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ABSTRACT

The extensive use of titanium dioxide nanoparticles (TiO, NPs) in cosmetics, food, personal care prod-
ucts, and industries brought concerns about their possible harmful effects. Nowadays it has become
important to assess TiO, NPs toxic effects as a way to understand their primary risks. In the cellular
environment, after cell uptake, TiO, NPs were described to induce reactive oxygen species (ROS) pro-
duction, unbalance oxidative state, and activate apoptosis in several cell lines. Therefore, we aimed to
evaluate the cytotoxicity and genotoxicity of a new TiO, NP surface-functionalized with sodium car-
boxylic ligands in a murine fibroblast cell line (LA-9). TEM and DLS analyses were performed to define
nanoparticle physicochemical characteristics. We evaluated the metabolic activity and LDH released
after 24 h exposition to determine cytotoxic effects. Also, we evaluated DNA damage, intracellular
reactive oxygen species (ROS) production, and apoptosis induction after 24 h exposure. The TiO, NP
impaired the cell membrane integrity at 1000 pg/mL, induced intracellular ROS production and late
apoptosis at 24 h. The genotoxic effects were observed at all conditions tested at 24 h. Indeed, in fibro-
blasts exposed at 100 ug/mL was observed early apoptosis cells. The intracellular ROS content was
increased in a dose-dependent manner. Thus, short-term exposure to TiO, NP promoted cytotoxicity,
genotoxicity and activated apoptosis pathways based on the potential role of oxygen species in the
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fibroblasts cell line.

Introduction

Nanotechnology is a general term used for the techniques,
materials, and devices developed in nanoscale, nowadays
representing one of the most promising technologies for the
industry. Thereby, nanotechnology grows exponentially and
comprehends different fields of human knowledge (Shi et al.
2013; Vance et al. 2015; Bayda et al. 2019) being nanopar-
ticles its most important products. Nanoparticles have
dimensions equal to or smaller than 100nm, and conse-
quently increased surface area per unit mass, which enables
to gather unique properties, such as thermal behavior,
increased strength, solubility, conductivity, optical properties,
and catalytic activity, contemplating a broad of applications
at industrial and biomedical areas (Banfield and Zhang 2001;
Kamat 2002; Nel et al. 2006; Hulla et al. 2015). For example,
nanomaterials can be explored by the petrochemical industry
(Khalil et al. 2017), food industry (He and Hwang 2016), and
as part of materials composition in the civil industry (Azam
and Akhtar 2018). Moreover, nanomaterials offer a great
applicability platform due to the chemical and biological

reactivity that is associated with reduced nanoparticle size
(Auffan et al. 2009).

Among the nano-engineered materials, titanium dioxide
nanoparticles (TiO, NPs) are included in the top five most
applied nanomaterials in consumer products (Shi et al. 2013;
Vance et al. 2015) for example in creams, cosmetics, and
toothpaste (Parkin and Palgrave 2005; Samat et al. 2016) due
to brightness and opacity. Also, TiO, NPs have been included
as additives in types of cement, self-cleaning products,
glasses, paints, water purification systems, and anti-fog coat-
ings (Weir et al. 2012). TiO, NPs are known to be composed
of crystalline mineral forms: (i) anatase, (ii) brookite, or (iii)
rutile (Allen 2016; Pandey and Prajapati 2018) which are
explored by industries due to photocatalytic potential.
However, widespread use of TiO, NPs indicates an uninten-
tional exposition risk that must be monitored by toxico-
logical approaches.

According to IARC (International Agency for Research on
Cancer), TiO, NPs and their derivatives are included in Group
2B classification as the agent possibly carcinogenic to
humans. Also, in vitro and in vivo studies demonstrated that
TiO, NPs trigger cellular responses like inflammation
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(Giovanni et al. 2015), oxidative stress (Hu et al. 2015), and
apoptosis (Marquez-Ramirez et al. 2012) which can contrib-
ute to toxicity. Unlike, some studies indicated that TiO, NPs
are harmless and non-cytotoxic nanomaterials (Kocbek et al.
2010; Roston et al. 2019; Liskova et al. 2020). This way it
remains unclear which cellular response triggered by TiO,
NPs is responsible for toxicity in a general perspective and
which modulates its safety use. However, anatase TiO, NPs
have higher toxic effects compared with rutile crystalline
form (Clemente et al. 2015) which are associated with photo-
catalytic potential. Hence, in vitro studies are interested in
understanding oxidative stress cascades initiated by TiO, NPs
exposure and address a potential contribution to toxicity
(Song et al. 2016).

In a cellular environment, after cell uptake, TiO, NPs are
described to induce reactive oxygen species (ROS) produc-
tion, unbalance oxidative state, and activate apoptosis in sev-
eral cell lines. In a human bronchial epithelial cell (BEAS-B),
TiO, NPs induced ROS formation, decreased antioxidant
enzymes levels and activated apoptosis (Park et al. 2008).
TiO, NPs also increased ROS levels and promoted genotoxic
effects in HaCat keratinocytes (Jaeger et al. 2012) and human
epidermal cells (A431) (Shukla et al. 2011). ROS formation by
TiO, NPs exposure also was associated with cell cycle dys-
function followed by DNA damage (Kansara et al. 2015). In
fibroblasts, TiO, NPs modulated ROS production, lactate
dehydrogenase release, and affected cell viability (Jin et al.
2008). Then, it is demonstrated that TiO, NPs have a toxicity
profile based on the potential role of oxidative stress and
that was explored further to understand its main cellu-
lar effects.

In general, the mechanisms of toxicity related to TiO, NPs
are described to regulate ROS production and affect essential
cellular processes and components. Genome-wide analysis
(RNA-Seq) showed that TiO, NPs promote endoplasmic
reticulum stress which can be linked with ROS generation
and interfere with plasma glucose metabolism in mice (Hu
et al. 2019). Also, mitochondria damage, lysosomes rupture,
and other organelles injuries are associated with TiO, NPs
exposure leading to toxic phenotypes (Liu and Tang 2020).
Moreover, studies tried to investigate the following effects
upon ROS production that contributed to toxicity in living
organisms. Oxidative stress modulated by TiO, NPs can
increase lipid peroxidation, cell membrane damage, cause
indirect or direct genotoxic effects, and trigger apoptosis
(Hou et al. 2019). The last can be promoted by plenty of sig-
naling pathways linked with organelles and DNA damage.
Hence, nanotoxicology is seeking in vitro approaches to
understand the most pronounced toxic effect of TiO, NPs in
a way to apply its use safely.

Thus, we aimed to evaluate the cytotoxicity and genotox-
icity of a new titanium dioxide nanoparticle composed of
anatase and surface modified with sodium carboxylate
ligands. Indeed, we explored intracellular ROS production,
and cell death promotion to establish its mechanism of tox-
icity. The nanoparticle was previously synthesized to own a
better dispersal in comparison with other nanomaterials
available in the market. Besides, this nanoparticle has a great

destination for PETROBRAS, that seeks to apply this TiO, NP
in the oil extraction process (Khalil et al. 2017). Aligned with
PETROBRAS, our work was the first step to study nano toxi-
cological aspects of this new nanoparticle, based on the
fibroblast cell line. We expected that TiO, NP would present
low harmful effects on cell culture models based on its sur-
face modification and physicochemical properties.

Materials and methods
Nanopatrticle dispersion and characterization (DLS/TEM)

Titanium dioxide nanoparticle was obtained from Leopoldo
Américo Miguez Mello Research Center (CENPES) located in
Rio de Janeiro, Brazil. The nanoparticle is made of titanium
dioxide nucleus composed only of anatase crystalline struc-
ture and surface-modified with carboxylic sodium ligands
(COOH-Na-+). Just after synthesis, TiO,NP was characterized
by Dynamic Light Scattering (DLS) and Transmission Electron
Microscopy (TEM).

To improve our comprehension about nano biological
interactions, TiO, NP suspensions (1000, 100, and 10 pug/mL)
were characterized in DMEM (Dulbecco’s Modified Eagle’s
Medium - Sigma-Aldrich) without phenol and supplemented
with 10% fetal bovine serum (FBS). After mixing and stirring,
each suspension was analyzed by DLS to determine the
mean hydrodynamic size (Zav). Zeta-potential (mV) was
determined with suspensions prepared in ultrapure water.
DLS analysis was carried out in a Zetasizer Nano (ZS90) con-
sidering three independent intensity and volume measure-
ments. All the data were merged for size and volume
distribution.

Transmission electron microscopy (TEM) was performed in
a Jem-2100 LaB6 (Jeol) microscope operating at 200 kV. The
samples were prepared by depositing small drops of the
TiO, NP dispersions in DMEM directly onto holed carbon-
coated Cu grids.

Cell culture

Murine-derived fibroblasts cell line (LA-9) was purchased
from Rio de Janeiro Cell Bank (BCRJ-Brazil). The LA-9 cell line
was cultured in DMEM supplemented with 10% FBS, 10 mM
sodium pyruvate, 1.5g/L sodium bicarbonate, and 1%
streptomycin/penicillin. Fibroblasts were grown and main-
tained in T-75 flasks (KASVI) at 37°C in a 5% CO, air incuba-
tor (Thermo-Fisher) before in vitro analysis.

Cytotoxicity assay (MTT)

The colorimetric assay with tetrazolium salt MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium bromide) was use-
ful to access the metabolic activity of fibroblasts after TiO,NP
exposure. After being exposed by treatments, only viable cells
are capable to reduce MTT salt into formazan crystals which are
dissolved, promoting a yellow-purple color change detectable
by a spectrophotometer and correlated with cell viability
(Mosmann 1983). For MTT assay, 3 x 10* fibroblasts (LA-9) were



seeded and grown in 96-well plates (KASVI) for 24 h (6-wells per
condition) in an incubator at 37°C/5% CO,. After cell adhesion,
the medium was replaced with TiO, NP treatments (1000, 100,
and 10 pug/mL) for 24 h. At the end of exposition time, the TiO,
NP treatments were removed, each well was washed twice with
sterile 1x phosphate buffer saline (PBS) and added 200 puL
0.5 mg/mL MTT solution (Sigma-Aldrich).

The cells with MTT were incubated at 37 °C/5% CO, for at
least 3h and the formazan crystals were dissolved with
100 L DMSO (Synth). Absorbance was measured at 570 nm
in a reader plate MultiSkan Go (Thermo-Fisher) and cell via-
bility percentage was calculated in comparison with the con-
trol group (without TiO, NP treatment) according to the
Equation (1) . We highlight here that based on MTT assay
results, 24 h time point of exposure was selected to perform
all further analysis.

Absorbance treatment x 100
Cell viability (%) = 1
ell viability (%) Absorbance negative control ()

Cell damage assay (LDH)

TiO, NP effects on cell membrane integrity were evaluated
by lactate dehydrogenase release according to colorimetric
CyQuant LDH Cytotoxicity Assay Kit (Invitrogen). For the LDH
assay, 1x 10* cells/well were seeded and grown in 96-well
plates (KASVI) for 24 h (6-wells per condition) in an incubator
at 37°C/5% CO,. Then, TiO, NP treatments (1000, 100, and
10 ng/mL) were added at each well, and fibroblasts were
incubated for 24h at 37°C/5% CO,. Absorbance was meas-
ured at 490nm in a reader plate MultiSkan Go (Thermo-
Fisher) and cell damage percentage was calculated in com-
parison with the control group (without TiO, NP treatment).

Cell morphology by optical microscopy

The fibroblasts (LA-9) were visualized after TiO, NP expos-
ition (1000, 100, and 10pg/mL) for 24 h, and images were
captured using an Axiovert 40 CFL (Zeiss) with a 10x object-
ive lens. A camera model LOD-3000 (BioFocus) was coupled
to improve the image acquisition. Images were analyzed
using the software Future WinJoe v.2 (Schindelin et al. 2012).

Intracellular ROS measurement

Intracellular ROS content in fibroblasts exposed to TiO, NP was
measured using the fluorescence probe 2,7-dichlorofluorescein
diacetate activation (DCFH-DA) (Sigma-Aldrich). Briefly, fibro-
blasts were seeded in a 96-well black assay plate at 1x 10*
cells/mL and incubated with TiO, NP (1000, 100, and 10 pg/mL)
for 24 h. Serum starved medium was used as negative control
(C). After 24h, fibroblasts were incubated with DCFH-DA for
30min and each well was washed with 1x PBS . Fluorescence
intensity was determined using a SpectraMAX i3® plate spectro-
photometer (Molecular Devices) with excitation and emission
wavelengths at 485 and 530 nm respectively.
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Genotoxicity assay (comet)

TiO, NP genotoxic effects were accessed by Comet Assay, a
standard approach in nanotoxicology studies that can help to
identify DNA breaks from different origins (oxidative damage,
abasic sites, etc). The genotoxicity assay was performed in a
fibroblast cell line (LA-9) with two independent replicates in at
least two biological samples per group tested. For Comet assay,
25x 10° cells/well were seeded and grown in 24-well plates
(KASVI) for 24h (3-wells per condition) at 37°C in a 5% CO,/air
incubator. After cell attachment, the medium was removed and
cells were incubated with TiO, NP treatments (100, 10, and
1ng/mL) for 24h. We did not use experimental conditions >
100 ng/mL TiO, NP due to possible nanoparticle interference
with Comet Assay (Guadagnini et al. 2015). Also, the assay con-
tained a control positive group (C*) with cells exposed to 70 uM
methyl methanesulfonate (MMS) solution (Sigma-Aldrich) and a
control negative group (C) with cells unexposed to the nano-
particle. At the end of time exposure, all the treatments were
removed from the plate, cells were washed twice with 1x PBS
and detached with 0.25% trypsin/EDTA (LGC Biotechnology) at
37°C for 5min. Cells in suspension were collected in 1.5mL
microtubes after centrifugation at 219 x g for 5min.

Before electrophoresis, cell viability was determined for all the
tested groups by 0.4% Blue Trypan staining. Only groups with
cell viability > 80% were used in the next steps. Then, 20 pL cell
suspensions were mixed with 120 uL agarose LMP (Low Melting
Point - Invitrogen), dripping at a slide pre-coated with
agarose1.5% and covered with 24 x 50 mm coverslips. Slides (3
per group) were allowed to solidify at 4°C for 20 min, the cover-
slips were removed and the slides were incubated in a fresh cold
lysis solution (2.5M NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO
, 1% Triton X-100 with pH > 10) for 1.5h in the dark. After lysis,
slides were transferred to a cold alkaline electrophoresis solution
(200mM EDTA tritriplex, TON NaOH, pH > 13) for 20min to
enable the denaturation of DNA. Electrophoresis was conducted
in an electric field with 28V (0.8V/cm) and approximately
300mA for 20min. After electrophoresis, slides were washed
three times with a neutralization solution (0.3 M Tris, pH = 7.5)
and then were thawed/fixed within ethanol 100% for 10 min.
The staining was performed with 0.03% GelRed solution (Biotium,
Uniscience), the comets were then visualized and counted (at
least 100 per slide) in a fluorescence microscope (Olympus) con-
nected to a camera with an excitation filter of 510-560 nm and a
barrier filter of 590 nm, at a magnification of 400x. DNA damage
was visually evaluated according to the tail size and classified in
class 0: without visual damage; 1: small damage; 2: average dam-
age; 3: large damage (Kobayashi et al. 1995). Score DNA damage

was calculated for all treatment groups based on Equation (2).
Score DNA damage = ([0 x class 0] + [1

+ [2 x class 2] + [3 x class 3])
()

x class 1]

Apoptosis induction by nanoparticle

Early and late apoptosis were assessed by flow cytometry
using Annexin V and 7-amino-actinomycin D (7-AAD) markers
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according to BD Biosciences detection kit instructions.
Fibroblasts were seeded in a 24-well assay plate at 1 x 10°
cells/well and cultured for 24 h. Then, cells were incubated
with TiO, NP (1000, 100, and 10 ug/mL) for 24 h. After the
exposure period, cells were washed with 1x PBS buffer, and
the PE Annexin V and 7-AAD antibodies were added to each
well diluted in Binding Buffer. The plate was incubated at
4°C for 15min for antibody reaction recognition. The data
acquisition was performed in an Accuri ™ C6 BD Biosciences
flow cytometer (gate 10.000 events) and all data were ana-
lyzed using the software FlowJo 10.7.1 (BD Biosciences).

In addition, apoptosis induction was evaluated in fibro-
blasts stained with acridine orange (LA) and propidium iod-
ide (PI) after nanoparticle exposure. Fibroblasts were cultured
in a 96-well assay plate at 1 x 10* cells/well and exposed to
TiO, NP (1000, 100, and 10 pg/mL) for 24 h. Then, the super-
natant of the cell was removed and 30uL 0.1% LA/PI (1:1)
solution was added at each well and incubated for 15 min.
Then, image acquisition was performed in an automated
high-resolution epifluorescence microscopy system
ImageXpress Micro (Molecular devices) using a 40x objective
lens and equipped with FITC and Texas Red filters to obtain
image overlays.

Statistical analysis

All data represent mean +standard error of the mean (SEM)
from at least two independent experiments. Statistical ana-
lysis was performed using Graph Pad Prism (v.7, San
Francisco, CA, USA) by One-way ANOVA (One-way Analysis of
Variance) with Bonferroni post hoc correction. Significance
level was adopted as 5% with *p <0.05, **p < 0.01 and,
#kp < 0.001.

Measurement (1)
—— Measurement (2)
~—— Measurement (3)

Volume (%)
Volume (%)

Results
Nanoparticle characterization

TiO, NP primary physicochemical characteristics were deter-
mined by TEM and DLS analysis. It is important to highlight
that this nanoparticle is not a commercial product and was
developed for application-related purposes within the petro-
chemical industry in Brazil. According to Figure 1(A), TiO, NP
at 10 pg/mL showed good dispersibility with an average size
of 123 nm in the culture medium. Otherwise, TiO, NP at
100 ng/mL and 1000 pg/mL (Figure 1(B,C)) form larger aggre-
gates, with an average particle size of 13.9 and 14.3nm
respectively. In this way, the increase in the concentration of
TiO, NP particles in the culture medium causes a greater
aggregation of the TiO, NP particles. In addition, it can be
seen by the Fast Fourier transform (FFT) that all samples are
referring to anatase, a tetragonal TiO, phase belonging to
the spatial group /47/amd. This is due to the presence of the
planes (101) and (100), with interplanar distances of 0.352
and 0.189 nm respectively (Horn et al. 1972). Also, we noticed
that the small size of nanoparticle interfered in TEM images
resolution in all concentrations analyzed (Table 1).

TiO, NP suspensions in DMEM supplemented with 10%

FBS exhibited a hydrodynamic size of 23.7+0.50,
Table 1. TiO, NP secondary physicochemical characterization.

[TiO, NP] Zav (nm) Zeta Potential (mV) Pdl
1000 pg/mL 87.26+6.3 -229+0.75 0.28+0.01
100 pg/mL 29.81 £ 1.044 -21.7+5.2 043+0.03
10 pg/mL 23.77£0.50 -10.1+4.9 0.47 £0.01

All data were obtained in a Zetasizer Nano and represent the means + SEM.
Zav: hydrodynamic size; Pdl: polydispersity index. The nanoparticle zeta-poten-
tial was determined in ultrapure water suspension. Pdl represents the distribu-
tion and variability among size measurements.

——— Measurement (1)
—— Measurement (2)
—— Measurement (3)

Measurement (1)
—— Measurement (2)
—— Measurement (3)

Volume (%)

01 1 10 100 1000 10000 o1 1 T
Size (nm)

Size (nm)

. ] » T T T T T
10 o 100 01 1 10 100 1000 10000
Size (nm)

Figure 1. TiO,NP transmission electron microscopy (TEM) images at 10 pg/mL (A), 100 pg/mL (B), and 1000 pg/mL (C). All images showed the tetragonal phase
which characterizes the anatase crystalline form of TiO, NP with its measurements performed by the fast Fourier transform (FFT). Dynamic light scattering (DLS)
plot showing TiO, NP size distribution at 10 ug/mL (D), 100 pg/mL (E), and 1000 pg/mL (F). DLS data were obtained with TiO,NP dispersed on DMEM supplemented

with 10% FBS.
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Figure 2. TiO, NP cytotoxic effects. MTT assay results (A) and LDH released activity (B) in fibroblasts (LA-9) after TiO, NP exposure for 24 h; (C) optical microscopy
images visualizing fibroblast morphology after TiO, NP exposure. (*) vs. control; *p < 0.5.

29.8+1.044, and 87.3+6.3 respectively for 10, 100, and
1000 pg/mL  concentrations by DLS (Figure 1(D-F)).
Nanoparticle polydispersity index (Pdl) was 0.47+0.01,
0.43+£0.03 and 0.28+0.01 respectively for 10, 100 and
1000 pg/mL TiO, NP concentrations. At 1000 pg/mL, TiO, NP
showed a higher increase in hydrodynamic size and achieved
the highest zeta-potential value (-22.9+0.75) among the
concentrations analyzed.

Cytotoxic and cell membrane damage effects

The MTT assay was performed to evaluate the metabolic
activity of fibroblasts exposed to the nanoparticle for 24 h
which might be an indicator of cytotoxicity. The TiO, NP did
not show cytotoxic effects (Figure 2(A)) in any concentrations
tested (1000, 100, and 10pg/mL) to fibroblast cells (LA-9)
over time compared with the control group. Additionally, the
release of lactate dehydrogenase was evaluated after nano-
particle exposure to determine the level of cell membrane
disruption in fibroblasts, which might be associated with
necrosis cell damage and apoptosis. TiO, NP induced the
highest level of LDH release in fibroblasts at 1000 pug/mL
compared with the control group after 24 h (Figure 2(B)). At
100 and 10 pg/mL of TiO, NP, the release of LDH was equal
or lower compared with the control group.

Intracellular ROS measurement

We evaluated the reactive oxygen species production in
fibroblasts after TiO, NP exposure at 24 h using the fluores-
cence probe DCFH-DA. There was a significant increase in
ROS generation in fibroblasts exposed at 100 and 1000 pg/
mL TiO, NP compared with the control group (Figure 3(A))

according to quantitative analysis of fluorescence. The high-
est ROS levels were detected in fibroblasts exposed to
1000 pg/mL although we cannot notice this change by quali-
tative analysis (Figure 3(B)).

Genotoxic effects

DNA damage potential associated with TiO, NP was eval-
uated using the Comet assay in alkaline conditions which
might detect primary DNA lesions as alkali-labile sites, abasic
sites, single and double-strands break, crosslinks, and incom-
plete repair sites. The assay showed (Figure 4) genotoxic
effects in fibroblasts exposed to 100, 10, and 1 pg/mL of TiO,
NP at 24h compared with unexposed cells (control group).
The damage was dose-dependent on this period and
achieved the highest score at 100 pug/mL compared with
other treatments. Moreover, all groups analyzed by Comet
Assay had > 90% of cell viability assessed by Blue Trypan
staining prior to electrophoresis.

Apoptosis induction upon nanoparticle exposure

Flow cytometry was used with associated markers Annexin V
(PE) and 7-AAD to discriminate between cells undergoing
early or late apoptosis respectively in fibroblasts exposed to
TiO, NP (1000, 100, and 10 pg/mL) at 24 h. All the TiO, NP
concentrations were capable of inducing early apoptosis in
fibroblasts compared with the control group (Figure 5(A,Q)).
Fibroblasts exposed to 100 and 1000 pg/mL TiO, NP showed
the highest level of early and late apoptosis induction
respectively. The same profile is represented in histograms of
fibroblast cells (LA-9) after 24 h of apoptosis induced by the
nanoparticle in a range of concentrations.
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Figure 3. Intracellular ROS production (A) and fluorescence ROS intensity images (B) visualized in fibroblasts (LA-9) exposed to TiO,NP after 24 h. Cells were
exposed to 10, 100 and 1000 pg/ml of T|Oz NP and control (cells + medium). The results show the comparison of the concentrations evaluated in parallel to the
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Figure 4. DNA damage induced by TiO, NP after exposure to fibroblasts (LA-9) for 24 h. Control (-) represents cells unexposed to nanoparticle; control (+) repre-
sents cells exposed to MMS 70 uM solution. Results represent the average of the scores = SEM per group. Score: (percentage of cells in class 0 x 0) + (percentage
of cells in class 1 x 1) + (percentage of cells in class 2 x 2) + (percentage of cells in class 3 x 3). The statistical analysis was performed comparing the control
group with TiO, NP treatments by one-away ANOVA (Bonferroni post-hoc correction); **p < 0.01 and ****p < 0.0001.

Figure 5 (B) shows the high-resolution epifluorescence 24h and stained with acridine orange, which emits green
microscopy images made with overlapping from the FITC fluorescence and marks living and dead cells, while propi-
and Texas Red filters of fibroblasts exposed to TiO, NP for dium iodide marks dead cells in which the reddish cytoplasm
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microscopy system. (C and D) Percentage of early apoptotic and late apoptotic cells. (E and F) Each peak of fluorescence emission. (*) vs. control;

#p < 0.01; ¥FF¥p < 0.0001.

and nucleus indicates initial apoptosis and necrosis or late
apoptosis respectively. In parallel with flow cytometry results,
imaged fibroblasts LA-9 exposed to 100 and 1000 pg/mL
TiO, NP had an increasing stain for dead cells observed with
reddish cytoplasm and nucleus characteristics.

Discussion

According to the wide array of TiO, NPs applications in dif-
ferent industry sectors, we evaluated the cytotoxic and geno-
toxic potential of a new titanium dioxide nanoparticle using
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a fibroblast cells culture (LA-9). Additionally, we investigated
oxidative stress unbalance effects and apoptosis induction in
the same cell line. This work is the first report seeking to
comprehend toxicological aspects and the biological behav-
ior of this new nanoparticle using an in vitro model. Our
approach to studying this nanoparticle was based on the
interest of the PETROBRAS industry that will apply TiO, NP in
the petroleum extraction process. Thereby, the aim was to
understand nanoparticle primer effects upon cytotoxicity
until its interference on the intracellular environment trig-
gered by cell uptake followed by ROS production, DNA dam-
age, and apoptosis.

First, we aimed to determine the TiO, NP physicochemical
characteristics in a biological environment simulating cell cul-
ture conditions. We observed that TiO, NP dispersed on
DMEM medium was not stable based on Pdl values, which
probably increased hydrodynamic size. In general, nanopar-
ticles have a reactive surface capable of adsorbing biomole-
cules (proteins, lipids, and polysaccharides) and create a
surface layer known as protein corona (PC) (Liu et al. 2020).
Then, the aggregation and agglomeration state of nanopar-
ticles might be a cause of their increased size and instability
in cell culture conditions. Moreover, PC formation in nano-
particles is well-known as a dynamic process (Cedervall et al.
2007) described by ‘the Vroman effect’ (Vroman 1962) com-
monly dependent on other nanoparticles characteristics such
as size, composition, shape, time, the temperature of incuba-
tion, etc. An example of PC formation was yet observed in
another TiO, NP that had an increased hydrodynamic size
range (30-500nm) in FBS dispersion (Gunnarsson et al.
2018), signaling a common effect on this knowledge area.
Beyond that, PC is largely described as a variability cause
and responsible for interfering in nano toxicological analyses
(Liu et al. 2020), being a difficult task to determine PC com-
position due to the complex interaction between cell and
biological components. Also, according to zeta-potential, we
suggested that nanoparticles might have a negative surface
charge, aligned with sodium carboxylic functionalization,
which interferes with cell uptake pathways, toxicity and mod-
ify the environment pH consequently affecting dispersion
stability. About surface charge, it is described that those
nanoparticles positively charged interact easier with the cel-
lular membrane, which increases its uptake rate and pro-
motes higher cytotoxicity (Nel et al. 2009; Arvizo et al. 2010).
Taken together, size and charge interpose nano biological
interactions, cell uptake (Rivera-gil et al. 2013), and could
play a role in TiO, NP cytotoxicity and genotoxicity.

About TiO, NP cytotoxicity, Hamzeh and collaborators
(Hamzeh and Sunahara 2013) showed that a TiO, NP (ana-
tase) at 10 and 100 mg/L decreased L929 fibroblast cell via-
bility in culture after 24 and 48h. Likewise, TiO, NP
cytotoxicity was described as dose and time-dependent by
(Jin et al. 2008) that observed a decrease (37%) in L929 fibro-
blast’s cell viability after exposure to TiO, NP (3 — 600 pg/ml)
for 48h. Also, it was indicated that 50 and 100 pg/ml TiO,
NP in 3T3 fibroblasts reduced cell viability in a dose and
time-dependent manner (Tripathi et al. 2018). Our results
related to TiO, NP cytotoxicity (MTT assay) do not

corroborate with those previous findings as we aimed to
evaluate nanoparticle effects at short-term exposure (24 h)
being TiO, NP not cytotoxic to fibroblasts in any dose at this
period. Even without direct effects on mitochondrial metab-
olism, morphological changes were observed in fibroblasts
exposed to TiO, NP compared with the negative control
group, which suggests effects on the cell mem-
brane unexplored.

Inside the cell, a nanoparticle may cause multiple types of
damage as exemplified by oxidative stress arising from metal
ions released (Wu et al. 2010; Bannunah et al. 2014;
Klingberg et al. 2015). Consequently, TiO, NP is supposed to
affect cells in two distinct ways: cell membrane damage (1)
or genetic material impairment (2). When the last occurs,
nanoparticles trigger a genotoxicity process that can be initi-
ated by a direct disturbance in the cell membrane by inter-
fering with hydrophobic interactions or in the membrane
permeability (Wong-Ekkabut et al. 2007). We observed higher
levels of LDH released in fibroblasts cell supernatant when
exposed at 1000 pg/mL TiO, NP indicating cell membrane
injuries following high genotoxic effects at > 100 ng/mL TiO,
NP. Also, it is worth noting, as reported by Gholinejad and
collaborators, that extracellular LDH levels and intracellular
ROS production are correlated and maybe a good indicator
of genotoxic effects triggered by cell membrane damage or
oxidative unbalance as observed.

In general, genotoxicity is known to result from direct or
indirect effectors. Here, we highlight the importance of an
indirect genotoxic factor related to chronic inflammation
caused by (i) immune system activation or (ii) a route of
mitochondria damage that leads to increased ROS produc-
tion and consequently impairs genetic material (Ali et al.
2016). The reactive oxygen species are involved in many cel-
lular mechanisms including cell cycle regulation, proliferation
and differentiation, cell self-renewal, and apoptosis (Kim
et al. 2010; Gholinejad et al. 2019). In turn, cells developed
defense mechanisms to maintain the intracellular oxidative
balance as the tumor suppressor protein p53 that controls
cell cycle arrest and allows DNA damage repair (Benchimol
2001). However, damages that cannot be repaired may lead
to cell death by apoptosis.

According to this perspective, our study demonstrated
that short-term exposure to TiO, NP led to increased ROS
production and consequently high DNA damage in fibro-
blasts (LA-9) which could be associated with nanoparticle
crystalline form and size. It is described that mineral compos-
ition modifies the genotoxic effects of nanomaterials (Chen
et al. 2014), including TiO, anatase, a well-known crystalline
structure that promotes more adverse biological effects such
as cytotoxicity, inflammation, and ROS formation (Sayes et al.
2006; Falck et al. 2009). Reactive oxygen species are broadly
coupled along with TiO, NPs exposure and pointed as one
of the causes for DNA lesions (Fujishima and Zhang 2006;
Linkov et al. 2008) corroborating our achievements.
According to Hamzeh and collaborators, three types of TiO,
NP composed of anatase or mixture anatase/rutile induced
DNA damage in hamster fibroblasts cells treated with
100 mg/mL. Another study found genotoxic effects of a TiO,



NP (<25nm) in dolphin leukocytes cells after treatments
with 50 and 100 ng/mL at 24 and 48 h (Bernardeschi et al.
2010). Then, we suggested that agglomeration level, size and
crystalline mineral form of TiO, NP induced an increasing
ROS production (>1000 png/mL), contributing to higher TiO,
NP genotoxicity.

Based on the oxidative unbalance and genotoxic effects
that are related to cell death by apoptosis (Wang 2001), we
performed flow cytometry using Annexin V and 7-AAD
markers to determine apoptosis profile in fibroblasts exposed
to TiO, NP. Late apoptotic fibroblasts (Annexin™/7-ADD™)
were observed after 1000 pg/ml TiO, NP exposure in parallel
with high LDH releasing. According to (Elmore 2007), late
apoptosis is a passive process, non-controlled and triggered
by energy metabolism impairment and cell membrane dam-
age. In other words, fibroblasts exposed to the highest nano-
particle dose were identified at the late apoptosis stage
probably due to cell membrane damage following DNA dam-
age. Otherwise, early apoptotic fibroblasts (AnnexinV*/7-
ADD") were observed after 100 ug/ml TiO, NP exposure
described in the literature as a result of DNA breaks
(Gholinejad et al. 2019), and that was described by our
Comet assay result. Interestingly, the early apoptosis mech-
anism triggered by TiO, NP is described as dose-dependent
i.e. apoptosis states can be very dissimilar according to nano-
particle concentration, as corroborated by flow cytometry
and epifluorescence images. In human neuron cells, titanium
at micro and nano-scale was capable to induce apoptosis in
a dose-dependent way (Stoccoro et al. 2016). Also, was
observed differentiated cells marked to early or late apop-
tosis, including double marked cells, demonstrated a great
complexity to understand the real effects of nanomaterials
and that must be explored in future investigations.

Thus, we may suggest a short-term toxicity mechanism to
the new TiO, NP observed in fibroblasts by initial increased
cell damage at high concentration followed by the potential
role of oxidative stress. The cell oxidative balance was prob-
ably the main factor to induce DNA damage by direct ROS
action into the nucleus. Finally, apoptosis status was also
modified upon nanoparticle exposure and can represent the
last response of fibroblasts.

Conclusion

Our work aimed to evaluate the cytotoxicity and genotoxicity
of a new titanium dioxide nanoparticle surface modified with
sodium carboxylic ligands. Additionally, we tried to under-
stand the main TiO, NP mechanism of toxicity using
approaches to detect intracellular ROS production and apop-
tosis induction. At short-term exposure, TiO, NP caused gen-
otoxic effects at all conditions tested and cell membrane
damage at >1000pug/ml. Also, TiO, NP was capable to
induce intracellular ROS production in fibroblasts which
might be related to DNA damage and apoptosis induction.
We found that TiO, NP was capable to induce early and late
apoptosis in a dose-dependent manner, being 1000 pg/ml
and 100 pg/ml associated with late and early apoptosis path-
ways, respectively. Moreover, we highlighted the necessity to
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further understand TiO, NP cytotoxic and genotoxic effects
on different cell lines after the long-term exposition and to
better recognize its harmful effects. However, our findings
presented here were the first step on further toxicity analysis
to define the best work conditions with this new
nanomaterial.
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