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Highlights

e [nvitro effects induced by coated with silica or citrate TiO2 NP were studied.

e Cytotoxicity, genotoxicity and epigenetoxicity of TiO2 NP were investigated in A549 cells.

e TiO2 NP resulted both cytotoxic and genotoxic, and coating strategy did not reduce adverse
effects.

e Reduction of global DNA methylation levels was induced by all NP after 72h of treatment.

e Citrate coated TiO2 NP induced the highest cytotoxic, genotoxic and epigenotoxic effects.

Abstract

Titanium dioxide nanoparticles (TiO2 NP) are broadly used in a wide range of applications. Several
studies have reported that TiO2 NP possess cytotoxic and genotoxic properties that could induce
adverse health effects in humans. The FP7 Sanowork project was aimed to minimize occupational
hazard and exposure to engineered nanomaterials (ENM), including TiO2 NP, through the surface
modification in order to avoid possible adverse toxic effects for humans. In this study we
investigated cytotoxicity, genotoxicity and epigenetic properties of TiO2 NP uncoated and coated
with silica or citrate, as well as of the benchmark material P25. We used a panel of in vitro assays in
the human lung epithelial cell line A549, in order to better understand if the remediation strategy
adopted was able to counteract possible toxic effects of uncoated TiO2 NP. Our results showed that
the uncoated TiO2 NP were both cytotoxic and genotoxic, and the remediation strategy adopted did
not reduce the adverse effects of uncoated TiO2 NP. In particular, the presence of citrate was able to
increase their cytotoxicity and genotoxicity, exerting also epigenotoxic effects, as evaluated by the

marked reduction of LINE-1 methylation levels.
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1. Introduction

Titanium dioxide (TiO2) nanoparticles (NP) are manufactured worldwide in large quantities for the
use in a wide range of applications such as photocatalysis, pigments and cosmetic additives (Aitken
et al., 2010). TiO2 NP possess different physicochemical properties compared to their fine particle
analogs, which might alter their bioactivity. Numerous in vivo and in vitro studies have investigated
the TiO2 NP toxicity and the results are often controversial (reviewed in Chen et al., 2014). More
recently it was observed that 6 months of inhalation of TiO2 NP did not induce pulmonary
inflammation in rats (Morimoto et al., 2016), and no signs of genotoxicity were detected in
peripheral blood and liver of mice exposed to TiO2 NP by intravenous injections for 4 consecutive
weeks (Suzuki et al., 2016). The International Agency of Research on Cancer (IARC) classified
TiO2 as possibly carcinogenic to humans (Group 2B) based on sufficient evidence in experimental
animals and inadequate evidence from epidemiological studies (IARC, 2010). Investigations in
animal models support a carcinogenicity potential also for TiO2 NP after intratracheal and
inhalation exposure (reviewed in Shi et al., 2013). However, the exact mechanism of TiO2 NP
induced carcinogenicity is not clear. Several evidences indicate that TiO2 NP are able to induce both
cytotoxicity and genotoxicity in in vivo and in vitro model systems likely through the generation of
reactive oxygen species (ROS), induction of inflammation and alterations in cell signaling
transduction (Chen et al., 2014; Shi et al., 2013). Moreover, recent evidences clearly point to the
ability of NP to induce epigenetic changes (Shyamasundar et al., 2015; Stoccoro et al., 2013). These
toxic properties could play an important role in the etiology of TiO2 NP carcinogenesis potential.

A pivotal role in the nanotoxicity field is to set up design rules for the synthesis of safe NP. The
FP7 Sanowork project aimed to minimize occupational hazard and exposure to engineered
nanomaterials (ENMs) through the surface modification of NP to prevent possible health effects. In
the present study the proposed risk remediation strategies (RRS) consist of the surface coating of

NP, with the aiming at decreasing both the toxicity and the emission of materials. The following NP
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were investigated: pristine TiO2, citrate coated TiO: and silica coated TiO2 as well as the
benchmark material Aeroxide P25. The target TiO2 NP sample studied was involved in the
processing line consisting in the application of TiO2 nanosols to ceramic substrates through spray-
coating, one of the most flexible methods for the application of nanostructured suspensions,
allowing rapid and simple production changes. The critical step for health hazard and exposure
assessment was actually the spray coating operation which could cause nanoaereosolisation and
induce inhalation of NP. SiO2 and citrate coatings were proposed for their potential to improve
powder dispersability and hydrophylicity, positively impacting on mechanisms driving cellular
toxicity (Nel et al., 2009).

In the present study multiple endpoints of cytotoxicity and of genotoxicity induced by pristine and
remediated TiO2 NP were investigated, focusing on their potential to induce impairment of cell
capacity to form colonies and cell death, as well as different types of DNA damage. We also
investigated the capacity of TiO2 NP to induce a global DNA methylation effect by means of LINE-
1 methylation analysis that is frequently used as a surrogate of global DNA methylation levels
(Yang et al., 2004) and has been associated with genome instability (Cho et al., 2015; Luzhna et al.,
2013). Since the respiratory tract is likely to be the main exposure route of TiO2 NP, we
investigated the toxicity of NP in A549 cells, a human alveolar type II-like epithelial cell line, that

is an inhalation model system frequently used in nanotoxicity studies (Love et al., 2012).



2. Materials and methods

2.1. Preparation and characterization of TiO2> NP

Commercial TiO2 NP (84% anatase, 16% brookite crystal phase composition, Ortelli et al., 2013)
were provided by Colorobbia Italia SpA as colloidal nanosuspension (nanosol).

The remediation process consisted in silica and sodium citrate coating. The following panel of NP
were thus studied: pristine TiO2, citrate coated TiO2 and silica coated TiO2. Furthermore, TiO2

Aeroxide® P25 was used as benchmark material.

2.2. TiO2 nanosols preparation

The silica modified TiO2 NP was produced following the hetero-coagulation route: opposite
charged TiO2 NP and SiO2 NP were diluted and then mixed together at room temperature,
maintaining a Si02/Ti102 weight ratio equal to 3 and a total solid content of 3 % wt. The obtained
mixtures were ball milled for 24 h using 5 mm diameter zirconia spheres as milling media to obtain
slightly cloudy solutions.

The citrate modified TiO2 NP was produced by self-assembly strategy: trisodium citrate dihydrate
was added to TiO2 NP suspension (3 % wt) at room temperature and by employing a citrate/TiO2
NP weight ratio equal to 0.83. The reaction mixture was stirred overnight resulting in a transparent

and stable suspension.

2.3. Sol state characterization of TiO2 NP
The physicochemical characterization of the pristine and modified TiO2 samples was performed by
using time, temperature, concentration and medium that closely simulated the experimental

conditions used for cellular tests. The morphological analysis on pristine and modified samples was



performed by FEI titan TEM operating at an acceleration voltage of 300kV. One drop of diluted
nanoparticle suspension in deionized water (30 pg/ml) was deposited on a film-coated copper grid
and characterized. The colloidal characterization (hydrodynamic diameter and Zeta potential) were
investigated for samples dispersed both in deionized water or complete cell culture medium (125
pg/ml) using light scattering optical technique (Zetasizer nano ZSP model ZEN5600; Malvern
Instruments, UK). Further experimental details are provided in a recent paper (Stoccoro et al.,

2016).

2.4. Cell culture conditions

Human alveolar epithelial type-II-like A549 cells were purchased, mycoplasma free, from the
Istituto Zooprofilattico Sperimentale of Brescia (IZSBS; Brescia, Italy), and cultured in Ham’s F12
medium (Lonza; Italy) supplemented with 10 % (v/v) fetal bovine serum EU standard
(LonzaBioWhittaker® Sera; Italy) and 1 % (v/v) Penicillin (10,000 U/ml) Streptomycin (10,000
pg/ml) (Gibco Life Technologies; Italy). Cells were grown under normal cell culture conditions (37
°C; 5% CO2; 95% humidity) and passaged weekly in tissue culture-treated flasks (Sarstedt; Italy).

Uncoated, silica and citrate coated TiO2 NP were provided as aqueous stock solutions at the
nominal concentration of 30 pg/ul. The Aeroxide® P25 benchmark material was provided in
powder form and resuspended in deionized water at the nominal concentration of 1 mg/ml. Before
being tested, all stock solutions were bath-sonicated for 15 min and then aliquots were added first to
0.05 % (v/v) BSA/PBS and then to the cultures directly. In order to identify the most suitable NP
concentrations to test we previously investigated the effect of a wide range of NP mass
concentration on A549 cells viability by means of colony forming efficiency (CFE) assay. For this
purpose, we treated the cells with NP concentrations ranging from 1.25 to 80 pg/cm?, corresponding
to a range of 8.3 to 266.6 ug/ml, an exposure range representative of realistic human exposure

(Gangwal et al., 2011). In this way the concentrations of 10, 20 and 40 pg/cm? were selected for
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% since at this concentration NP

genotoxicity studies, excluding the concentration of 80 pg/cm
caused a marked turbidity of the medium. For cellular uptake study, we chose the intermediate time
and concentration used in genotoxicity investigations. We selected the 20 pg/cm? NP concentration
to perform FISH analysis because this test concentration allowed us to prevent excessive particles
deposition on the slides and interference during data acquisition. Since the 40 ug/cm? dose induced

the maximum frequency of micronucleus (MN) this dose was used for the DNA methylation studies

in order to observe if the genomic instability was correlated to global DNA methylation changes.

2.5. TiO2 NP internalization

To study NP cell internalisation, A549 cells were seeded in 75 cm? flask (Corning Costar, Italy) at a
density of 3x10° cells in 10 ml of complete cell culture medium. After 24 h, cells were exposed to
20 pg/cm? of TiO2 NP for 48 h. After exposure, the medium was removed and cells were
thoroughly washed with PBS buffer, detached using 1 ml trypsin-EDTA (Invitrogen, Italy) and
centrifuged at 200xg for 5 min to obtain the cell pellet. The supernatant was removed and cells were
fixed using a Karnovsky 2% v/v solution (glutaraldehyde and paraformaldehyde in 0.05 M
cacodilate, pH 7.3, Sigma Aldrich, Italy) over night.

Cells were then washed 3 times with 0.05 M cacodilate pH 7.3 (Sigma Aldrich, Italy) and post-
fixed in osmium tetroxide solution in 0.1 M cacodilate pH 7.3 (Sigma Aldrich, Italy) for 1 h. After
3 washes in cacodilate 0.05 M of 10 min each, cells were dehydrated in a graded series of ethanol
solution in MilliQ water (30%; 50%; 75%; 95% for 15 min each, and 100% for 30 min), incubated
in absolute propylene oxide (Sigma Aldrich, Italy) for 20 min (2 changes of 10 min each) and
embedded in a solution of 1: 1 epoxy resin (Sigma Aldrich, Italy) and propylene oxide for 90 min.
This mixture was renewed with pure epoxy resin (Sigma Aldrich, Italy) over night at room
temperature and later polymerized at 60 °C for 48 h. Ultrathin sections (60-90 nm) were obtained

using Leica UCT ultramicrotome (Leica, Italy) and stained for 25 min with uranyl acetate (Sigma
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Aldrich, Italy) and lead citrate for 20 min, washed and dried. Ultrathin sections were imaged by
JEOL JEM-2100 HR-transmission electron microscope at 120 kV.

The elemental analysis was carried in TEM mode at 120kV by Energy-dispersive X-ray
spectroscopy (EDS) analysis using X-Flash Detector 5030 (Briiker, Italy) coupled with the
microscope. Results are expressed as mass % of whole sample elements measured fixing at O the
following elements: U, Pb, Os, Cu. Quantitative analysis of analysed area was automatically

obtained by Cliff-Lorimer deconvoluted model using QUANTAX 200 software (Briiker, Italy).

2.6. Colony Forming Efficiency (CFE) assay

CFE assay was performed as detailed elsewhere (Ponti et al., 2013) to study the cytotoxicity
induced by TiO2 NP at 24, 48 and 72 h of exposure. Cells were seeded at the density of 300 cells
per dish in 3 ml complete culture medium (60 x 15 mm Petri dish, 20 cm? bottom surface area, BD
Falcon™). After 24 h, NP suspensions were directly added to the cell culture to obtain the
appropriate final TiO2 NP concentrations ranging from 1.25 to 80 pg/cm?, corresponding to a range

of 8.3-266.6 pg/ml. Negative (untreated cells) and positive (Na2CrO4 1000 uM) controls were also

included. After 24, 48 or 72 h of exposure, the medium was changed with fresh complete culture
medium, and 7 days later, the cells were fixed with 3.7% (v/v) of formaldehyde solution (Sigma-
Aldrich, Milan, Italy) in phosphate buffered saline (PBS) (1x) without calcium, magnesium and
sodium bicarbonate (Gibco), and stained with 10% (v/v) Giemsa solution (Sigma-Aldrich) in
ultrapure water. Colonies were manually scored under a stereomicroscope. The results are
expressed as CFE (%) = [(average of treatment colonies/average of control colonies) x 100] and the

corresponding standard error mean [SEM % = SD/\/(number of treatments)].



2.7. Cytokinesis-block micronucleus cytome (CBMN-cyt) assay and fluorescence in situ

hybridization (FISH)

CBMN-cyt was performed according to the procedure described by Di Bucchianico and coauthors
(Di Bucchianico et al., 2013). A total of 7.5 x 10* cells were seeded in six-well cell culture plates
(9.6 cm? bottom surface area, Falcon ™) and after 24 h of culture, the cells were exposed toTiO:
NP at the concentrations of 10, 20 and 40 pg/cm? corresponding to 32, 64 and 128 pg/ml,
respectively, for 48 h. Mitomycin C (0.1 pg/ml; MMC, Kyowa Hakko Kogyo Co, Chiyoda, Tokyo,
Japan) as positive control was used. Cytochalasin B (6 pg/ml) was added after 44 h to block the
cytokinesis process and cells were harvested after 72 h.

The parameters evaluated were the cytokinesis-block proliferation index (CBPI) and the replication
index (RI) to test the cytostasis and the apoptotic and necrotic indices to investigate the cytotoxicity
exerted by TiO2 NP in the first 500 cells counted. These parameters were evaluated using the

following formulas:

((1 x mononucleate cells) + (2 x binucleate cells) + (3x multinucleate cells))

CBPI = 500 cells

Rl = ((1 x mononucleate cells) + (2 x multinucleate cells)) + (500 treated cells) 100
~ ((1 x mononucleate cells) + (2 x multinucleate cells)) + (500 untreated cells) X

Apobtotic index = Number of apoptotic cells 100
poptotic index = £00 colls X

o Number of necrotic cells
Necrotic index = x 100
500 cells




The genotoxic potential was evaluated by scoring the MN frequency on 1000 binucleated cells per
slide. On these 1000 binucleated cells other parameters such as nucleoplasmic bridges (NPB), a
biomarker of DNA misrepair and/or telomere end-fusions, and nuclear buds (NBUD), a biomarker
of elimination of amplified DNA and/or DNA repair complexes, were also scored as previously
described (Di Bucchianico et al., 2013; Fenech, 2007). Separate slides from CBMN Cyt were used
to achieve FISH with human pancentromeric probes (Kreatech Diagnostics, Netherlands) as
previously described (Di Bucchianico et al., 2013). Samples exposed for 48 hours to 20 pg/cm?, and
to positive (0.1 pg/ml MMC, clastogen) and negative controls, were classified as centromere
positive (Cen+) or centromere negative (Cen-) based on the presence or on the absence of

centromeres in MN.

2.8. Primary and oxidative DNA damage

Comet assay was performed to evaluate the primary and the oxidative DNA damage induced by
TiO2 NP in A549 cell cultures seeded at a concentration of 7 x 10* cells/cm? in six well cell culture
plates (9.6 cm? bottom surface area, Falcon ™) by using the Comet Assay kit following the
manufacturer’s instructions (Trevigen, Gaithersburg, MD). After 24 h cells were treated with TiO2
NP at 10, 20 and 40 pg/cm?, corresponding to 32, 64 and 128 ug/ml respectively, for 48 h. To
determine the presence of oxidized pyrimidine and purine bases Endonuclease III (Endolll) and
Formamidopyrimidine-DNA Glycosylase (Fpg) enzymes were used. To determine the number of
enzyme-sensitive sites, the difference between the value of the percent DNA fluorescence in tail
obtained after digestion with each enzyme and with the buffer only was calculated. The percentage
of total DNA fluorescence in tail in a total of 100 randomly selected cells per sample (two
replicates, each with 50 cells/slide) was used as a measure of the amount of primary DNA damage.
Untreated cells (negative control) and cells exposed for 5 min to H202 (50 uM) as positive control

were used. Three independent experiments were performed for each treatment by avoiding direct
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light exposures of preparing slides. Analysis was carried out by using a Comet Image Analysis
System, version 5.5 (Kinetic Imaging, Nottingham, UK).

2.9. Global DNA methylation analysis

Global DNA methylation was assessed using an ELISA method able to detect LINE-1 methylation
degree, following the manufacturer’s protocol (Active Motif, California USA). Briefly, genomic
DNA was extracted using the QIAmp DNA blood Mini Kit (Qiagen, Milan,Italy, Catalog N°
51106). Cells were treated for 48 and 72 h with 40 pg/cm?, corresponding to 128 pg/ml of NP and
with 5-azacytidine (Sigma, MO, USA), a well-known demethylating agent, at the same treatment
conditions. The extracted DNA was quantified using a Nano Drop ND 2000c spectrophotometer
(NanoDrop Thermo scientific). 1 ug of DNA was enzymatically digested using the Msel enzyme in
order to generate the appropriate fragmentation to hybridize to a biotynilated consensus sequence
corresponding to human LINE-1 transposon. Hybridized samples were immobilized to a 96-well
plate and methylated cytosines were identified using a 5-methylcytosine antibody, HRP-conjugated
secondary antibody and colorimetric detection reagents. Generating a standard curve using DNA
standards with known LINE-1 methylation levels, we were able to provide the relative level of 5-
methylcyotsine in % of each DNA sample. To this purpose we used the ‘‘polyfit’’ interpolating
function within program MatLab (The MathWorks, Inc., USA). Having obtained the interpolation
curve of 7 DNA standards with a known methyaltion level (0, 10, 20, 30, 50, 75 and 100% of
methylation), imputation of the absorbance reading (OD 450 nm, with an optimal reference
wavelength of 655 nm) for each sample, yields a precise percentage of methylation of the template
of interest. To perform the absorbance reading a Bio-Rad680 microplate reader (Bio-Rad, Italy) was

used.

2.10. Statistical analysis
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Data of toxicological assays derive from at least three independent experiments and are presented as
the mean + SEM. Since no difference was observed between negative and solvent control (ultrapure
water) for NP, statistical analysis was performed only to evaluate differences between negative
control and NP treated cells. The approach to test statistical significance of differences between
negative control and NP-treated groups was one-way analysis of variance (ANOVA) followed by
the Dunnett multiple comparison test. Linear regression equation was used to calculate the effect of
mass concentration on each endpoint. Statistical analyses were carried out using GraphPad Prism 5

software. Results were considered statistically significant at P< 0.05.

3. Results

3.1. Characterization of NP

Data referred to colloidal characterization of pristine and modified samples in deionized water are

reported in table 1.

- Table 1

Citrate coated sample resulted the best-dispersed whilst P25 showed the highest agglomeration
factor. The different values of Zeta potential recorded are in accordance with those expected with a
reverse of TiO2 positive Zeta potential value induced by anionic citrate modifier. The electrosteric
stabilization induced by anionic organic coating is confirmed by the resulting lowest agglomeration
factor. As reported in table 2, the results were compared with those obtained dispersing pristine and

modified TiO2 in complete culture medium Ham’s F12. They evidenced the following behaviors:
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- adramatic destabilization of the system occurred for uncoated and silica coated samples. No
strong effects were observed for citrate coated that maintained a good level of dispersion
and P25 sample that showed the same degree of agglomeration as in deionized water.

- Zeta potential of all samples was leveled-off around -10/-20 mV, showing the slightly
negative Z potential expected by BSA and other protein components at neutral pH (BSA
isoelectric point = 5) (Rezwan et al., 2005). These results suggest the presence of protein
coating that masks TiO2 NP surface charges, as explained by the well-known protein corona
paradigm (Lynch et al., 2008). Similar trend was found in a previous work of ours, where
the same uncoated and coated (citrated and silicated) TiO2 NP were dispersed in complete

culture medium MEM (Stoccoro et al., 2016).

- Table 2

TiO2 NP TEM imaging are reported in Figure 1. The first evidence arising by comparing different
TiO2 preparations with TiO2 P25 is the thinner structure of TiO2 nanosols primary particles (A) as
obtained by wet chemical sol-gel process in comparison with P25 that is produced by high
temperature flame hydrolysis synthesis (aerosol process, Evonik) (D). Moreover, in the silicated
sample (B) a homogeneous dispersion of TiO2 NP (mean diameter ~5nm) within SiO2 matrix can be
observed, confirming the formation of silica matrix encapsulated structure as previously reported
(Ortelli et al., 2016) that is significantly different from the traditional core-shell structure. Finally, in
the presence of the organic modifier (C), the very thin nano-structure of primary particles aggregate

suggests the formation of NP clusters due to solvent evaporation during sample preparation.

—>Figure 1
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3.2. TiOz2 NP internalization in A549 cells

TEM analysis showed mostly single particle uptake for P25 (Figure 2 A-B), while for pristine,
citrate and silica coated TiO2 NP mainly NP agglomerates were found (Figure 2 C-D-E). All cells
analyzed appeared with healthy cells morphology and no evident signs of cell damage were found
after exposure to NP. Even if a large amount of TiO2NP was present, cells maintained the ability to
duplicate and survive. No apoptosis or cell necrosis were observed. TiO2 NP were found both
outside and inside cells where they were mostly localized in lysosomes, early and late endosomes.
In the case of P25 the uptake was qualitatively (2-5% of total cells randomly analyzed) and
quantitatively (0.4 mass % of total elements measured) lower than pristine (3.52 mass %), citrate
(9.08 mass %) and silica coated (Ti: 1.78 mass %; Si: 6.11 mass %) (Figure 2 F) samples were
100% of cells randomly analyzed (e.g. 10 ultrafine slice cells/10 analyzed) showed NP
internalization.

In the case of pristine, citrate and silica coated samples, large vacuoles containing NP were found
suggesting active intracellular trafficking and cell metabolism, and no NP free in the cytoplasm
were observed. Instead for P25 two main ways of uptake were observed: single particle
internalization not associated to a specific mechanism (Figure 2A) and endo-phagocytic pathway

(Figure 2B).

—>Figure 2

3.3. Cell Viability

The cytotoxic potential of TiO2 NP in A549 cells has been investigated by CFE assay (Figure 3).
Cells were exposed to increasing concentrations (1.25 — 80 ug/cm?) of TiO2 NP for 24, 48 and 72 h.
All NP induced a weak, although statistically significant, decrement in cell viability at all times of

exposure. Pristine NP induced statistically significant cytotoxic effects at all the doses after 24 and
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48 h of exposure, while after 72 h only the doses of 20, 40 and 80 pg/cm? induced significant
effects (P<0.05, P<0.01 and P<0.001 respectively). Silica coated NP induced significant inhibitory
effects at all the doses after 24 h of exposure, while after 48 h the 1.25 and 5 pg/cm? doses and after
72 h the 1.25 pg/cm? dose, induced slightly cytotoxic effects not statistically significant. Regarding
the citrate coated NP, except for the lower concentration, after 24 h of treatment all the exposures
induced statistically significant cytotoxic effects. P25 NP induced cytotoxicity at all the
concentrations tested after 24 and 72 h of exposure, while following 48 h the 1.25 and 10 pg/cm?

treatments did not induce significant effects.

—>Figure 3

3.4. Cytostasis and cell death

CBPI and RI showed a cytostatic effect of both pristine and remediated TiO2 NP on A549 cells
compared to the untreated control cells. Apoptotic index values indicated that pristine NP and
citrate coated NP were cytotoxic at all concentrations tested, while the silica coated NP induced
apoptosis in a statistically significant manner only at 40 pug/cm? On the other hand, the Aeroxide®
P25 did not induce apoptosis. Necrotic index values showed that only the citrate coated NP were
able to induce cell death at all the concentrations tested, while the pristine NP at 20 and 40 ug/cm?

and the silica coated and the Aeroxide® P25 at 40 pg/cm? induced necrosis.

—>Figure 4

3.5. Chromosomal damage

Chromosomal damage was evaluated by scoring MN, NPB and NBUD frequencies in binucleated

AS549 cells (Figure 5). All the NP induced MN formation at all the NP concentrations tested, with
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the exception of the silica coated NP at 10 pg/cm?. The strongest MN induction was exerted by the
highest exposure of the pristine NP (42.75 + 1.89). Moreover, the induction of MN by pristine NP
increased linearly with increasing concentrations (P=0.0162, R*= 99.93). The genotoxic effects of
the pristine NP were also demonstrated by the increased frequencies of NPB and of NBUD, which
were induced by all the concentrations tested. Silica coated NP induced NPB at 20 and 40 pg/cm?
while NBUD were found following all the exposures. Regarding the citrate coated NP, NPB were
induced at all the concentrations tested, while the NBUD frequency increased only at the
intermediate concentration. The Aeroxide® P25 induced the formation of NPB at all the

concentrations tested, while no significant induction of NBUD was detected.

—>Figure 5

In order to distinguish clastogenic and aneuploidogenic events, FISH analysis with pan-centromeric
probes was performed (Figure 6). All TiO2 NP exerted a weak aneuploidogenic activity compared to
the untreated cells as evaluated by the presence of positive centromeric signals (37.5% Cen+).
Aeroxide® P25 showed the highest value (45.5% Cen+) and pristine, silica and citrate coated NP
induced a limited number of Cen+ (39.1%, 41.7%, 42.9% Cen+, respectively). However, these

effects were not statistically significant.

—>Figure 6

3.6. Primary and oxidative DNA damage

The DNA damage exerted by TiO2 NP was evaluated by comet assay (Figure 7). Pristine NP
induced a statistically significant primary DNA damage at 40 ug/cm?. Silica coated NP did not

induce primary DNA damage while the citrate coated NP induced statistically significant effects at
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20 and 40 pg/cm?®. The Aeroxide P25 induced strong effects at all the concentrations tested with a
linear DNA damage induction increasing along with concentrations (P = 0.019, R? =0.99). We also
performed the comet assay with Endo III and Fpg enzymes in order to evaluate the induction of
oxidatively damaged DNA by NP. From figure 7 it is noted that all NP were able to induce
pyrymidine oxidative damage, whilst only the pristine, silica coated and P25 at 40 ug/cm? were able

to induce purine oxidation.

—>Figure 7

3.7. Global DNA methylation analysis

In Figure 8 are reported the effects of TiO2 NP on global DNA methylation status in A549 cells
after 48 and 72 h of treatment. We derived an interpolation curve using DNA standards of known
methylated/unmethylated ratio (0%, 10%, 20%, 30%, 50%, 75%, and 100% of methylation) to
obtain the best estimate of the extent of methylation for each of our samples. After 48 h of exposure
TiO2 NP did not affect the methylation degree of LINE-1 sequences. In fact the untreated cells
showed a global DNA methylation level (%M) of 77.85%, and DNA of the cells treated with
pristine, silica and citrate coated NP and with Aeroxide P25 showed a comparable methylation level
(77.46, 77.52, 75.54 and 73.24 %M respectively). On the other hand, after 72 h of exposure all the
NP tested induced a demethylation effect respect to the negative control (80.79%M) . The strongest
effect was induced by the citrate coated NP (8.05%M, P<0.001), followed by the silica coated NP
(21.67%M, P< 0.01) and Aeroxide P25 (34.15%M, P<0.05). Pristine NP showed the lower effect,
(47.44%M), which is not statistically significant. As internal control of the experiment we used the
5-Azacytidine, a well known demethylating agent (Christman, 2002). In our experimental model 5-
Azacytidine was able to induce a strong demethylating effect both after 48 hand 72 h (3.81%M and

11.71%M, respectively) of exposure.
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-> Figure 8

4. Discussion

In this study the cytotoxic, genotoxic and epigenetic effects of uncoated anatase and TiO2 NP
engineered with silica and sodium citrate have been investigated in A549 cells. In order to better
understand in which extent the remediation strategy adopted was able to mitigate the adverse effects
induced by the pristine NP, several endpoints were analyzed. In table 3 a summary of the results

obtained, by taking into account comparable conditions, is reported.

—>Table 3

The coating with silica and citrate did not change the ability of pristine NP to enter the cells. In fact,
both the pristine and the coated NP were observed into the cells contained in large vacuoles (Figure
2 C-D-E) suggesting mainly an endo-phagocytosis uptake mechanism. Characterization of TiO2 NP
uptake is critical to better understand modes of toxic action of NP. The ability of TiO2 NP to enter
AS549 cells has already been reported (Ahlinder et al., 2013; Aueviriyavit et al., 2012; Janer et al.,
2014; Jugan et al., 2012). In one of these studies the capacity of TiO2 NP to internalize in A549
cells was investigated in living cells with a label free technique (Raman spectroscopy). TiO2 NP
were present in agglomerates inside vacuoles in the cytoplasm and after a NP deagglomeration, due
to the acidic environment in the vicinity of lipid membranes, they entered in the nucleus, providing
evidence of potential direct interactions between TiO2 NP and DNA (Ahlinder et al., 2013).

A slight but statistically significant viability reduction evaluated by means of CFE assay and Cytome

assay, were induced by all the NP tested and the NP remediation with silica and citrate coating did
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not induce an improvement in NP safety (Figures 3 and 4). In particular, the presence of citrate
increased the toxic effects induced by pristine NP as evaluated by RI and apoptotic and necrotic
indices. Several papers are available in literature regarding cytotoxic effects of TiO2 NP on A549
cells. Both no cytotoxic (Allegri et al., 2016; Chusuei et al., 2013; Ivask et al., 2015; Monteiller et
al., 2007; Soto et al., 2008; Karlsson et al., 2008) and cytotoxic properties of TiO2 NP (Jugan et al.,
2012; Jin et al., 2014; Kansara et al., 2015) are reported. Several factors could lead to the different
adverse effects of TiO2 NP on A549 cell viability observed in the different studies, such as TiO2> NP
shape (Medina-Reyes et al., 2015) and the media used for cell culture (Gutierrez et al., 2015). In a
recent paper TiO2 NP resulted non-toxic in A549 cells grown in two-dimensional cultures but were
able to affect cell-cell interaction during spheroid formation of A549 cells in three-dimensional
cultures, as evaluated by means of fluorescent based method viability test (Sambale et al., 2015).
These evidences highlight the need to consider all the experimental variables such as the viability
assay used that could influence the results. In this context the CFE assay has been considered a
suitable and robust in vitro method to assess cytotoxicity of NP by the European Commission’s
Joint Research Centre (JRC) (Ponti et al., 2014).

Genotoxicity, evaluated by means of micronuclei, NPB and NBUD scoring, was induced by all NP
tested (Figure 5). It is known that A549 is not one of the cell lines extensively validated for
micronucleus testing. However we chose human lung alveolar epithelial cells (A549), as a model
system for the potential inhalation health effects, frequently used in nanotoxicity studies (Love et
al., 2012).

Several researchers investigated TiO2 NP genotoxicity in A549 cells by means of MN assay,
however conflicting results were often found. In fact, both negative (Jugan et al., 2012; Dhasmana
et al., 2014; Armand et al., 2016) and positive (Kansara et al., 2015; Srivastava et al., 2011)
capacity to induce micronuclei were observed. These conflicting results could be due to the
differences in physicochemical properties of TiO2> NP suspensions, such as different NP sizes,

crystalline phase, specific surface area, that can influence the interaction of NP with the cell
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medium and then NP agglomeration status, which is considered an important factor to take into
account in order to improve the quality of the CBMN-cyt assay (Migliore et al., 2014). In order to
investigate if the micronuclei induction had a clastogenic or an aneuploidogenic origin we
performed a FISH analysis on treated cells. FISH results showed that all TiO2 NP tested induced
mainly clastogenic damage and enhanced slightly, but in a non-statistically significant manner,
centromere positive micronuclei compared to the untreated cells (Figure 6). Few studies regarding
clastogenic and aneuploidogenic effects induced by NP by means of FISH analysis are available in
literature. In our laboratory it was observed that 5 and 15 nm Au NP induced aneuploidy in human
primary lymphocytes and in murine macrophages (Di Bucchianico et al., 2014). Aneuploidogenic
properties were also observed for cobalt chrome (CoCr) NP (Raghunathan et al., 2013). Clastogenic
properties were observed for Au NP (Li et al., 2011a), while both clastogenic and aneuploidogenic
activity were observed for MWCNT (Muller et al., 2008) and for silica NP (Gonzalez et al., 2010).
Regarding TiO2> NP Rahman and collaborators observed that TiO2 NP with a mean size <20 nm
induced formation of micronuclei in Syrian hamster embryo (SHE) cells, and kinetochore analysis
revealed that MN mainly arise from clastogenic events (Rahman et al., 2002), thus supporting our
observations.

DNA damage investigation, evaluated by means of comet assay, showed that the presence of citrate
increased the genotoxic effects of the pristine NP, while the silica coated NP induced effects
comparable to that of uncoated ones. The strongest effects were induced by P25 (Figure 7). DNA
oxidation experiments showed that all NP induced oxidative DNA damage, although only the
concentration of 40 pug/cm? of pristine, silica coated and P25 NP induced statistically significant
effects (P<0.05).

Our results are supported by several research papers in which the capacity of TiO2 NP to induce
both primary and oxidative DNA lesions in A549 cells was investigated by means of comet assay

(Jugan et al., 2012; Karlsson et al., 2008; Kansara et al., 2015; Armand et al., 2016; Ursini et al.,
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2014; Wang et al., 2015). These studies clearly indicate that TiO2 NP are able to induce DNA
breakage and oxidative damage to DNA of A549 cells.

Since DNA hypomethylation has been associated with genomic instability, and in particular with
the formation of micronuclei (Luzhna et al., 2013), we investigated global DNA methylation in
treated cells in order to observe whether there was any correlation with MN formation. After 48 h of
exposure the tested NP did not induce effects on LINE-1 methylation, while after 72 h of exposure a
significant demethylating effect was induced by the silica and the citrate coated NP, the latest
inducing the strongest effects (Figure 8). The time of exposure had a pivotal role in establishing
changes in DNA methylation levels. Thus the MN induction, evaluated after a treatment of 48 h, did
not seem to be correlated to global DNA hypomethylation. Global DNA hypomethylation induces
mainly genomic instability of aneuploidogenic origin (Cho et al., 2015) and results from FISH
analysis indicate that the MN induction is mainly of clastogenic origin, further suggesting that DNA
methylation likely does not have a role in TiO2 NP MN formation.

LINE-1 methylation analysis is frequently used in epigenetic investigations as a surrogate for global
DNA methylation levels of the cells and can be utilized to compare relative changes in 5-
methylcytosine (5-mC) across different samples and treatment conditions. This comparison
correlates well with total 5-mC content when compared to other techniques such as high
performance liquid chromatography (HPLC) or combined bisulfite restriction analysis (COBRA)
and pyrosequencing (Yang et al., 2004; Weisenberger et al., 2005). LINE-1 hypomethylation has
been associated with elevated risk of several disease states including cancer, stroke, heart disease,
lung function decline and it has also been considered a prognostic factor in gliomas (Ogino et al.,
2008; Cho et al., 2009; Baccarelli et al., 2010; Lange et al., 2012; Ohka et al., 2011). Moreover
LINE-1 hypomethylation was observed in peripheral blood DNA cells of subjects exposed to
ultrafine particles (Baccarelli et al., 2009; Madrigano et al., 2011).

Several studies were performed so far to evaluate NP potential epigenetic properties. For instance in

vitro experiments showed that, SiO2 NP induced DNA hypomethylation (Gong et al., 2010; Gong et
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al., 2012), cadmium telluride quantum dots (CdTeQDs) induced global hypoacetylation (Choi et al.,
2008) and Au NP and CdTeQDs induced deregulation of miRNA expression (Li et al., 2011b; Ng et
al., 2011). Regarding epigenetic effects of TiO2 NP, the few studies reported in literature indicate
that TiO2 NP are able to induce altered miRNA expression and DNA methylation impairment. In
lung of mice, the inhalation of surface-coated with polyalcohol TiO2 NP induced changes in the
expression of genes associated with acute phase, inflammation and immune response with
concomitant changes in the expression of several miRNAs (Halappanavar et al., 2011). Treatment
of HaCaT cells with TiO2 NP led to several significant biochemical changes among which
dysfunction of the methionine cycle and methionine deficiency, suggesting an impairment in DNA
methylation reactions of the cells after TiO2 NP exposure (Tucci et al., 2013). TiO2 NP induced
aberrant hypermethylation of poly(ADP-ribose) polymerase 1(PARP-1) gene, that encode a protein
involved in DNA repair, in cell proliferation and in chromatin modification, in A549 cells treated
for 24 h with concomitant increase of ROS (Bai et al., 2015). In a recent study both human and
murine macrophages were exposed to several nanomaterials, including TiO2 NP and the effects of
the treatment on global DNA methylation were evaluated (Lu et al., 2015). In cells treated with 0.5
and 30 pg/ml of TiO2 NP for 24 h a decreased expression of DNA methylation machinery was
observed, without a significant difference of LINE1 methylation pattern between no exposed and
exposed cells. These results could be explained by the short post-exposure time when a sufficient
number of cell divisions had not yet occurred to detect potential alterations in DNA methylation
(Lu et al., 2015).

Therefore both genotoxicity and epigenotoxicity could be driven by the well established capacity of
TiO2 NP to induce ROS formation, that could act as the primary event in promoting TiO2 NP toxic
effects.

Modification of NP surface by means of coating procedures influences the activity of NP, by
changing their physicochemical properties. These modifications are aimed both to ameliorate the

chemico-physical characteristics of NP and to decrease their potential toxicity. For example, the
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coating of TiO2 NP with a thiol-ene click chemistry and catalytic chain transfer polymerization
induced stable NP aggregates in various aqueous and biological media changing the NP cellular
uptake with a concomitant reduction of cytotoxicity in A549 human lung cells (Tedja et al., 2012).
As already stated, the remediation strategy adopted in the current study did not modify significantly
cytotoxic and genotoxic properties of pristine TiO2 NP, however these types of coating seem able to
interfere with the global DNA demethylation effect of pristine NP. Until now few studies aimed to
investigate the capacity of silica coating of TiO2 NP have been carried out in vivo and in in vitro,
showing both increase or reduction of the toxicity of the uncoated TiO2 NP (Bolis et al., 2012; Feng
et al., 2013; Rossi et al., 2010; Warheit et al., 2007). In a recent paper by us the genotoxicity and the
capacity to induce morphological neoplastic transformation in murine cells by the same TiO2 NP
used in the current study were evaluated (Stoccoro et al., 2016). Also in that study we observed that
the remediation strategy with silica and citrate did not improve the safety of uncoated NP, but
instead the citrate coating increased the toxic effects of the pristine one. In particular, the coating
with citrate conferred the capacity to the cells to undergo transformation. By analyzing the previous
and present data it is evident that TiO2 NP coated with citrate resulted more effective regarding the
various toxic endpoints investigated (cytotoxicity, genotoxicity and epigenotoxicity).. It should be
considered that the effects observed by citrate coated NP may be due in part by the coating itself
rather than by NP. In a recent paper it was observed that silver NP (Ag NP) coated with trisodium
citrate induced HPRT gene mutations in V79-4 cells (Huk et al., 2015). Interestingly sodium citrate
alone was able to induce mutations analogously to those induced by Ag NP coated with citrate.
Similarly, Wang and coworkers observed that gold NP coated with citrate were photomutagenic to
Salmonella typhimurium TA 102, and further investigations revealed that the mutagenicity
properties mainly derived from citrate and Au** ions (Wang et al., 2011).

In conclusion our results confirm that the TiO2 NP investigated are able to induce genotoxicity, and
epigenotoxicity. The presence of citrate results in an increase of pristine NP toxicological effect,

suggesting an active role by the citrate itself, as elsewhere reported (Huk et al., 2015; Wang et al.,
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2011), whilst the presence of silica does not seem significantly affect the toxic properties of
uncoated NP (table 2).

It is well established that to better characterize the potential adverse effects of NP it is necessary to
investigate their toxicological capacities in different model systems and by means of multiple
genotoxic assays. In this context we consider it worthwhile to include assays that provide also
information on induced epigenetic effects, as in recent years several investigations have shown that
NP are able to induce aberrant epigenetic modifications (Shyamasundar et al., 2015). It is known
that these mechanisms could indeed promote the onset of several types of diseases. Genotoxic and
epigenotoxic mechanisms could work in association in the induction of adverse health effects and
are able to benefit from each other (You and Jones, 2012; Sadikovic et al., 2012). In fact, genetic
modifications in epigenetic regulators lead to epigenetic changes such as aberrant DNA
methylation, histone modifications, and miRNA altered expression as well as modifications in
epigenetic mechanisms can lead to genetic modifications, inducing genome instability and
deregulation of crucial genes (Lengauer et al., 1997; You and Jones, 2012). So it would be desirable
that future investigations that will be aimed at investigate the potential genotoxic mechanisms of
NP, will be implemented also by investigations regarding their potentiality in inducing epigenetic

modifications, in order to better understand the possible harmful effects of these nanomaterials.
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Figures

Figure 1. TEM images of TiO2 NP. (A) pristine; (B) silica coated; (C) citrate coated; (D) P25.
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Figure 2. TiO2 NP internalization: A549 cells analysed by TEM at 120 kV after 48 h of exposure to
20 pg/cm? of P25 (A: unspecific uptake mechanisms and NP in cytoplasm; B: NP inside
endosomes);pristine (C); citrate coated (D); silica coated (E). Spectra obtained by EDS analysis
confirmed the presence of Ti or Si, in case of silica coated NP, in areas n. 1 of each picture,
measured at 120 kV in TEM mode. N: nucleus, M: mitochondria; E: endosome; L: lysosome;
Arrows: NP.
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Figure 3. Cell viability in A549 cells exposed to TiO2 NP evaluated by CFE assay. Cells were
exposed to increasing concentrations (1.25-80 pg/cm?) of NP for 24, 48 and 72 h. Data are plotted
as mean %CFE values normalized to the untreated control (C-; black bar) + standard error of the
mean (SEM); n= 6. * P<0.05, ** P<0.01, *** P< (0.001. C+: 1000 uM Na2CrOsu that induced 0%
CFE (data not shown).
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Figure 4. Cytostatic (CBPI and RI) and cytotoxic (apoptotic and necrotic index) effects induced by
TiO2 NP. Cells were exposed to increasing concentrations (10-20-40 pg/cm?) of NP for 48 h. Data
are plotted as mean values + standard error of the mean (SEM); n= 4; statistical analysis performed
by one-way ANOVA and Dunnet post-test.* P< 0.05, *** P<(0.001. As positive control 0.10 pg/ml
mitomycin-C was employed.
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Figure 5. Chromosomal damage induced by TiO2 NP. A549 cells were exposed to increasing
concentrations (10-20-40 pg/cm?) of NP for 48 h and MN, NPB and NBUD were manually scored
using an inverted microscope (400X magnification). Data are plotted as mean values + SEM; n = 4;
statistical analysis performed by one-way ANOVA and Dunnet post-test. * P<0.05, ** P<0.01, ***
P<0.001. As positive control 0.10 pg/ml mitomycin-C was employed.
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Figure 6. Fluorescence in situ hybridization (FISH) analysis with a pan-centromeric probe. Cells
were exposed to 20 pg/cm? TiO2 NP for 48 h. Mitomycin C (0.10 ug/ml) was used as clastogenic
positive control. Data are presented as mean% + SEM (mean of 4 replicates) of Cen+ (centromere
positive) and Cen- (centromere negative). Statistical analysis was performed by one-way ANOVA
and Dunnet post test.
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Figure 7. Primary and oxidised DNA lesions induced by TiO2 NP in A549 cells treated for 48 h.
The level of enzyme-sensitive sites was obtained by subtracting the value of % of DNA
fluorescence in tail obtained after digestion with each enzyme and with the buffer only. Each data
point represents the mean +SEM of three independent experiments. C+: positive control (50 pM
H202); C-: untreated control. Statistical analysis performed by one-way ANOVA and Dunnet post-
test. * P<0.05; ** P< 0.01; *** P<0.001.
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Figure 8. LINE-1 methylation levels of A549 cells after TiO2 NP exposure. A549 cells were
exposed to 40 pg/cm? of TiO2 NP for 48 and 72 h. Each data point represents the mean + SEM of
three independent experiments. C-: untreated control; St: DNA standard with known methylation
level. Aza: 5-Azacytidine. Statistical analysis performed by one-way ANOVA and Dunnet post-test.
* P<0.05; ** P<0.01; *** P<0.001.
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Tables

Table 1.Mean hydrodynamic size by intensity and Zeta potential for 0.125 mg/ml of uncoated,
citrated, silicated TiO2 in deionized water.

TiO: NP Deionized water

pH Z-pot (mV) | Mean size (nm) Pdrt Fag*
Uncoated 2.33 41.2+£0.5 83.5+104 0.48 £0.09 | 17
Citrated 547 -342+1.2 57.5+£2.6 0.68 £0.05 | 11
Silicated 2.84 322+4.1 155.6 £22.1 0.28 £0.01 | -
Aeroxide® P25 4.13 374+09 489.5 £130.5 0.30+£0.04 | 23

NP, and Aeroxide® P25 dispersed in deionized water. Data are reported as the mean + standard deviation

# PdI: polydisperisity index

* Fag (Agglomeration factor) was calculated by dividing DLS mean hydrodynamic diameter for TEM primary particles
dimeter, that was calculated for uncoated sample around Snm (Ortelli and Costa, 2016) and for P25 21nm as reported by

Evonik provider. For sample dispersed in silica matrix it is difficult to calculate Fag because the system is formed by

two different primary particles.
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Table 2. Mean hydrodynamic size by intensity and Zeta potential for 0.125 mg/ml of uncoated,
citrated, silicated TiO2 in complete cell culture medium (Ham’s F12).

TiO:2 NP Ham’s F12
pH Z-pot (mV) | Mean size (nm) | PdI*
Uncoated 7.25 -10.6 £1.0 1608.0 +£212.9 1.00£0.0
Citrated 7.69 -103+£1.0 91.3+6.3 0.27 £0.01
Silicated 7.56 -10.6 £ 04 563.2 £ 84.0 0.80+£0.1
Aeroxide® P25 7.74 -10.2+0.2 477.0 £8.1 0.47 £0.02

NP, and Aeroxide® P25 dispersed in complete cell culture medium (Ham’s F12). Data are reported as the mean +

standard deviation.

# PdI: polydisperisity index
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Table 3. TiO2 NP effects on different endpoints.

Endpoint Nanoparticles
Pristine TiO» Silicated TiO» CitratedTiO, Aeroxide P25
Cellular uptake Yes Yes Yes Yes
CFE ++ ++ +++ +
CBPI/RI +++ +++ +++ +++
Apoptotic ++ + +++ -
Necrotic ++ + +++ +/-
MN +++ ++ +++ +++
NPB +++ ++ +++ ++
NBUD +++ ++ +/- -
FISH Cen- Cen- Cen- Cen-
PrimaryDNA damage
+/- - ++ +++
(Comet)
Oxidative DNA damage - +++ ++ -
(Endo III)
Oxidative DNA damage +- - i +-
(Fpg)
LINE-1 hypomethylation - + ++ +/-
The symbol “-“ indicate that no significant effect was found. “+” represents a low increase, and “+++” a high increase.

The symbol “+/-“ indicates that the positive effect was found only in a single experimental point. Cen- = formation of

centromere negative micronuclei.
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