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Abstract

Background/Aims: Titanium dioxide nanoparticles (TiO, NPs) are extensively applied in the
industry due to their photocatalytic potential, low cost, and considerably low toxicity. However,
new unrelated physicochemical properties and the wide use of nanoparticles brought concern
about their toxic effects. Thereby, we evaluated the cytotoxicity of a TiO, NP composed of
anatase and functionalized with sodium carboxylate ligands in a murine fibroblast cell line
(LA-9). Methods: Scanning Electron Microscopy (SEM), Dynamic Light Scattering (DLS), and
ATR-FTIR spectroscopy were applied to determine nanoparticle physicochemical properties.
The cell viability (MTT assay) and clonogenic survival were analyzed in fibroblasts exposed
to TiO, NP (50, 150, and 250 ug/mL) after 24h. Moreover, oxidative stress, proinflammatory
state, and apoptosis were evaluated after 24h. Results: TiO, NP characterization showed an
increased hydrodynamic size (3.57 to 7.62 nm) due to solvent composition and a heterogeneity
dispersion in water and cell culture media. Also, we observed a zeta potential increased from
-20 to -11 mV in function of protein adsorption. TiO, NP reduced fibroblast cell viability and
induced ROS production at the highest concentrations (150 and 250 ug/mL). Moreover, TiO,
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NP reduced the fibroblasts clonogenic survival at the highest concentration (250 pg/mL)
on the 7th day after the 24h exposure. Nevertheless, TiO, NP did not affect the fibroblast
proinflammatory cytokines (IL-6 and TNF) secretion at any condition. Early and late apoptotic
fibroblast cells were detected only at 150 pg/mL TiO, NP after 24h. Conclusion: Probably,
TiO, NP photocatalytic activity unbalanced ROS production which induced apoptosis and
consequently reduced cell viability and metabolic activity at higher concentrations.

© 2023 The Author(s). Published by

Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Nanoparticles are synthesized particles, which sizes range from 1 to 100 nm with
properties that differ from the source materials (“bulk” solid or extended solid) [1]. The study
of these structures and molecules on a nanoscale comprises nanoscience, and their practical
application in processes and products defines what we know as nanotechnology. Two of the
premises that define nanotechnology are the nanoscale, in at least one of its components,
and novelty, that is, modifications in many particle properties due to the nanoscale [2].

An important characteristic that nanoparticles have is a large surface area per unit
volume when compared to larger diameter particles, which increases the number of atoms
available on the surface of these nanomaterials. As such, these particles have new physical-
chemical properties compared with same materials at the micro and macro scale [3]. This
potentiation in optical, mechanical, electrical, and magnetic properties makes nanoparticles
be used in several areas such as the petrochemical industry, biomedical applications, food
storage and processing, construction, among others [4-6].

TiO, nanoparticles (TiO, NPs) can be originated from one of the three best-known
crystalline forms of this mineral: anatase, rutile, and brookite. Studies indicate that the
anatase form is more widely used commercially due to its higher catalytic activity when
compared to rutile [7-10]. TiO, NPs have been widely used in recent years in the industry
and consumer products, such as in the production of paints, paper, plastics, and cosmetics,
due to their high catalytic activity when compared to fine particles of the same composition
[3,11].

Another potential TiO, NP use is in the energy field, especially in the oil and gas industry
[12]. Overall, nanoparticles are used as an alternative to traditional surfactants due to their
chemical stability at high salinity, temperature, and pressure. Thus, TiO, NPs can reduce the
water/oil interfacial tension (IFT) and contact angle and increase the oil yield recovery from
22% by conventional methods to 54%, which brings a significant advance to the industry
[13, 14]. Among other applications, TiO, NPs have a photocatalytic activity that enables
the decomposition of organic compounds in wastewater at refineries [15, 16], and can be
used for liquefied petroleum gas sensing [17]. The TiO, NP, the subject of this work, was
synthesized to be applied in the oil industry and surface-modified with sodium carboxylate
ligands that have surfactant function, which in addition to stabilizing the nanofluids, also
increases considerably its solubility [18].

The TiO, NPs are usually considered to be poorly soluble and low toxic [3]. However, in
the case of nanoparticles, the smaller the particle, the higher the concentration of atoms on
its surface, which makes it more reactive [1]. This characteristic makes NPs very important
for certain applications, however, they can present unique bioactivity, presenting a greater
interaction with the organism, which brings challenges concerning human health and the
environment [1, 3]. And exposure to these nanomaterials during preparation must be
evaluated regarding the risks that their production may bring to handlers.

Several studies have shown that TiO, NPs exhibit higher toxicity when compared to
particles that do not have a nanometric scale, which is associated with the most significant
toxic effects among smaller particle sizes [3, 19, 20]. Size is a very important characteristic
since NPs can be internalized and trigger a toxic response to the cellular system [21-24].
Besides possible internalization, NPs can induce pores in the cell membrane, or even the
destruction of the cell membrane and organelles, and also bind to macromolecules, altering
their structure and function, causing damage to cell function and communication [25, 26].
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An important mechanism  TiO, NP in Fibroblasts LA-9.
that can trigger the apoptosis
process and consequent cell
damage is the reactive oxygen species (ROS) production. NPs can induce oxidative stress
through direct ROS generation due to their physicochemical properties, by stimulating
inflammatory cells to produce ROS, indirectly through changes in mitochondrial integrity, or
ROS generation due to ions or soluble components of certain types of NPs [27]. Studies using
fibroblasts and hepatocytes showed significant ROS production, DNA damage, and a high
percentage of apoptotic cells after exposure to TiO, NPs [23, 24, 30, 31]. Kim and co-workers
demonstrated that TiO, NPs induce oxidative stress via induction of prooxidant enzymes and
suppression of antioxidant enzymes [32], and Gholinejad and colleagues suggested that TiO,
NPs induce mitochondrial dysfunction which would be the initial source of ROS production
generating oxidative stress [33].

Although many studies on nanotoxicity are produced every year [23, 24, 34-38], the
mechanisms that trigger cytotoxicity are not yet fully elucidated. Moreover, the cellular
effects of NPs are dependent on several factors, such as particle size, surface ligands, their
agglomeration state, as well as the dose and exposure time in addition to the cell line being
studied [3, 22, 26].

Thus our work evaluated the cytotoxic effects on LA-9 fibroblasts, a lineage still
poorly studied regarding NP toxicity, after exposure to TiO, NP of greatly reduced size,
composed of anatase and functionalized with sodium carboxylate ligands, being analyzed
the acute exposure (24h). In addition, long-term effect after acute exposure was evaluated
by clonogenic assay, not yet reported in the literature for this TiO, NP in LA-9 lineage. The
representative scheme of the methods and results reported in this work after exposure of
LA-9 fibroblasts to TiO, NP is presented in Fig. 1. It is expected that this work will provide
fundamental data for the evaluation of the safety of manipulators in the production of this,
as well as in the use of this TiO, nanoparticle, as a potential and important material for use
in the petrochemical industry (PETROBRAS) in the oil extraction process.

Materials and Methods

TiO, NP characterization
TiO, NP was provided by CENPES - PETROBRAS (Centro de Pesquisas, Desenvolvimento e Inovagdo
Leopoldo Américo Miguez de Mello). TiO, NP synthesis was based on anatase titanium dioxide followed
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by functionalization with the ligand sodium carboxylate. The TiO, NP characterization was performed by
Dynamic Light Scattering (DLS), Zeta Potential, Attenuated Total Reactance Fourier Transformed Infrared
(ATR-FTIR) spectroscopy and Scanning Electron Microscopy (SEM). The hydrodynamic diameter and zeta
potential of the TiO, NP suspended (0.2 mg/mL) in ultrapure water (resistance > 18 MQ.cm™ Mega Purity
purification system - Thermo Fisher Scientific, Waltham - Massachusetts, USA) and in DMEM culture medium
were evaluated using a Malvern spectrometer Nano-ZS (Malvern Instruments, Malvern, UK). The results
are presented as mean * SD resulting from three different measurements. Polydispersity index value (PdI)
was also described. The Infrared spectra were obtained to evaluate the chemical surface group at the TiO,
NP. In this work the Attenuated Total Reactance Fourier Transformed Infrared (ATR-FTIR) spectroscopy
was performed on a Bruker Alpha-P instrument (Germany) equipped with diamond crystal windows as
the reflective element of the 4 mm?2 The sample was analyzed in the solid phase and the measurement was
performed at a resolution of 4cm™ and considered 128 scans. The raw ATR-FTIR spectra data were analyzed
by OMNIC 8.2 software (Thermo Fisher Scientific) to determine the wavelength of peaks. For SEM analysis,
image acquisition was performed with a Philips - XL30 FEG (Amsterdd, Netherlands) electron microscope.

Cellular system

LA-9 (mouse fibroblast cells) were acquired from the Rio de Janeiro Cell Bank (BCR]J-Brazil - code
0142). The cell culture was maintained using Dulbecco’s Modified Eagle Medium (DMEM - Sigma-Aldrich,
St. Louis - Missouri, USA) supplemented with 10% fetal bovine serum (FBS - LGC Biotecnologia, Cotia - SP,
Brazil) and 1% antibiotic (streptomycin/penicillin - LGC Biotecnologia). The fibroblasts were maintained in
sterile T-75 flasks (Kasvi, Sdo José dos Pinhais - PR, Brazil) and incubated at 37°C in a 5% CO, atmosphere.

Cell viability and morphology

The cell viability was determined with MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazoilium
bromide) assay by which it is possible to evaluate mitochondrial enzymatic activity [39]. A preliminary
test was performed using concentrations of TiO, NP ranging from 0.1 to 5000 ug/mL, in agreement with
the literature and to check the toxicity of NP broadly [20, 40-44]. After initial testing, concentrations of 50,
150, and 250 pg/mL were chosen for the study. LA-9 fibroblasts were seeded in a 96-wells plate at a density
of 6x10° cells/well and cultivated at 37 °C in a 5% COo,. After 24h of incubation to adhesion of cell, the cell
culture was exposed to TiO, NP at 50, 150, and 250 ug/mL for 24h. The positive control was considered as
cells exposed to a solution of Extran 5% (Merck, Darmstadt, Germany) and the negative control was only
cells cultured using DMEM. After the exposure to the different concentrations of TiO, NP, microphotographs
were taken to observe the morphology of the fibroblasts using an optical microscope (Zeiss, Oberkochen,
Germany) at 100x magnification. Subsequently, the supernatant was removed and was added 100 pL of
MTT solution (0, 5 mg/mL) for 4h (Sigma-Aldrich). After this period, the supernatant was removed and
100 pL of DMSO (Synth, Diadema - SP, Brazil) was added to solubilize formazan crystals. The absorbance
was measured at 570 nm (Thermo Scientific- Multiskan GO spectrophotometer). The cell viability (%) was
calculated considering the mean of the negative control group as having 100% of cell viability. To do this,
the mean absorbance of the group exposed to TiO, NP is divided by the mean absorbance of negative control
and multiplied by 100. Three independent experiments were carried out in quadruplicate for cell viability
and in triplicate for obtaining the images.

Clonogenic survival assay

This assay was performed according to Franken et al [45]., in the 6-wells plate at a density of 100 cells/
well, in a final volume of 2 mL of cell suspension in DMEM medium. After cell adhesion, exposure to the Tio,
NP at 50, 150, and 250 pg/mL were performed for 24h, and in the negative control was used only DMEM.
Subsequently, the supernatant was removed and the cells were washed with 1x PBS buffer, and 2 mL of fresh
DMEM was added to the cells. The cell cultures were incubated for 7 days in the same condition previously
described. After this period the culture medium was removed, and cells were fixed adding slowly 1 mL of
cold methanol (Synth). Then, cells were stained using 1 mL of violet crystal solution 0.1% (Synth) at room
temperature for 1 minute. Next, the wells were washed with distilled water. The wells were photographed,
and the colonies were counted using the Image] 1.53a software. The plating efficiency (PE) was determined
by dividing the number of colonies by the number of cells initially seeded and the survival fraction (SF) was
calculated by dividing the mean PE of cells exposed to TiO, NP by the mean PE of the negative control. Three

66



Cellular Physiology Cell Physiol Biochem 2023;57:63-81

DOI: 10.33594/000000616 © 2023 The Author(s). Published by

and BiOChemiStry Published online: 22 March, 2023 |Cell Physiol Biochem Press GmbH&Co. KG

Fattori et al.: Tio, NP Induces Toxic Effects on LA-9 Mouse Fibroblast

independent experiments were performed in duplicate.

Measurement of reactive oxygen species (ROS) production

The intracellular reactive oxygen species (ROS) levels were measured using the fluorescent probe
DCFH-DA (2',7'-Dichlorodihydrofluorescein Diacetate) as described by Wan et al. [46] and Wang and Joseph
[47]. LA-9 fibroblasts were seeded in a 96-wells plate at a density of 1x10* cells/well. After the period of
cell adhesion, the cells were exposed to TiO, NP at 50, 150, and 250 pg/mL for 24h. To the negative control
group only DMEM was used, and for the positive control group, the cells were exposed to 0.1 mM H,0,
solution (Dindmica, Indaiatuba - SP, Brazil) 30 minutes before the addition of fluorescent probe. After 24h,
the solution was removed and the cells were washed with 1x PBS and incubated with 100 pM of DCFH-DA
(Sigma-Aldrich) solution for 30 minutes protected from light. After this period cells were washed with 1x
PBS. The fluorescence analysis was performed at 485-530 nm (Spectra MAX i3 - Molecular Devices, San Jose,
California, USA). The percentage of intracellular ROS production of experimental groups was calculated
using the mean fluorescence emission of samples exposed to TiO, NP divided by mean fluorescence
emission of the negative control and multiplied by 100. Three independent experiments were performed in
quadruplicate.

Proinflammatory cytokines quantification

The fibroblasts (LA-9) were seeded on a 96-well plate at 1x10* cells per well and were incubated with
TiO, NP (50, 150, and 250 pg/mL) for 24h. Following incubation, the supernatant was collected and the
production of the IL-6 and TNF cytokines were determined by ELISA (Enzyme-Linked Immunosorbent
Assay). The instructions were according to the manufacturer (BD Biosciences, New Jersey, USA). The
absorbance was measured using a plate spectrophotometer (Multiskan GO) at 450 nm and the concentrations
of the cytokines were calculated based on a standard curve. Results were expressed in pg/mL and three
independent experiments were carried out in triplicate.

Cell death assay

Flow cytometry analysis was used to evaluate the cell death mechanism of fibroblasts LA-9 by PE
Annexin V detection (BD Biosciences) after exposure to TiO, NP (50, 150, and 250 pg/mL) for 24h. LA-9
cells were seeded on 24 wells-assay plates at the density of 1x10° cells/well. After 24h, the plates were
centrifuged (1500 rpm at 4°C for 10 minutes) and washed with 1x PBS. Then, antibodies PE Annexin V and
7AAD (7-Aminoactinomycin D) [1:1] (1 pL/well in 1:10 binding buffer) were added. The reaction lasted 15
minutes at room temperature protected from light. Then, the cells were removed with the aid of a scraper
and resuspended in microtubes with 300 pL of binding buffer. Camptothecin (Sigma-Aldrich) 500 uM/
well was used as a positive control. Analyzes were performed on a flow cytometer on an Accuri™ Cé6 BD
Biosciences, selecting a gate with 10, 000 events using Flow]Jo™ software version XV (BD Biosciences). Two
independent experiments were carried out in quadruplicate. The data is demonstrated by a representative
dot plot where Q1 - necrotic cells (PE - / 7AAD +), Q2 - late apoptosis (PE + / 7AAD +), Q3 - viable cells (PE
-/ 7AAD -) and Q4 - early apoptosis (PE + / 7AAD -).

Statistical analysis

The results were expressed as mean #* standard deviation (SD) and analyzed in GraphPad Prism
software, version 7 - 2018 (San Diego, CA, USA). Shapiro-Wilk, Kolmogorov-Smirnov, or D’Agostino &
Pearson normality tests were applied depending on the number of samples analyzed. Subsequently, for
parametric data, the One-way ANOVA test (One-way Analysis of Variance) and Tukey’s post-test (Tukey’s
Multiple Comparison Test) were used. For non-parametric data, the Kruskal-Wallis test and Dunn’s post-test
(Dunn’s Multiple Comparison Test) were used. Statistical significance was established at p values < 0.05.

Results

Nanoparticle characterization (TiO,NP)

The characterization of TiO, NP in ultrapure water and DMEM media is presented in
Table 1. The hydrodynamic diameter of TiO, NP in water was about 3.57 + 1.97 nm. Zeta
potential measures revealed a negative charge of -20 + 3 mV in TiO, NP in water probably

due to the coating with carboxylic acid (-COO'Na*). We suggested that dispersion of TiO,
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Table 1. Hydrodynamic diameter, Pdl and Zeta potential values of TiO, NP in ultrapure water and DMEM
culture medium

TiO2 NP suspension Hydrodynamic diameter (nm) PdI Zeta potential (mV)
Ultrapure water 3.57+1.97 0.548 £ 0.121 -20+3
DMEM 7.62 +£0.59 0.553 + 0.064 -11+2.6
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Fig. 2. SEM microscopy images of anatase structures in TiO, NP at 5000x (A) and 10000x (B) and ATR-FTIR
spectroscopy of the TiO, NP (C).

NP in DMEM media induced some nanoparticle aggregation or protein corona formation
on its surface, as showed by the increase of the hydrodynamic diameter to 7.62 + 0.59 nm.
Furthermore, zeta potential increases to -11 + 2.6 mV in function of protein adsorption.
Interesting that both solvents revealed polydisperse index values around 0.5 an indicative of
heterogeneity dispersion as observed by SEM images in Figures 2A and 2B.

The ATR-FTIR spectrum obtained from TiO, NP shows peaks at 452; 590; 670; 1067;
1247; 1381; 1562; 3009, and 3173 cm, Fig. 2C. These peaks can be associated with some
groups presented in TiO, NP which are discussed later.

Cytotoxicity and morphology of LA-9 fibroblasts

The MTT assay of fibroblasts after 24h exposure to TiO, NP showed an indicative of
cytotoxicity as there was a reduction in the percentage of cell viability at the highest
concentrations, 150 pg/mL (34.4% * 12.77 - 65.60% reduction) and 250 pg/mL (43.79% =
13.96 - 56.21% reduction) when compared to the negative control group (100% * 11.38),
Fig. 3A.

According to cell morphology, it is possible to notice that fibroblasts exposed at 150
ug/mL and 250 ug/mL TiO, NP (Fig. 3D and 3E), showed a lower level of elongated cells
(characteristic morphology of the fibroblast cell), which now have a more rounded shape
when compared to control group, which has normal cell morphology and growth, Fig. 3B.
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Furthermore, it is possible to observe an accumulation of TiO, NP at the bottom of the well,
Fig. 3D and 3E, which was not observed in the control group, Fig. 3B and also at the lowest
concentration of 50 pg/mlL, Fig. 3C, which showed no reduction in the percentage of cell
viability.

Additionally, we performed the clonogenic survival assay, Fig. 4, in which we observed
the formation of fibroblasts cell colonies after 24h exposure to TiO, NP. The highest
concentration (250 pg/mL) showed a significant reduction in the number of colonies when

Cell viability (%) - 24h

& P
{1 ugimL Tio; NP

Fig. 3. Fibroblast LA-9 cell viability (%) after exposure to different concentrations of TiO, NP in the 24 hours
(A) and representative of fibroblast LA-9 morphology from each experimental group (B - C-; C-50 ug/mL; D
- 150 pg/mL and E - 250 pg/mL). The amplification is 100x. C- is negative control and C+ is positive control
(Extran™ 5%). Data represent mean * SD from three independent measurements. The statistical analysis
was performed by the Kruskal-Wallis non-parametric test and Dunn’s post-test. Statistical significance ****
p<0,0001 represents the difference between the results obtained in the groups exposed to different TiO, NP
concentrations and the negative control group (C-).
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Fig. 4. Clonogenic survival (%) of LA-9 fibroblasts after exposure to TiO, NP for 24 hours (A) and
representative of the wells containing the cell colonies from each experimental group (B - C-; C - 50 pg/
mL; D - 150 pg/mL and E - 250 pg/mL). C- is negative control. The survival fraction was calculated using
the average C- as 100% survival. Data represent mean * SD from three independent measurements. The
statistical analysis was performed by the One-way ANOVA parametric test and Tukey’s post-test. There was
no statistically significant difference between the results obtained in the groups exposed to the different
concentrations of TiO, NP when compared to the negative control group (C-).
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compared to the control group, Fig. 4A. Also, it is possible to observe in Figures 4B to 4E a
representative of the wells showing colony formation in the experimental groups.

Oxidative stress

To evaluate oxidative stress, the percentage of reactive oxygen species (ROS) production
was measured after exposure to TiO, NP for 24 hours. For concentrations of 150 and 250
ug/mL there was a significant increase in ROS production when compared to the negative
control group which was not exposed to NP, Fig. 5.

Cytokines production - Inflammation

The pro-inflammatory cytokines IL-6 and TNF levels were dosed in the supernatant of
fibroblasts after 24 hours of exposure to TiO, NP. For both cytokines, there was no significant
difference between the groups exposed to NP and control group, Fig. 6.

Cell death

Flow cytometry was analyzed to investigate cell death induction in fibroblasts exposed
to TiO,NP. The cells that were exposed to the concentration of 150 pg/mL showed a
significant increase in the percentage of apoptotic cells when compared to the negative
control group, not exposed, Fig. 7D. It was observed that in this same group (150 pg/mL)
there is an increase in the percentage of apoptotic cells both early, Fig. 7B, and late, Fig. 7C.
There was no increase in the percentage of necrotic cells for any of the NP-exposed groups
when compared to the negative control group, Fig. 7E.

Fig. 5. Reactive oxygen species (ROS) production (%) 500-
on LA-9 fibroblasts after exposure to TiO, NP for 24 Hohk
hours. C- is negative control and C+ is positive control 400+
(H,0, 0.1 mM). Data represent mean + SD from three S 300
independent measurements. The statistical analysis :7;
was performed by the Kruskal-Wallis non-parametric 8 200+
test and Dunn’s post-test. Statistical significance ***
p<0,001 and ** p<0,01 represents the difference 1004
between the results obtained in the groups exposed 04
to different TiO, NP concentrations and the negative ot o’ & R qf’Q
control group (C-). [1 ug/mL TiO, NP
A B
300+ 300
3 200+ T %555 |llé—- 200+
0 1| B : 0 — .
v e & S R
[ 1 ug/mL TiO, NP [ 1 ng/mL TiO, NP

Fig. 6. Concentrations of IL-6 (A) and TNF (B) in pg/mL in the supernatant of LA-9 fibroblasts after
exposure to TiO, NP for 24 hours. C- is negative control. Data represent mean +* SD from three independent
measurements. The statistical analysis was performed by the One-way ANOVA parametric test and Tukey’s
post-test. There was no statistically significant difference between the results obtained in the groups
exposed to the different concentrations of TiO, NP when compared to the negative control group (C-).
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Fig. 7. Flow cytometry analysis to determine necrosis and apoptosis of LA-9 fibroblasts after exposure
to TiO, NP for 24 hours. C- is negative control and Camp is positive control (Camptothecin 0.5 mM). (A)
Representative two-dimensional contour density plots to determine fractions of live, necrotic and apoptotic
cells; (B) Percentage of cells in early apoptosis; (C) Percentage of cells in late apoptosis; (D) Percentage of
apoptotic cells (early +late apoptosis) and (E) Percentage of necrotic cells. Datarepresent mean + SD from two
independent measurements. The statistical analysis was performed by the Kruskal-Wallis non-parametric
test and Dunn’s post-test. Statistical significance ** p<0,01, *** p<0,001 and **** p<0,0001 represents the
difference between the results obtained in the groups exposed to different TiO, NP concentrations and the
negative control group (C-).

Discussion

The high and quick increase in the use of nanoparticles, especially in industry and
consumer products, has brought concern about the need to study the safety of these new
materials. Particularly TiO, NPs have been widely used due to their high catalytic activity,
resulting in unique bioactivity and consequent concern for human health [3]. Thus this
work aimed to evaluate the toxicity of TiO, nanoparticle (TiO, NP) functionalized with
sodium carboxylate using the LA-9 fibroblast cell line as an in vitro model. This cytotoxicity
evaluation was done through characterization of the nanoparticle and subsequent analysis
of cell viability and morphology, ROS (oxidative stress) and pro-inflammatory cytokines
production, cell death, and analysis of the long-term effect after acute exposure through cell
colony formation.

The physicochemical properties of nanoparticles, such as crystalline shape, size,
charge, and surface ligands, are closely related to the nanoparticle’s biological effects [1,
3,26]. In addition, proteins from the medium can bind or be adsorbed onto the nanoparticle
surface forming a structure called a protein corona, which can modify the physicochemical
properties of the NPs and thus also interfere with cellular responses such as internalization,
bioavailability, and toxicity [48, 49].

Both biological fluids and cell culture medium present free proteins that can bind to the
NP surface [48]. This interaction and formation of the protein corona can be confirmed by
changes in size and zeta potential of the NP [49]. Our results showed that the hydrodynamic
diameter of TiO, NP increased from 3.57 nm in water to 7.62 nm in the DMEM medium. The
fetal bovine serum (FBS) used to supplement the medium presents itself as a biological fluid
that contains various proteins, which contribute to the corona effect [49]. Other authors
also demonstrated the corona effect after dispersion in DMEM medium for the same TiO,
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NP [23] and gold particles [50]. Furthermore, it was observed that the dispersion of TiO,
NP in DMEM medium was not stable based on PdI values around 0.5, an indication of the
heterogeneous dispersion revealed in SEM images.

Despite the increase in size identified by aggregation and or corona protein formation,
it is noted that this TiO, NP still presents a size considered small. NPs with sizes below 20-
30 nm tend to have high reactivity due to an exponential increase of atoms on their surface,
generating an excess of energy that makes them thermodynamically unstable [1]. Studies
show that TiO, NPs can be internalized by cells and this mechanism is size and concentration-
dependent, where NPs with sizes between 30-100 nm generally remain in the cell cytoplasm
and NPs with sizes below 30 nm can reach the nucleus [31, 51].

Anotherinteresting feature that interferes with the mechanism of uptake and consequent
toxicity is the surface charge due to the interaction with phospholipid groups or protein
domains present on the cell surface [48]. Positively charged NPs can interact more easily with
these components [48, 52]. The zeta potential is an important physicochemical parameter
of nanoparticles as it presents its charge and determines its properties in suspension [53],
with NPs that exhibit values above + 30mV being considered stable [54]. The zeta potential
revealed a negative charge of -20 mV on TiO, NPs in water probably due to binding with
the carboxylic acid (-COO-Na+). Functionalization with carboxylic acid makes TiO, NPs
more hydrophilic compared to particles without this functionalization thus changes in their
bioactivity and consequent toxicity may occur [55]. Moreover, the zeta potential increased
to -11 mV in TiO, NP suspended in DMEM as a function of protein adsorption. Both zeta
potential values were associated with the aggregation/agglomeration tendency of TiO, NP
as already reported by other authors [20, 43, 56, 57].

ATR-FTIR spectra were collected to elucidate the surface groups associated with TiO,
NP [58]. The ATR-FTIR result shows typical broadband from 400 to 1000 cm, related to Ti-
O-Ti stretching vibration [59-61]. Moreover, in the spectrum were observed peaks around
452 and 670 cm™ in the same range, these peaks and ranges are regular to anatase TiO, [38].
Furthermore, a peak was reported at 590 cm™ and 670 cm™ which can be attributed to Ti-
0-0 bond and Ti-O-Ti respectively [62, 63]. The peak at 1067 cm™ is associated with C-0-C
stretching vibration [64-66]. While the peak around 1247 cm™ represents O-H stretching
vibration and this is a typical absorption region of hydrogen bond by carboxyl group and the
hydroxyl group of anatase TiO, [67-69]. In the spectrum was observed peak at 1381 cm’,
this region could be associated with carboxyl groups [60]. Moreover, the characteristic peak
of COONa is around 1500 cm™, thus our result demonstrated a peak in the same region (1562
cm) [70]. Carboxylic acids are in the group of molecules that are used in the functionalization
of NPs that are of interest in the biomedicine area to promote greater biocompatibility [71-
73]. Hamilton and co-workers demonstrated that TiO, NPs functionalized by carboxylation
showed a reduction in toxicity [55]. The band from 3000-3600 cm™ is characterized by O-H
stretching vibration of free and hydrogen-bonded surface hydroxyl groups [60, 69].

Cytotoxicity is related to the physicochemical characteristics of NPs and is dependent on
the cell lineage of interest, the dose used, and the exposure time. Furthermore, biologically it
is determined by significant modifications in cellular metabolism that can trigger oxidative
stress processes and even death [26]. Our results, from the MTT assay, show that there was
areduction in cell viability of LA-9 fibroblasts for the highest concentrations, i.e., at the 250
ug/mkL concentration we observed a 56.21% reduction in cell viability, and at the 150 pg/
mL concentration, 65.60% reduction. Pedrino and co-workers [23] using the same TiO,
NP at concentrations of 10, 100 and 1000 pg/mL and the same cell line observed reduced
viability only at the 1000 pg/mL concentration. Since we are even dealing with the same cell
line and the same TiO, NP, it is possible to suggest that there may be a toxicity threshold,
since concentrations below and equal to 100 pg/mL do not show cytotoxicity and from 150
ug/mL onwards become toxic for the LA-9 fibroblast lineage. Other works in the literature
corroborate our results as they also found reduced cell viability at concentrations close or
equal after 24h of exposure to TiO, NP, such as reduction at the concentration of 100 pg/mL
for hamster fibroblast lineage (V79) [42], reduction at the concentrations of 125 and 250
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ug/mL for human astrocytoma lineage (D384) [43] and reduction at concentrations of 50
and 100 pg/mL for mouse preadipocyte lineage (3T3-L1) [44]. Jim and collaborators [40],
on the other hand, observed no significant viability reduction within 24 hours but found
this reduction within 48 hours at a concentration of 600 pg/mL, which may suggest that the
cytotoxicity mechanism may occur in a dose and time-dependent manner.

In addition to altering mitochondrial metabolism, exposure to NPs can cause
morphological changes in cells [26]. Fibroblasts are normally elongated cells in a fusiform
shape, being adherent and growing in confluent monolayers [26, 74]. In our study, it
was possible to observe that at the highest concentrations tested (150 and 250 pug/mL)
morphological changes were detected as a rounded shape, which suggests a change in cell
adhesion capacity corroborating our MTT results. In addition, it was possible to verify NP
accumulation at the bottom of the wells of the culture plates for the same concentrations,
already reported by Brassolatti and collaborators (2022).

This accumulation could impair the adhesion of fibroblasts on the plate and consequently
cause changes in cell morphology that become more rounded instead of elongated cells.
Ibrahim and co-workers reported that TiO, NPs impaired cell adhesion and cytoskeletal
architecture of human osteoblast-like cells, and this effect was more significant in very small
NPs of 5 nm [19]. Several authors have reported morphological changes in fibroblasts of
various lineages, and also mesenchymal cells, after exposure to TiO, NP [19, 23, 24, 40, 42,
75-79]. Lee and co-workers (2018) corroborate our results in that at the concentration
of 50 pg/mL the fibroblasts showed similar morphology to the control group, but the
concentrations of 100 and 150 pg/mL showed lower cell density and changes in morphology.

One of the main cytotoxicity mechanisms associated with TiO, NP exposure is oxidative
stress, which can trigger DNA damage and consequent cell death [48, 80]. Several authors
have suggested that TiO, NP induces toxicity via oxidative stress and ROS production mainly,
as it produces free radicals in suspension [24, 26, 48, 51, 80-82]. The results of our work
showed that there was an increase in intracellular ROS production in LA-9 fibroblasts after
24h of exposure to TiO, NP at concentrations of 250 and 150 pg/mL. Pedrino et al [23].
also demonstrated increased ROS production after 24h of exposure using the same TiO, NP,
the same cell lineage, but at different concentrations (100 and 1000 pg/mL). In addition,
they observed genotoxic effects starting at the concentration of 1 pg/mL, demonstrating
that oxidative stress via ROS in this cell lineage can cause DNA damage associated with the
size and crystalline form of the NP. Other studies also corroborate our results. The study
by Gholinejad and collaborators [20] reported increased intracellular ROS production after
24h of exposure to TiO, NPs for the concentration of 100 ug/mL in human endothelial
cells (HUVECs), but no change was found when the 50 pg/mL concentration was used, as
presented in our study. Brassolatti and co-workers [24], using the same TiO, NP, found an
increase in intracellular ROS production at the 100 pg/mL concentration but in human skin
keratinocyte and fibroblast cell lines.

Furthermore, from the increased ROS generated by TiO, NP exposure, other changes
are triggered such as gene induction and consequent secretion of inflammatory factors and
expression of adhesion molecules, which are related to pro-apoptotic processes [20]. Studies
have shown increased expression of inflammatory genes and secretion of pro-inflammatory
factors, IL-6 and TNF, in endothelial cells after exposure to anatase TiO, NP [20, 83].
Fibroblasts are cells that act in the immune system and can increase IL-6 secretion under
inflammatory conditions to amplify immunity [84]. In contrast to working with endothelial
cells, our results showed that there was no increase in the secretion of either IL-6 or TNF by
LA-9 fibroblasts after 24h exposure to TiO, NP. Bernier and co-workers [11] corroborate our
results and also found no increase in IL-6 and TNF for the L929 mouse fibroblast lineage after
24 and 48h exposure to anatase TiO, NP. In contrast, in human keratinocyte (HaCaT) and
fibroblast (HDFn) lineages lower IL-6 production was observed at the highest concentration
tested after exposure to the same TiO, NP [24].

Although in vitro studies have demonstrated increased secretion of inflammatory
factors and found a strong relationship of these results with the crystal structure of TiO, NP,
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showing that anatase has a greater adjuvant role in the inflammatory process than rutile
[20, 83, 85], our results and those of other authors demonstrate that the inflammatory
profile must have a great relationship with the cell lineage in question [11, 24]. Furthermore,
it should be noted that this TiO, NP was functionalized to reduce the risk of cytotoxicity
which may have contributed to the non-induction of an acute inflammatory response. In
this way, understanding which death mechanisms are associated with the cytotoxicity of
this nanoparticle will add more information about the risks, helping to better define its toxic
potential.

A final pathway to damage resulting from oxidative stress is the process of cell death
usually resulting from apoptosis [26, 80, 86]. Apoptosis is a mechanism of programmed
cell death that contributes to homeostasis, but can also occur as a defense mechanism in
response to some cellular damage [87]. Our results showed that there was an increase in
apoptotic cells after 24h of exposure to TiO, NP for the LA-9 fibroblast cell line at the 150
ug/mL concentration, and the same was not observed for the 250 pg/mL concentration,
which showed reduced cell viability, morphological changes, and increased ROS production.
Moreover, this increase was more expressive for cells in early apoptosis. Pedrino and co-
workers [23], using the same TiO, NP and the same cell lineage, found an increase in early
apoptotic cells for the 100 pg/mL concentration. Another study, using human endothelial
cells (HUVECSs) also reported an increase in early apoptotic cells for the 50 and 100 pg/mL
concentrations after 24h of exposure to TiO, NP, but in the overall percentage of apoptotic
cells, only the 100 pg/mL concentration continued to show this increase [20]. On the other
hand, for human hepatoma cells (HepG2) an increase in both early and late apoptotic cells
was demonstrated after 24h of exposure to TiO, NP at low concentrations [30].

Interestingly, early-stage apoptosis can be reversed when subjected to weak pro-
apoptotic signals. Cells in early apoptosis that have been induced by p53 can have the
apoptotic mechanism reversed if the stimulus that triggered this process is removed [87].
Our work, as well as others presented above, evaluated acute toxicity with 24h exposure
only. It is suggested that DNA may undergo repair early in the p53-induced apoptotic process
and that this repair may be responsible for the reversal of the cell death pathway in some
circumstances [87].

We already know that this TiO, NP can impairs fibroblasts LA-9 DNA [23]. However, there
is a possibility of DNA repair and therefore the study was complemented by the clonogenic
assay that evaluates the cell survival and proliferation capacity, from the formation of
colonies, after 24h exposure to TiO, NP and subsequent withdrawal of this stimulus. Itis also
noteworthy that this assay is considered the gold standard among cytotoxicity assays due to
its higher sensitivity [45, 88]. The results of our work demonstrate a significant reduction of
colonies for the highest concentration evaluated (250 pg/mL), which indicates that exposure
to TiO, NP at this concentration and for this cell line triggered cytotoxic aspects that were not
corrected by the mechanisms mentioned above. In the other concentrations, no significant
change in the number of colonies was observed ten days after acute nanoparticle exposure.
This fact suggests that cells submitted to a concentration of 150 ug/mL of TiO, NP, which
showed morphological changes and signs of apoptosis, were able to reverse the damage
after NP removal, possibly through DNA correction pathways, which they became capable of
recovering its intrinsic proliferation mechanisms through an adequate cell cycle. Similarly,
Uboldi et al. (2016) also found no decrease in colonies for the 3T3 mouse fibroblast strain
after 24h exposure to TiO, NP, however, they did demonstrate a reduction in colonies when
the cells were exposed for 72h to rutile TiO, NP. For human skin (B]) fibroblasts, no colony
reduction was also observed after 24h of exposure to TiO, NP [88]. In contrast, Coccini and
colleagues (2015) observed colony reduction in neuronal cells after prolonged exposure to
low concentrations of TiO, NP. Through these reports, it can be considered that toxicity is
related to both the cell type and the time and concentration used.

To date, there is no exact consensus on which parameters should be considered when
classifying a nanoparticle as toxic or not, either for human health or the environment.
Furthermore, it is important to highlight the difficulty in comparing the results present in
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the literature due to the diversity of nanoparticles and their different characteristics, in
addition to the different types of cell lines evaluated. Although the OECD (Organisation for
Economic Co-operation and Development) does not yet have a specific guide for in vitro tests
to evaluate the toxicity of nanoparticles, the methodology used in this work to determine
cytotoxicity is presented as the most widely used by the literature [89].

From the results found in our work, it is possible to suggest that this TiO, NP has a
cytotoxic effect on the LA-9 mouse fibroblast lineage cell at the highest concentrations tested
when in acute exposure, generating reduced cell viability, oxidative stress, and cell death by
apoptosis. After acute exposure and withdrawal of the stimulus (NP), the fibroblasts indicate
a possible recovery for the concentration of 150 pg/mL, which is not observed for the highest
concentration (250 pg/mL) since a significant decrease was observed in the ability to form
colonies and cell proliferation. Such a fact may be related to the antioxidant mechanism
present in the cell and triggered in the first hours of TiO, NP exposure, serving as protection
with weak pro-apoptotic signal, and DNA repair thus reversing the apoptosis pathway in
lower concentrations [20, 87].

Due to the specific amount of TiO, NP provided for the studies, there were limitations
on the methodologies to be performed as well as the number of concentrations and
exposure times tested. Therefore, future studies are needed to further investigate the effects
of prolonged exposure to this TiO, NP in the LA-9 lineage to clarify whether this initial
cytotoxicity endures resulting in damage as reported for the highest concentration (250 pg/
mL) and by works using other TiO, NPs in different cell lines in a dose and time-dependent
mechanism, or whether such effects are reversed by existing protective mechanisms in the
cellular machinery [24, 43, 57].

It should also be noted that the characteristics of TiO, NP used in this study should
be taken into account when evaluating its biological effects because although it is a small
particle size (around 3.5 nm) which makes it a reactive NP, it presents functionalization
with sodium carboxylate, which may contribute to its better solubility in water reducing its
toxicity. The findings of this work contribute to the understanding of the acute effects of this
TiO, NP, however, studies investigating its effects in prolonged exposures are still needed to
define which cellular mechanisms are effectively involved in this possible recovery from the
damage involved. In addition, we emphasize the need for standardization in future studies
that facilitate the analysis and comparison of results and thus help define the degree of
toxicity or not of the material under study.

Conclusion

Through the results of this work, itis possible to conclude that this TiO, NP, functionalized
with sodium carboxylate (-COO-Na+), promoted cytotoxicity in LA-9 mouse fibroblasts after
acute exposure, at the highest concentrations tested, 150 and 250 pg/mL. This cytotoxicity
occurred through reduced viability and consequent cell death by apoptosis, probably due to
oxidative stress generated by NP. It is notable that at the highest concentration (250 pg/mL)
the cellular damage was not reversed, showing less clonogenic capacity even after removal
of the NP. This fact emphasizes the importance of studies with different concentrations of NP
since cytotoxicity is dose and time-dependent. We highlight the need for studies of prolonged
exposure that help in better understanding the interaction of NP with the biological system
to delineate the safety, both for health and the environment, in its use in various consumer
products and the industrial sector.
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