAR; RAJENDRAN, 2013; RHODEN et al., 2017). In addition, a band in the region
of 3400 cm™ and one in 1600 cm™ was observed, attributed to the absorption of water molecules
(YAZDIMAMAGHANI et al., 2013).

X-RAY DIFFRACTION (XRD)

Figure 2 shows the XRD referring the ferrite, magnetite, nanosilica and magnetic nanosilica,

that demonstrate the characteristic peak of this structures.
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Figure 2 - X-ray diffractogram of magnetite, nanosilica and magnetic nanosilica.
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In the X-ray diffractogram (XRD) the amorphous structure of the synthesized material was
observed, however, a characteristic peak of the nanosilica is seen at approximately 20 = 22° attrib-
uted to cristobalite, a polymorphic form of the free nanosilica (NGUYEN et al., 2017). However, the
XRD standard is expected for nanoparticles of silica purified with sodium hydroxide solution with low
molarity (YUVAKKUMAR et al., 2014). About the XRD of magnetic nanosilica, the peak previously
present at 20 = 22° was partially suppressed by the incorporation of ferrite observed at 26 = 35°, 45°,
57° and 62°, confirming the obtaining of nano SiO, with magnetic properties (RUIZ -BALTAZAR
et al., 2015; RHODEN et al., 2018).

Table 1 shows the percentages of crystallinity and the average crystallite size, calculated from

equations 4 and 5.

Table 1 - Degree of crystallinity of the samples and average crystallite size.

Material Degree of crystallinity (%) Average crystallite size (nm)
Nano SiO, 87.5 6.47
Nano SiO,. Fe,O, 73.33 3.15

Fe,0, 50.96 3.11
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According to the experimental data, it was found that the degree of crystallinity and particle
size of the nanosilica decreased through the incorporation process. Changes in these parameters are
expected, since, during the reaction, nanoparticles are subjected to high temperatures, highly oxidiz-
ing media and ultrasonic irradiation (RETAMAL MARIN et al., 2018; ISLAM et al., 2014). The
nanosilica and the magnetic nanosilica had a particle size like found by Silva et. al. (2017) who evalu-
ated the luminescent and magnetic properties of the magnetic nanomaterials, with an average size
around 8 nm, also calculated by the Scherrer equation. Co-precipitation methodologies that use iron
IT salts are able to form precipitates with a smaller particle size. In addition, the temperature of the
reaction medium and the use of ultrasonic energy accelerate the process of precipitate formation and
prevent the disordered growth of nanoparticles (FREITAS et. al., 2015).

CYTOTOXIC ACTIVITY

Colorimetric viability assay (MTT)

Figure 3 represents the results of the MTT test after 24-hour treatment of 1929 cells, at a
concentration of 1x10* well”!, cultured in a 96-well plate and treated with magnetic nanosilica with
different concentrations and proportions of incorporated ferrite, in triplicates. From the concentration
of 5 ng/mL", the cell viability rate decreases, in a dose-dependent manner, presenting statistical sig-

nificance, as shown by the graph, in all dilutions of the compound.
Figure 3 - Cellular cytotoxicity of magnetic nanosilica with different proportions of incorporated ferrite.
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Legend: Data expressed as mean + standard deviation (SD). The analyzes were followed by one-way Anova,
followed by Tukey’s post hoc test, comparing the treatments with the negative control.
Values with p <0.05 were considered statistically significant. Being p <0.05 *, ** p <0.01; *** p <0.001.

Colorimetric viability assay from the neutral red vital dye

Figure 4 represents the result of the cellular toxicity of the magnetic nanosilica by means of
the neutral red colorimetric assay, under the same treatment conditions of the 1.929 cell line described
in the cell culture item of the materials and methods assignment. For this assay it is possible to ob-

serve a significant decrease in the L929 cell line from the treatment with 50 pg/mL-' of the magnetic
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nanosilica, in a dose-dependent manner, following the same behavior in all tested dilutions of

the compound.

Figure 4 - Cellular cytotoxicity of magnetic nanosilica with different proportions of incorporated ferrite.
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Legend: Data expressed as mean + standard deviation (SD). The analyzes were followed by one-way Anova,
followed by Tukey’s post hoc test, comparing the treatments with the negative control.
Values with p <0.05 were considered statistically significant. Being p <0.05 *, ** p <0.01; *** p <0.001.

The evaluation of cytotoxicity was performed only in the 24-hour period, since longer periods
aim to evaluate antiproliferative activity. Through the MTT assay it was found that only the concen-
tration of 1 ug/mL" of the magnetic nanosilica in the proportion 1:1 proved to be safe in relation to the
negative control, the other treatments showed a significant difference of p <0.001. In all concentrations,
cell viability ranged from 84% to 38.5% from the lowest to the highest concentration (1-500 pg/mL™),
with a 1:10 ratio similar behavior. Also, the concentration of 500 pg/mL™" reduced the number of
viable cells to 42%. This results confirm a previous work, showing a concentrations dependence as
well as incorporated iron/ferrite concentration (VIANA et al., 2019).

By the neutral red colorimetric assay, it is possible to observe that only the lowest tested con-
centrations of both compounds did not show a significant difference in relation to the negative control,
again showing that, with the increase of Fe,O, incorporated, the compound becomes more toxic for
the cells. In the neutral red test, unlike MTT, the results show cytotoxicity from the concentration of
50 pg/mL", which reduced the number of cells to 71.5%, reaching 46% in 500 pg/mL". In the ratio
of 1:5, cytotoxicity was statistically present at a concentration of 25 pg/mL, decreasing the number
of cells to a level of 47% in 500 pg/mL". Finally, the 1:10 ratio showed a decrease in the number of
viable cells from 10 to 500 ug/mL", with the percentage of live cells varying between 67 and 37.5
respectively (VIANA et al., 2019).

Guo et. al. (2015) investigated the cytotoxicity of Fe,O,, nano SiO,.Fe,O,, in L929 cells. By
the MTT assay they found that the increase in contact time and the concentration of nano SiO,.Fe O,

increased the observed cytotoxic effect. In addition, it was found that the functionalization of Fe,O,
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with silica nanoparticles demonstrated a greater significant difference in cell viability, compared to
pure ferrite.

The results found in this work corroborate also the studies carried out by Gupta and Wells (2004)
that evaluated the cytotoxicity of magnetic nanoparticles in human fibroblasts. As the concentration of
the nanoparticles increased, a significant loss in cell viability was observed by about 25-50%. Dose-
dependent toxicity results were also observed by Park et. al. (2010), when evaluating the cytotoxicity of

silica nanoparticles in HaCaT cells with concentrations above 30 pg mL".
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CONCLUSION

Through the application of a fast, easy, and low energy methodology, nanosilica with magnetic
properties was obtained, which can be evidenced by instrumental techniques of infrared spectroscopy
and X-ray diffractogram, as well by approaching of an external magnetic field. It was also found
that the incorporation of the magnetic nanoparticles caused changes in parameters such as average
crystallite size and degree of crystallinity. The evaluation of cytotoxic activity carried out by MTT
and neutral red colorimetric tests showed cell viability at low concentrations. However, increasing in
the iron proportion and concentration increases the toxicity to cells. Further studies are necessary to

furnish a complete security profile for biological applications.
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