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Abstract

Anatase titanium dioxide nanoparticles (TiO2 NPs) are used in a large range of industrial
applications mainly due to their photocatalytic properties. Before entering the lung, virtually all
TiO2 NPs are exposed to some UV light and lung toxicity of TiO2> NPs might be influenced by
photoexcitation that is known to alter TiO, surface properties. Although the TiO2 NPs toxicity
has been extensively investigated, limited data is available regarding the toxicity of TiO2 NPs
that have been pre-exposed to UV light, and their impact on humans remains unknown. In this
study, five types of TiO2 NPs with tailored physicochemical features were characterized and
irradiated by UV for 30 min. Following irradiation, cytotoxicity, pro-inflammatory response,
and oxidative stress on a human lung coculture system (A549 epithelial cells and macrophages
differentiated from THP-1 cells) were assessed. The surface charge of all samples was less
negative after UV irradiation of TiO2 NPs and the average aggregate size was slightly increased.
A higher cytotoxic effect was observed for pre-irradiated TiO2 NPs compared to non-irradiated
samples. Pre-irradiation of TiO2 NPs had not a significant impact on the pro-inflammatory
response and oxidative stress as shown by a similar production of IL-8, TNF-o and reactive

oxygen species.



1. Introduction

Titanium dioxide nanoparticles (TiO2 NPs), especially anatase form, are widely used in a large
range of industrial applications in inks, plastic materials, ceramics, paper, foods, pharmaceutical
and cosmetics due to their resistance to discoloration, high refractive index and photocatalytic
activity. TiO2 photocatalysis is a promising process and has attracted remarkable attention for
the application of air and water purification -3,

Upon UV irradiation, photo-excited electrons migrate from TiO2 bulk to surface, forming an
electron/hole pair (¢ /h™). In the presence of water and oxygen molecules, the electron/hole pair
generates hydroxyl (OH¢) or superoxide (O2¢") radicals which lead to the decomposition of a
variety of organic and inorganic compounds *°. This process may alter surface hydrophilicity
and charge, may promote particle aggregation and enhance generation of reactive oxygen
species (ROS) 88, Some of these effects are transient (e.g., ROS generation) and stop as soon
as irradiation stops, whereas the changes in surface charge and particle aggregation persist over
time ® and may likely affect TiO, NPs’ toxicity potential.

While some in vitro studies have shown that TiO2 NPs reduce cell viability, increase ROS
production and cytokine levels and cause genotoxicity even without light !, several recent
studies have shown that toxicity of TiO> is higher in the presence of UV light than in the dark
12714 Furthermore, several in vivo studies showed that TiO2 NPs cause pulmonary
inflammation, cell damage and oxidative DNA damage *7.

Sunlight reaching the Earth includes ca. 5% of UV radiation (315-400 nm, with a dose reaching
the ground up to 0.1 W/cm?) 8, TiO, NPs in the environment are expected to be exposed to UV
rays and possibly modified following photoexcitation. Due to the number of applications and
the consequent environmental availability of TiO, inhalation of pre-irradiated TiO2 NPs is
likely the most common exposure route for humans. To the best of our knowledge, only one

study ° has been focused so far on the cellular effect induced by TiO2 NPs preliminarily



exposed to UV light (pre-irradiated) for 24 hours and then incubated with cells in the dark. To
assess whether short time of UV light exposure induces changes in the physicochemical
properties and eventually affects TiO> NPs toxicity, we evaluated: (a) the changes of
physicochemical properties caused by a short time UV irradiation on five samples differing in
size, shape and surface charge, and (b) the toxicity in human lung coculture cells, before and
after UV irradiation. To this purpose, we irradiated the samples for 30 min and we measured
surface charge, aggregate size and the ability to generate free radicals in cell-free systems.
Cytotoxicity, pro-inflammatory response (IL-8 and TNF-a release), and ROS generation were
then evaluated on a coculture of human lung epithelial cells and macrophages differentiated

from THP-1 monocytes.

2. Material and Methods

2.1 Synthesis and preparation of TiO2 nanoparticle dispersion

In this study, we used four custom-made TiO> NPs with different and well-controlled properties
and one commercially available P25 sample with a purity > 99.5% (Evonik P25 CAS: 1317-
70-0, Sigma-Aldrich, Saint-Quentin-Fallavier, France). Evonik P25 TiO,was chosen for

20 and it has been

analysis as a reference particle due to its well-known photocatalytic activity
used in many tests as photocatalyst standard material by many studies %22,

Four TiO2 NPs synthesis was performed using Chen et al. 2 method and they were named S1
to S4. Basically, titanium (IV) butoxide (CAS: 5593-70-4 reagent grade 97%, Sigma-Aldrich,
Saint-Quentin-Fallavier, France) was mixed with triethanolamine (CAS: 102-71-6, analytical
reagent 97%, VWR International, Fontenay-sous-Bois, France) in 1:2 molar ratio. The mixture
was put in Teflon lined sealed and kept at a high temperature (150°C) for 24 h in autoclave.

The pH of synthesis medium was adjusted by adding HCI or NHsOH to tune particle size and

morphology. Finally, the solutions were centrifuged three times and washed with deionized



water. The resulting products were dried in an oven at 40°C. Surface functionalization of S2
NPs was generated by aminopropyltriethoxysilane (APTES) using Zhao et al. 2* method and
the functionalized nanoparticle labeled as S4. Their features are reported in Table 1. Stock
suspensions of all NPs (1600 pg/mL) were prepared in deionized water (Milli-Q systems,
Millipore) and sonicated with Branson Sonifier S-450 by cuphorn sonication in pulsed mode (2
s on/ 2 s off) for 10 min at 89 % amplitude. Before each experiment stock suspensions were
sonicated for 15 min in a bath sonicator and vortexed vigorously diluted in culture medium, i.e.
Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) to 15,
30, 60 and 120 pg/mL.

The amount of endotoxin present in the nanoparticle solutions was determined by the
chromogenic method with a ToxinSensor Chromogenic Limulus Amebocyte Lysate (LAL)
Endotoxin Assay kit (Genscript, Piscataway, Associates of Cape Cod Inc., Falmouth, MA,
USA) according to the manufacturer’s instructions. Endotoxin content was lower than the
detection limit (0.001 endotoxin units per milliliter) in the nanoparticle samples. Therefore,

samples did not show any endotoxin contamination.

2.2. Exposure to UV light

In the literature, studies using intensities of UVA light between 0.1 and 5 mW/cm? at a
wavelength <380 nm reported that these conditions were sufficient to make TiO2 NPs
photoactive under realistic conditions ©8141%25 In our study, the TiO, stock suspensions (1600
pg/mL in deionized water) were transferred into glass tubes and irradiated by UV light provided
by a 100 W UV lamp (365 nm UV light, FV-97600-15 Cole-Parmer, Paris, France) for 30
minutes. The irradiation intensity was 1 mW/cm? as measured by a radiometer (Model PCE-
UV34, PCE Instruments UK Ltd, Southampton, UK) simulating an indoor environment 26:27,

and maximal irradiance of occupational exposure of UV 28, The stock suspensions were diluted



in DMEM culture medium after the end of the UV irradiation of TiO> NPs and applied to the

cells. The time from the end of the UV irradiation and the cell exposure was 15 min maximum.

2.3. Physicochemical characterization of TiO2 nanoparticles

Size and shape were analyzed by transmission electron microscopy (TEM) using a FEI
TECNAI 20FST operating at 200 kV and scanning electron microscopy (SEM) at 2-3 kV on a
Zeiss Sigma 300 microscope using a secondary electron (SE) detector. Specific surface areas
were measured by Brunauer, Emmett and Teller (BET) method (ASAP 2020 Volumetric
Adsorption, Micrometrics, USA). Raman spectroscopy (Horiba Jobin—Yvon Xplora
spectrometer) and X-ray powder diffraction (XRPD, Miniflex, Rigaku, Japan) techniques were
used for the structural identification of the crystalline phases of NPs as reported in our previous
study 2°.

The spin trapping technique (5-5'- dimethyl-1-pirroline-N-oxide, DMPO, as trapping agent)
associated to the electron spin resonance (ESR) spectroscopy (Miniscope 100 ESR
spectrometer, Magnettech, Germany) was used to assess the radical formation from UV
irradiated TiO2 NPs in a cell free system. TiO2 samples (120 pg/mL) were suspended in a
buffered solution (potassium phosphate buffer 0.25 M, pH 7.4) containing 0.04 M DMPO or
0.04 M DMPO and 1 M sodium formate to detect hydroxyl and carboxyl radicals, respectively.
ESR spectra were recorded on aliquot (50 pL) withdrawn after 30 min of UV irradiation and
analyzed immediately. The instrument settings were as follows: microwave power 10 m\W;
modulation 1000 mG; scan range 120 G; center of field 3345 G. Blanks (negative controls)
were performed with the same reaction mixtures without TiO2. All experiments were repeated
at least twice.

The hydrodynamic size and surface charge of pristine and irradiated TiO2 NPs (120 pg/mL) in

DI water and in DMEM were determined by using dynamic light scattering (DLS, Zetasizer



Nano ZS Malvern Instruments, Worcestershire, UK) and electrophoretic light scattering (ELS,

Zetasizer Nano ZS Malvern Instruments, Worcestershire, UK).

2.4 In vitro toxicity study

2.4.1 Cell culture

The A549 human carcinoma epithelial cell line was supplied by the American Type Culture
Collection (ATCC, CCL-185). A549 cells were grown in DMEM supplemented with 10% (v/v)
FBS (S1810; Biowest, Nuaillé, France), 1% penicillin-streptomycin (VWR International,
Fontenay-sous-Bois, France) and after reaching 80% confluency cells were trypsinized, washed
with sterile phosphate-buffered saline (PBS) and centrifuged at 1500 g for 10 min and
subcultured. The flasks were stored at 37°C in a humidified atmosphere with 5% CO..

The THP-1 human monocytic leukemia monocyte cell line (ATCC, TIB-202™) was a generous
gift from Dr Ghislaine Lacroix from French National Institute for Industrial
Environment and Risks (INERIS, France). THP-1 was cultured in Roswell Park Memorial
Institute (RPMI) 1640 (Gibco, Life Technologies, Cergy-Pontoise, France) containing 10%
FBS and 1% penicillin-streptomycin. THP-1 cells were counted with Trypan Blue regularly
and subcultured usually twice a week. Subcultures were started with a cell concentration of 2 x
10° to 4 x 10° viable cells/mL and cells were maintained at a concentration between 10°-
108 cells/mL in suspension. THP-1 cells were maintained in a humidified atmosphere
containing 5% CO; at 37°C. For the coculture, THP-1 cells were differentiated into mature
macrophage-like cells in 96-well plate with 30 ng/mL of phorbol myristate acetate (PMA)
(P1585, Sigma-Aldrich, Saint-Quentin-Fallavier, France) in RPMI for 24 h. After the
incubation, cell surface was rinsed two times with DPBS. Then A549 cells were added on top of

the differentiated THP-1 (at a ratio of one THP-1 to ten A549). These cocultured cells were



incubated in DMEM culture media at 37°C and 5% CO; for 24 h in a humidified incubator

before the exposure to the pristine and 30 min irradiated TiO2 samples.

2.4.2 Cell morphology

10° cells/well were seeded on 96 well plates. After 24 h exposure to the highest dose (120
pg/mL) of pristine and irradiated TiO> samples, the supernatant was discarded and cell surfaces
were washed with PBS. After cells were observed using optical microscopy (Leica ICC50 HD,
Leica Microsystems) at 40 x magnification and pictures were captured with the Moticam 1080

camera (Shimadzu, Japan).

2.4.3 Determination of cell viability

Cell viability was determined by Trypan blue exclusion assay since TiO2 NPs have been
reported to have interactions with MTT and XTT cytotoxicity assays *. 1.5 x 10° cells/well
were plated onto 6-well microtiter plates in 1000 pL culture medium. Cells were exposed to 15,
30, 60 and 120 ug/mL of pristine and irradiated TiO> NPs. After incubation for 24 h at 37°C in
a humidified incubator, the culture medium was removed, cells were washed with PBS and
trypsinized. 20 pL cell suspensions were mixed with 80 uL Trypan blue dye to obtain 1:5
dilution and cells were counted under a microscope using Thoma cell counting chamber.
Results are expressed as the mean + standard error of the mean of three independent

experiments and relative to control (unexposed) cells.

2.4.4 Pro-inflammatory response
10° cells/well were seeded on 96 well plates. Cells were exposed to 15, 30, 60 and 120 pug/mL
of pristine and irradiated TiO2 NPs. After 24 h exposure, the production of the pro-inflammatory

markers tumor necrosis factor alpha (TNF-a), and interleukin 8 (IL-8) were determined by



sandwich enzyme-linked immunosorbent assay (Quantikine Human TNF-a, and Quantikine
Human IL-8 Immunoassay; R&D Systems, Lille, France) according to the manufacturer’s
instructions. The optical density of each sample was determined using a microplate reader
(Multiskan RC; Thermo Labsystems, Helsinki, Finland) set to 450 nm. Three independent
experiments were performed, and the production of TNF-o and IL-8 was reported to that of

control (unexposed) cells.

2.4.5 Determination of Reactive Oxygen Species (ROS) production

Coculture cells were seeded in 96 well black polystyrene microplates (10° cells/well) and were
exposed to 15, 30, 60 and 120 ug/mL pristine and irradiated TiO2 NPs. After 90 min and 24 h
exposure, the level of ROS was determined using the OxiSelect kit from Cell Bio Labs (San
Diego, CA) according to the manufacturer's instructions. The assay employs the cell-permeable
fluorogenic probe 2°, 7°-Dichlorodihydrofluorescin diacetate (DCFH-DA). Fluorescence was
detected using a Fluoroskan Ascent fluorometer (excitation: 480 nm, emission: 530 nm, Thermo

Labsystems), and the generation of ROS was reported to that control (unexposed) cells.

2.5 Statistical analyses

Statistical analyses were performed using GraphPad Prism® (version 8.0, GraphPad Software,
San Diego, CA, USA). All data were presented as the mean + the standard error of the mean
(SEM). Differences were considered to be statistically significant when P value was < 0.05.
One-way Anova Tukey test analysis was performed for comparison between control and

experimental groups and between pristine and irradiated groups.
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3. Results
3.1 Physicochemical features
The toxicity-relevant physicochemical features of the TiO2 NPs used in this study are reported

in Tables 1, 2 and Figure 1.

Table 1. Particle primary size (TEM), specific surface area (SSA, BET), particle shape (TEM,
SEM), and crystal structure (XRPD) of the TiO2 NPs.  minimum and maximum Feret

diameters; ® APTES coating was carried out on S2-type NPs to obtain S4 NPs.

Primary size (nm) 15 30 20 — 2507 30 21

SSA (m?/g) 146 61 41 61 55

Particle Shape Spherical Spherical Rod Spherical Spherical
Anatase:

Crystal structure Anatase Anatase Anatase Anatase Rutile
(90:10)

Surface coating No No No APTES? No

The radical generation through UV irradiation of different types of TiO> in buffer solution was
explored. UV irradiation of suspension of TiOz in the presence of DMPO produced the DMPO-

HO+ and DMPO-CO2+~ adducts as shown in Figure 1 a and 1 b, respectively.

a) b)

ST UR RTINS, ... I PR /(SN | PSS % .
S2
R e S S I3 el ’V\/——-f\/\ —A 2

e e — A AN AP ey 5
g . 4 54
o WS- B s T ——— /\/ ’V\/ /\/
P25 P25
A A | f\/\, /\/\,— —ille e
NC NC
M ;qﬂbl|c Field (G) Magnatic Fieid (G)
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Figure 1. Generation of HO+ and CO> radicals from suspensions of TiO2 NPs (120 pg/mL)
under irradiation with UV light. EPR spectra of (a) DMPO-HO- and (b) DMPO-CO,+" adducts.
Negative Control (NC) corresponds to buffer solution without particles. The number of radicals

produced is proportional to the intensity of the ESR signal.

Regarding hydroxyl radical formation, negligible traces of HO« radicals were observed at 30
min UV irradiation for S1, S2 and S3, whereas weak signals of the DMPO-HO- adduct were
detected for S4 and P25. Although HO- is frequently assigned to the major reactant responsible
for the photo-oxidative activity of TiOz, the observed weak HO« signal might be due to the low
concentration of the particle suspensions. However, as illustrated in Figure 1b characteristic
peaks of DMPO-CO.+ were observed in all the irradiated suspensions of TiO and the intensity
was higher for S1, S2, and P25 than S3 and S4. As shown in our previous study 2°, no DMPO-
HO+ and DMPO-CO2¢" signals were observed for the pristine TiO2 samples.

To verify whether short-time UV-irradiation modifies toxicologically-relevant properties of
TiO2, we compared the size of particle aggregates and the surface charge of pristine and

irradiated TiO2 NPs in deionized water and in 10% FBS supplemented DMEM (Table 2).

Table 2. Average hydroynamic size?, polydispersity index (PD1)? and Zeta potential of pristine
and UV irradiated TiO2 NPs (120 pg/mL) in deionized water (DI H20) and in DMEM (10%
FBS). All data are presented as mean of three independent characterizations + SD. # Dynamic
light scattering (DLS) measurements are the mean of at least 3 runs each containing 20 sub-

measurements.

Average Zeta Average Zeta Average Zeta Average Zeta

hydroynamic = Potential hydroynamic  Potential | hydroynamic  Potential hydroynamic  Potential
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size? (mV) size? (mV) size? (mV) size? (mV)
(PDI,nm) @pH 7.5 (PDI,nm) @pH 7.5 (PDI,nm) @pH 7.5 (PDI,nm) @pH 7.5
S1 2114 +2.3 132442 321+ 283 901+ 226 +£9.1 -33.8+ 292.1+35 -8.0+0.7
0.145 o 0.415 0.7 18
(0.282) (0.234)
S2 1094 £ 46.4 -32.6 £ 1149 £ 38.6 53 £1.2
969.3+395 oo, 15313406 o0 o, 20
(0.266) (0.136) :
(0.364) (0.475)
S3 1275 £ 66.6 -33.7+ 1299 £112.1 -75+0.6
14094896 oo, 17953464 . oo 31
(0.114) (0.545) :
(0.179) (0.714)
S4 1398 £54.9 -36.4 + 1433+£1331 -99+£0.2
1204 £59.9 +12.3405 1231 £143.8 84402 oL
0.160 0.504 :
(0.475) (0.308)
P25 325+4.1 -33.1+ 353.6 £3.45 -71.7+£0.7
2564£136.6 1o, .4 410£51 oo . >
(0.272) (0.383) (0.260) (0.256)

In DI water, all samples but S4 were negatively charged. The positive surface charge of S4 is
due to the presence of amine groups (-NH2) of APTES functionalization. UV irradiation
induced the TiO2 NP surface to be less negative and the average hydrodynamic size of particles
was increased indicating some further particle aggregation.

In DMEM (10% FBS), also APTES-functionalized S4 NPs acquired a negative charge at pH
7.5, likely due to adsorption of media components, as previously observed for TiO2 NPs 3L, UV
irradiation caused a marked decrease of the negative zeta potential towards less negative values
also in DMEM. Specifically, the zeta potential of pristine NPs ranged between -31 mV and -

36.6 mV and decreased to -9.9 mV to -5.3 mV after irradiation.

3.5. Cell morphology
The morphology of coculture cells after 24 h exposure to the highest dose (120 pg/mL) of

pristine and irradiated TiO2> NPs were illustrated in Figure 2.
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Pristine TiO, 30 min Irradiated TiO,

Figure 2. Microscopic images of coculture cells (A549 + macrophages differentiated from
THP-1 cells) exposed to 120 pug/mL pristine and 30 min irradiated TiO2 NPs for 24 h (40 x

magnification). Control cells (unexposed to NPs).

The control (untreated) cells show the original morphology of epithelial A549 and macrophages
differentiated from THP-1 cells. Most of the control cells were adherent to the culture flask.
However after exposure to pristine and irradiated TiO> NPs, the cell morphology was
considerably changed compared to control cells. Cell shrinkage, and loss of contact with
adjacent cells were observed. Also, loss of cellular adhesion to the substrate was observed and

most of the cells detached from the surface of the culture flask and appeared floating in the
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culture medium. The cell morphological changes induced by irradiated NPs were more

pronounced than those induced by pristine NPs.

3.2. Cytotoxicity

Cytotoxicity induced by pristine and irradiated TiO> NPs on coculture cells (A549 +

macrophages differentiated from THP-1 cells) are presented in Figure 3.
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Figure 3. Cell viability assessed by Trypan blue assay 24 h after coculture cells (A549 +
macrophages differentiated from THP-1 cells) were exposed to pristine and irradiated TiO2 NPs

at the indicated concentrations. Values are the mean + SEM of three independent experiments.

Fkkk

Statistically different from control (") P<0.0001. Statistical difference between pristine and
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irradiated samples (*) P < 0.5 (*) P < 0.01, (**) P < 0.001, (####) P < 0.0001. Statistical

analyses were conducted using one-way Anova analyses and Tukey’s multiple comparison test.

Considering the exposure to pristine TiO2 NPs, the cell viability decreased in a dose-dependent
manner in all samples except S1 compared to control. The maximal cell loss was observed for
rod shaped S3 treated cells starting from the lowest doses (15 pg/mL). At the highest
concentration (120 ug/mL), cell viability was found to be 33.3 % for S3. P25, on the other hand,
caused 45.8% cell viability at the highest concentrations, while cell viability was found to be
78.5%, 69.5% and 62.5%, for S1, S2 and S4, respectively.

Exposure to irradiated samples caused a dose-dependent decrease in cell viability compared to
the control group and showed a statistically significant difference at all the tested concentrations
(P <0.0001, all). Irradiated rod shaped S3 and P25 caused the highest cytotoxic effects and this
effect was more pronounced at the highest doses (24.6% and 37% at 120 pg/mL, respectively).
The comparison of toxicities induced by pristine and irradiated TiO2 NPs highlighted a
significant increase of cytotoxicity when all particles at all tested concentrations were pre-
exposed to UV light, and few negligible exceptions to this trend were observed. The only
relevant exception is caused by pristine S1, likely due to the agglomeration of the smallest NP

investigated in this work used at the highest doses.

3.3. Pro-inflammatory response

Since IL-8 and TNF-o are major pro-inflammatory mediators in lung epithelial cells and
macrophages respectively 32 we examined whether TiO2 samples induced 1L-8 and TNF-a
production in coculture (A549 + macrophages differentiated from THP-1 cells). Results are

reported in Figure 4.
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Figure 4. I1L-8 production after 24 h exposure to the indicated concentrations of pristine and
irradiated TiO2 NPs in coculture cells (A549 + macrophages differentiated from THP-1 cells).
Values are the mean + SEM of three independent experiments. Statistically different from
control (*) P < 0.5, (**) P <0.01, (*+) P < 0.001, (*+*) P < 0.0001. Statistical analyses were

conducted using one-way Anova analyses and Tukey’s multiple comparison test.
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Regarding IL-8 production, all pristine TiO2 samples caused a dose-dependent increase
compared to the control group. A higher production was observed significantly for S3 and P25
at 60 pg/mL (P < 0.0001) and at the highest dose (120 pug/mL, P < 0.0001). Similarly, IL-8
release from coculture was enhanced after exposure to irradiated samples whereas this increased
production was almost the same as that observed for the pristine samples (no statistically
significant difference). Similarly, UV irradiated or pristine TiO2 NPs did not cause significant
TNF-o production compared to the control group and there were no significant differences

between pristine and irradiated samples (data not shown).

3.4. Determination of reactive oxygen species (ROS) production

Pristine and irradiated TiO> NPs did not induce significant ROS production in coculture
compared to the control group (unexposed to TiO2 NPs) whatever the time of analysis (90 min
or 24 h). No statistically significant difference was observed between pristine and irradiated

TiO2 NPs (data not shown).

4. Discussion

There is great interest in applying semiconductor materials in a variety of applications,
especially TiO has attracted attention in water treatment, air purification, self-cleaning surfaces
due to its photocatalytic activity °. Considering the transititon of TiO; into a photoactive state
under sunlight, toxicity caused by inhalation of photoactivated TiO2 NPs should be taken into
consideration.

Changes in the chemical or physical structure of TiO2 due to the UV irradiation are important

to consider with respect to their environmental fate and toxicity in humans. After irradiation the
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markedly negative surface charge of all TiO> NPs was less negative and shifted towards zeta
potential values ranging from -33 to -7.5 mV.

Long (50 h) UV irradiation of TiO2 NPs is known to induce the generation of a large number
of bridging hydroxyl species that are characterized by a strong acidic character (pKa 2.9). On
the contrary, terminal hydroxyl species (=Ti — OH) are rather alcaline (pKa = 12.7) and their
presence favours a more neutral surface charge in physiological media. We might speculate that
the short irradiation time used in this and other works ® may favour these latter species, as the
former ones, more thermodynamically stable, require that water molecules replace oxygens that
are ejected during the h*-driven oxidation of O2™ anions. An excess of terminal hydroxyl species
upon short time irradiation could be at the basis of the less negative surface charge observed
for all the irradiated TiO2 NPs.

These results are in good agreement with a number of other studies showing the
physicochemical properties of TiO, have changed with UV irradiation 7193 The extent to
which these changes induces differences in their in vitro toxicity is shown in the present study.
In vitro cytotoxicity assay revealed that pristine TiO2 NPs caused a significant reduction in cell
viability compared to the control group (Figure 3). The cytotoxic potential of TiO2> NPs after
UV irradiation was increased compared to pristine NPs and this is consistent with observations
of cell morphology (Figure 2). This latter only allowed us to observe cell shrinkage, cell
detachment which are signs that cells are dying, however, to really appreciate the nature of cell
death (apoptosis, necrosis) further experiments must be carried out. Similarly, to better
understand why pre-irradiated nanoparticles induced more morphological changes than pristine
nanoparticles, further studies should be conducted to better characterize the underlying
mechanisms. In some studies, it has been shown that UV irradiated TiO> NPs reduce cell
viability more than non-irradiated TiO, NPs 121434 but only one study focused on the effect of

TiO2 pre-irradiation on cell viability®®. In this study *°, the effect of 24 h UV pre-irradiated 18
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nm and 105 nm anatase TiO2 NPs on the cell viability of human liver cancer cell line (Hep G2)
was investigated. Our results share a number of similarities with Petkovic et al.'® findings that
UV pre-irradiation caused more cell viability reduction than pristine TiO2> NPs and 24 h pre-
irradiation caused changes on particle surface charge. Remarkably, our data indicate that even
a 30 min short term UV irradiation is able to alter TiO- toxicologically relevant features, such
as surface charge and aggregate size, and thus modulate its cytotoxicity.

Also, it has been shown in RAW 267.4 cells that near-visible light activation of TiO, NPs
induced cytotoxicity *>%. It was suggested that, the hydroxyl radicals generated upon photo-
activation and the ROS-mediated damages to the surface-adsorbed biomolecules could be
responsible for the cytotoxicity of photo-activated TiO, NPs . Using Fe-doped TiO2 NPs
George et al. * showed that the band gap energy decreased with increasing levels of Fe loading,
this reduction was associated to an enhanced oxidant injury and cell death. These results
illustrate the importance of band gap energy in the cell response to phototoxic TiO2 NPs and
call for caution about the adverse effects these NPs may generate in humans and the
environment during high-intensity light exposure. On the other hand Xiong et al. *° further
investigated the influence of the generation of hydroxyl radicals on poly(ethylene-alt-maleic
anhydride) (PEMA) and chitosan-coated TiO2 NPs. The results indicated a reduced cell toxicity
triggered by coated TiO2 NPs after photo-activation, by hindering adsorption of biomolecules
and generation of hydroxyl radical during photo-activation. With this understanding, we can
find ways to modify the photo-toxicity of TiO2> NPs and design safer nanomaterials.
Regarding pro-inflammatory responses, in our study both pristine and irradiated TiO2 NPs
caused significantly IL-8 production only at the high doses (60, 120 pg/mL) compared to
control group whereas there were no significant differences between pristine and irradiated
samples (less negative surface charge) showing that UV pre-irradiation had no effect on the

pro-inflammatory responses. The results of pristine TiO2 NPs IL-8 production were consistent
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with Dekali et al.’s findings *’. In this study, the inflammatory effect of the anatase TiO2 NPs
(<25 nm, 200-220 m?/g) was tested on the coculture (A549+THP-1) model. An increased IL-
8 production was detected although no significant changes were observed in the production of
TNF-a after TiO2 NPs exposure. In the literature, the studies examining the pro-inflammatory
responses of TiO, and photo-active TiO2 NPs on the coculture system are limited. This makes
it difficult to compare studies and draw conclusions.

Inflammation and oxidative stress are closely related processes that work interdependently 8.
Oxidative stress triggers inflammation, or if inflammation occurs first, oxidative stress
develops, which further exacerbates inflammation 3. In this study, TiO2 NPs had an impact on
the pro-inflammatory responses but surprisingly pristine or irradiated TiO> NPs did not trigger
significant ROS production in coculture compared to the control group (unexposed to TiO-
NPs). Especially considering the P25 used as a reference substance in this study, the effects of
P25 on oxidative stress are contradictory in the studies*>*! as assessed by the DCFH-DA assay.
The reason for the absence of oxidative stress upon treatment with pristine or irradiated TiO-
NPs might be the possible interference by the NPs with the DCF in DCFH-DA ROS assay
which could hinder the traceability chain by quenching the fluorescent signal. An unintended
bias should be taken into consideration. Besides, considering the cell lines used in this study,
alveolar macrophages are also equipped with a well-advanced defence system of enzymatic and
non-enzymatic antioxidants, which are known scavengers of ROS “4>#3, Thus, radical
scavengers present in the cells may significantly protect them from UV irradiated or pristine
TiO2 induced ROS production. This must be confirmed by a comprehensive study of oxidative
stress also including the assessment of anti-oxidant system induction.

Regarding photoactivity, our ESR results showed that UV irradiation of TiO2> NPs resulted in
acellular production of CO.¢ and much less HO« production without significant change in

oxidative stress, although many studies showed that the free radical generation triggered
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cellular oxidative stress 24445 This may not be assumed in our study because after the particles
were exposed to UV irradiation, they were incubated with the cells in a dark environment (i.e.
incubator), where there was no UV light. When UV light irradiation is ceased, the rapid
recombination between electron—hole pairs stops the photocatalytic activity of TiO2
however, the free radicals generated, to stabilize their unpaired electrons, could attack nucleic
acids, proteins, lipids, etc. potentially altering the functions of these biomolecules, leading to
biological outcomes.

In line with the investigation of potential links between cytotoxic effects of irradiated TiO2 NPs
and changes of physicochemical properties, we showed that the irradiated NPs have less
negative surface charge compared to the pristine particles, creating more cytotoxicity. The
magnitude of the negative zeta potential decreased by UV irradiation, the reducing electrostatic
barrier could increase the chances of cell-particle interactions and result in higher toxicity. As
reported by Jeon et al. ', less negatively charged NPs are more efficiently taken up by THP-1
macrophages.

Besides, the surface charge is a parameter involved in the formation of the protein corona. For
example, one study “® showed that total serum protein, BSA and apolipoprotein 1 amounts
adsorbed to silica NPs decreased with an increase in negative charge density. Consequently,
proteins contained in the cell culture medium can adsorb differently at the altered NP surface
(i.e. there is a different corona) “°. It is known that the protein corona has an impact on the
internalization of NPs by cells and thus potentially on the cytotoxicity induced 5°-2. This
assumption is supported by a slight change in the average aggregate size of the particles before
and after irradiation and an altered surface charge. Further study is necessary to better
understand if the protein corona may play a role and it is the topic of our current research.
Besides the comparison of the pristine and pre-irradiated nanoparticle toxicity, it is worth noting

that since five nanoparticle types differing in their physicochemical properties were used in this
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study, we were able to conclude on the influence of these features on the biological response.
As reported in our previous study, the toxicity induced by pristine nanoparticles was higher
with bigger primary sized, less agglomerated, rod-shaped and positively charged nanoparticles.
After 30 min of UV irradiation, no change was observed on the toxicity ranking of the influence
of these physicochemical properties. These findings may be useful for the safer-by-design

development of TiO2 NPs.

Conclusion

In conclusion, the results of this study showed that irradiated TiO2 NPs induced a higher
cytotoxic effect than the pristine TiO2 NPs on human lung cells in relation to an altered surface
charge. Irradiated TiO2 NPs caused a pro-inflammatory response in the same incidence as
pristine NPs therefore it cannot be claimed that UV irradiation has an effect on the pro-
inflammatory response. No impact was observed on ROS production neither in pristine nor in
irradiated TiO2 NPs treated cells. However further investigations are needed. Since it is possible
for the TiO2 in the environment to be photoactivated by sunlight, the risk assessment of
photoactive TiO2 NPs should be taken into account. In this sense, the results of this study
contribute to the toxicological evaluation of TiO2 NPs and photoactive TiO2 NPs in human lung

cells.
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