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In Situ Quantification of Diverse Titanium Dioxide Nanoparticles

Unveils Selective Endoplasmic Reticulum Stress-Dependent Toxicity.

Although titanium dioxide nanoparticles (TiO, NPs) have been extensively
studied, their possible impact on health due to their specific properties supported
by their size and geometry, remains to be fully characterized to support risk
assessment. To further document NPs biological effects, we investigated the
impact of TiO, NPs morphology on biological outcomes. To this end, TiO, NPs
were synthesized as nanoneedles (NNs), titanate scrolled nanosheets (TNs), gel-
sol-based isotropic nanoparticle (INPs) and tested for perturbation of cellular
homeostasis (cellular ion content, cell proliferation, stress pathways).ifithree cell
types and compared to the P25. We showed that TiO, NPs were internalized at
various degrees and their toxicity depended on both titanium cefitent‘and NPs
shape, which impacted on intracellular calcium homeostasis thereby leading to
endoplasmic reticulum stress. Finally, we showedsthat a minimal intracellular
content of TiO, NPs was mandatory to induce toxicify enlightening once more
the crucial notion of internalized dose threshold.beside the well-recognized dose

of exposure.

Keywords: Titanium dioxide nanoparticles, morphology dependant toxicology, ER stress,

calcium homeostasis, in situ quantification



Introduction

The high photocatalytic and super-hydrophilic properties of titanium dioxide
nanoparticles (TiO, NPs) have made them popular for a wide variety of applications.
Pigment grade titanium dioxide is widely used as a pigment due to its whiteness and
high refractive index. It can be found in paints, plastics, paper, inks, food, medicines
(pills), and toothpaste. A very common application of TiO, NPs is as an additive in
sunscreen cosmetics as a UV-attenuating filter agent. TiO, NPs have been engineered in
terms of shapes and sizes for applications including their use as a functional component
in self-cleaning cements, glass and paints; water purification systems, anti-fogging
coatings for glass (Chen and Mao 2007, Kaegi et al. 2008, Lee et'al. 2010ySadrieh et al.
2010). Tailoring sphere-shaped to fiber-shaped NPs such”asynanowires, nanobelts and
nanotubes is very attractive for their properties in photocatalysis, charge transfer and
sensing due to their unique structures. TiO, NPs.are produced in “pseudo-spherical”
shape (such as the AEROXIDE P25) and also exist in low-dimensional TiO;
nanomaterials such as one-dimensional nanotubes, nanorods, nanoneedles, nanobelts,
and nanowires (Xia et al. 2003, Devan et al. 2012) or two-dimensional nanoplates
(Zhuang et al. 2015) and titanate scrolled nanosheets (Liang et al. 2012) with different
properties. For gxample, titanate scrolled nanosheets (TNs) have been recently
developed for theirweXceptional electronic, optical and photocatalytic performance
(Schwartzenbergrand Gray 2012, Yu et al. 2012). In recent years, many studies have
also focused on the biomedical applications of TiO, NPs in areas such as cancer
therapy, drug delivery systems, cell imaging, genetic engineering, and biosensors (Yin
etal. 2013).

Parallel to these promising new applications in industry and in nanomedicine, TiO;

NPs may generate environmental and health risks due to their specific properties



supported by their size and geometry; this is actually source of great concerns. For
many years, TiO, has been considered as biologically inert, suggesting that
environmental or occupational exposure was relatively harmless and effectively cleared
out of the body. However, their toxic potential remains largely unclear (Kahru and
Dubourguier 2010, Jovanovic 2015, Yu, Sun, et al. 2015). Since NPs are used in
therapy, it is a real challenge to detect, track and quantify them in living and biological
samples and to correlate this with toxicity effects.

Many studies have reported that TiO, NPs elicit a toxic response in different
biological systems including animals, mammalian cells, model organisms, and bacteria
(Rahman et al. 2002, Lewinski et al. 2008, Hamilton et al. 2009, Cai‘et al. 2011, Wang
et al. 2013, Setyawati, Tay, and Leong 2015). Nevertheless, ‘only asfew ones have
focused on the relationship between NPs morphologysand texicity (Zoroddu et al.
2014). It has been shown that longer TiO, nangbeltsiyinduced higher toxicity to both
alveolar macrophages and mice than their shortet, spherical counterparts (Hamilton et
al. 2009). Numerous in vitro studies haveyreported TiO, NPs toxicity in various cell
types with different observations (Federici et al. 2007, Lai et al. 2008, Li et al. 2008,
Zoroddu et al. 2014). As many NPs, TiO, NPs have been shown to localize within the
cells (Osano et al. 2003, Geiser et al. 2005, Simon et al. 2011). It has been reported that
a P25 suspension‘induces an inflammation response in rat lungs. Fibrosis, pulmonary as
well as DNA damages have been described (Oberdorster et al. 1994, Donaldson et al.
2001, Sayes et al. 2006, Warheit et al. 2007, Sager et al. 2008, Sun et al. 2012, Zoroddu
et al. 2014). TiO, NPs are also able to generate free radicals and reactive oxygen
species (ROS), and raise DNA adduct formation in human lung fibroblasts (Long et al.
2006, Xia et al. 2006, Bhattacharya et al. 2009, Toyooka et al. 2012). In addition, in

A549 cells, TiO, NPs induced mitochondrial injury in a dose-dependent way owing to



reactive oxygen species generation (Tang et al. 2013). Photogenotoxic potential and
genotoxicity have also been reported in different cell systems (Wang et al. 2007, Vevers
and Jha 2008, Oesch and Landsiedel 2012). Tong et al. reported the effect of material
morphology on the phototoxicity of TiO, NPs to bacteria Escherichia coli and
Aeromonas hydrophila (Tong et al. 2013).

Recent studies report the endoplasmic reticulum stress (ER stress) as a common
response in NPs related toxicity with studies on TiO, NPs (Zhang et al. 2012, Chen et
al. 2014, Yu, Chang, et al. 2015). The endoplasmic reticulum (ER) is an important
organelle, which plays a role in folding and assembling of cellular proteins, in synthesis
of lipids and sterols, and in regulating the balance of the intracellular calcium
homeostasis, processes which are all dependent on the ER internaldhomeostasis. The ER
stress also known as unfolded protein response (UPR)stefers'to an important cellular
self-protection mechanism, which can be activatéd toyCounteract the cell situation of
stress (overloading proteins or direct ERsdamage)s Previous works evidenced an
alteration of calcium homeostasis in.different cell types after exposure to TiO, NPs
(Koeneman et al. 2010, Simon et al..2011). To date, only few studies have investigated
the relationship between NPs metphology and their toxicity; they however failed in
providing any obviou§ links. Quantifying NPs in biological systems is challenging but
essential to elucidaté” their interactions with the living organisms and the resulting
toxicity. Finally, ‘Whereas there are evidences of TiO, NPs toxicity, the involved
mechanisms-are not yet fully elucidated.

As a consequence, the goal of this paper is to investigate and rationalize the cellular
homeostasis responses and ER stress induced by different types of TiO, NPs (in terms
of shape and size) in different in vitro primary and immortalized human cell populations

(endothelial cells, epidermal keratinocytes and immortalized cancerous cells). A careful



attention was paid to the quantification of the NPs internalization in order to establish a
correlation with the subsequent intracellular ion homeostasis, the ER stress response as

well as the cell fate (differentiation, proliferation, death).

Methods

Ti0, NPs synthesis and characterization

P25 nanoparticles (P25, AEROXIDE) were kindly provided by Degussa/Evonik and
used both for biological tests and as precursor for all the synthesis performed in this
study. Titanate scrolled nanosheets (TNs) were produced via hydrothermal process
described by Kasuga et al (Kasuga 2006). Briefly, 2 g of P25 were introduced in a 50
mL Teflon lined autoclave with 28 mL of 10 M sodiumsydroxide solution, sealed and
heated at 130 °C for 20 h. The white precipitate was washed with nitric acid (0.1 M)
and water for neutralization and identified as titanate scrolled nanosheets (TNs).
Nanoneedles (NNs) were obtained after a Second hydrothermal process applied on the
TNs. An aqueous dispersion of 660 mg of TNs was stabilized at pH 9, adjusted at 30
mL, and sealed in the Teflon lined autoclave for a hydrothermal treatment at 140 °C for
72 h (Nian and Téng 2006). The resulting white powder was then neutralized with water
and identified as‘manoobjects called Nanoneedles (NNs) all along the paper. Isotropic
NPs (INPs), were finally synthesized using gel-sol method.(Sugimoto et al. 2003)
Titanium isopropoxide (0.005 mol) was mixed with triethanolamine (0.01 mol) and
water reaching a final volume of 20 mL. The solution was then sealed in Teflon lined
autoclave for a hydrothermal treatment at 140°C for 72 h. The obtained white powder
was finally washed with deionized water. All the synthesized NPs were kept in aqueous

solution avoiding aggregation issues. Mass concentrations were measured by drying a



known volume of solution and weighting the extracted powder. Suspensions with
concentration of 1 mg.mL™" were finally produced, sonicated and kept in the dark.

The physicochemical properties of TiO, NPs samples were characterized by standard
techniques. Specifically, the primary size and morphological features of TiO, NPs were
observed using Transmission Electron Microscopy (TEM) using the Hitachi H7650
(120 kV). Powder X-ray diffraction was used to determine the phase composition and
crystallite size of each TiO, NPs and was performed with Philips PW1820
diffractometer. A Zeta potential analyzer (ZetaCompact®, CAD) was used to measure
the zeta potential and electrophoretic mobility of each TiO, NPs in the different
exposure media. The Hydrodynamic diameters were measured usingia Dynamic Light

Scattering (Vasco, Cordouan technology).

Cell culture and TiO, NPs exposure

Human Epidermal Keratinocytes (HEKn) or Human Umbilical Vein Endothelial Cells
(HUVEC), derived from normal fhuman, tissues, were obtained from Invitrogen
(ThermoFischer Scientific). They'were respectively grown in EpiLife® (ThermoFischer
Scientific, MEPICFPRES00) or M200PRF® (ThermoFischer Scientific, M200PRF500)
complemented with*LSGS™ with 100 mg.mL™" penicillin/streptomycin. EpiLife®
medium is a medium prepared without calcium chloride for long-term and serum-free
culture of, human epidermal keratinocytes supplemented with Human Keratinocyte
Growth Sapplement (HKGS, S-001-5). M200-PRF® is a sterile liquid medium for the
culture of large vessel endothelial cells supplemented with Low Serum Growth
Supplement (LSGS, S-003-10). Detailed formulation of these media can be found on
the manufactures’ web site. HeLa cells (ATCC® CCL-2™) were obtained from LGC-

standards (Molsheim, France) and were grown in DMEM completed 2 mM L-glutamine



and 100 mg.mL'1 penicillin/streptomycin (ThermoFischer Scientific). HUVEC, HEKn
and HeLa cells were grown in defined medium at 37 °C in a 5 % (v/v) CO, humidified
atmosphere and passages are realized at 80 % confluency. The suspensions of TiO, NPs
were prepared in ultrapure water at a concentration of 1 mg.mL . TiO, NPs were
dispersed by intense sonication pulses of 1 min at RT (750 W, 20 kHz, with 30 %
amplitude) using a Vibra-Cell™ and a dedicated 3MM conical microprobe
(ThermoFischer Scientific). Suspensions were hereby known as “stock suspensions”.
Stock suspensions were diluted at the appropriate concentration in defined culture
medium in order to obtain exposure suspension ranging from 0 to 20 pg.cm ° (final

concentration).

Cell preparation for high-resolution ion beam micro=analysis (IBA)

Cell cultures (HUVEC, HEKn and HeLa) 4vere’ cultured directly onto ion beam
microprobe sample holders as adapted from previous studies (Le Trequesser et al.
2014). Briefly, cells were directly grewn at high confluence on 2 um-thick
polycarbonate foil for 24 hours invappropriate culture medium, and then exposed to
TiO, NPs for 16 to 24 hi Control cells were prepared similarly with no addition of TiO»
NPs. Cells wereftinsed once in culture medium, and very briefly rinsed twice in
ultrapure water to. remove excess of extracellular salts from culture medium. Finally,
cells wereyplunge-freezed at -150 °C into liquid nitrogen chilled 2-methylbutane
(ReagentPlus, >99%, Sigma-Aldrich) and freeze-dried using a freeze-dryer (Christ
alpha, ThermoFischer Scientific) in two phases: A phase of primary desiccation of 12 to
24 hours (T°C =-99°C, P = 0.001 mbar) followed by a phase of secondary desiccation
of 24 hours (T°C = +40°C, P = 0.001 mbar). With no contamination and no ionic

diffusion, freeze-drying was found to be the most adapted process.



lon beam micro-analysis (IBA)

Single cell quantitative analysis of the chemical element (quantitative analysis and
element distribution) were carried out with a high-resolution microprobe beam line
(AIFIRA, CENBGQG) using complementary ion beam analytical techniques (u-STIM p-
PIXE). Protocols are described in previous works (Deves et al. 2004, Simon et al. 2011,

Le Trequesser et al. 2014).

Cell proliferation

Cell populations were seeded in six-well plates at a density of0,000 cells/well for
HeLa or 20,000 cells/well for HEKn and HUVEC, respeetivelyy For each condition, the
following procedure was used: 8 different well§ wet€ prepared (one for each day,
numbered 1 to 8), filled with the cells andslet alonesfor 24 hours. One well for each
counting day was seeded for each condition. After this delay of 24 h of culture, each
cells well was exposed to 2 ml of, fresh medium supplemented with the exposure
suspensions containing P25, Titanate scrolled nanosheets (TNs), nanoneedles (NNs) or
Isotropic NPs (INPs) 4t a final concentration of 2 pg.cm™. Well 1 was examined after 1
day, well 2 after 2udays and so on, so that the cell culture was not contaminated by any
component used to proceed to the counting. Cells were then harvested using 400 uL of
trypsin-EDTA 0.25% (v/v) (Invitrogen). After 5 min of centrifugation at 1200 rpm, the
cell pellet was resuspended in an appropriate volume of fresh culture medium. The
same volume of Trypan blue was added and 10 pL of the cell suspension is counted

using a cell counter (TC20, BioRad). The operation was proceeded on the 8 wells, one



per day. 1 ml of fresh culture medium was added every 2 days in each well. The
experiment was performed in duplicate.
For HEKn, the same procedure was used, but cells are counted every two days, because

of the slow proliferation rate of keratinocytes.

Quantitative Real-Time PCR

Total RNA was extracted from cells at different times (from 1 to 24 hours) after NPs
exposure using the RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions. Complementary DNA synthesis from 300-500 ng of"total, RNA was
performed using random hexamer primers and QuantiTect Reverse Transcription kit
(Qiagen). Quantitative real-time PCR were realized on"a, Light€ycler®96 (Roche
Diagnostics) using the Fast start essential Green master (Roche Diagnostics), according
to the manufacturer’s instructions. Reaction ¥olumes of 20 pL are subjected to the
following cycles: a pre-incubation phase (95 °C,10 min), followed by 45 cycles of a 3-
step amplification phase (95 °C, 10[sec, 60,°C, 10 sec and 72 °C-10 sec) and finally, a
melting phase (95 °C, 10 sec, 65 °C;,60 sec and 97 °C, 1 sec). Results were normalized
with the hGAPDH andh18S genes and analyzed using software LightCycler®96 SW
1.1 (Roche Diagnostics). The primers sequences used in these experiments are

described in Table S3«(Supplementary data).

In situ Mitochondrial staining with TMRM (TetraMethylRhodamine)

TMRM diluted in DMSO was added to the cell culture medium at a final concentration

of 500 nM. Cells were incubated in presence of TiO, NPs for from 1 to 20 hours and



then with TMRM for 30 min at 37 °C in the cell incubator. Cell culture medium was

changed and rinsed before observation using live fluorescence microscopy.

In cellulo ER stress detection - CHOP immunodetection

Cell populations are seeded on glass slides and grown for 24 hours. Then, cells are
exposed to TiO, NPs for 16 or 24 hours. Tunicamycin treatment (20 h incubation, 5
ng.mL”, Calbiochem) is used as positive control for ER stress induction. Tunicamycin,
an inhibitor of protein glycosylation, is used as model drug for disrupting the ER
homeostasis-induced Unfolded Protein Response (UPR). After exposure,) cells were
fixed with 2 % (w/v) paraformaldehyde (Sigma) in phosphaté-bufferedssaline (PBS)
medium (pH 7.4, without Ca®" and Mg”*", Invitrogen) for’15,min at’room temperature
(RT), under agitation. Then, cell permeabilization and saturation were performed using
a solution containing 0.2 % (v/v) Triton X-100.(Sigma), 10% FCS (Dutscher) in PBS
for 30 min., at room temperature. Cells Were incubated overnight at 4 °C with anti-
human CHOP mouse monoclonal antibody,(L63F7, Cell Signaling) and 2 hours at RT
with goat anti-mouse IgG conjugated to AlexaFluor*™® antibody (Molecular Probes,
Invitrogen) at 1/3200 and 1/2000 dilutions, respectively. Cells were then rinsed 3 times

33342

with PBS and nu¢lei stained with 10 uM Hoechst in PBS. Slides were mounted

using Prolong “Gold™ Antifade Reagent (Invitrogen) and visualized on Zeiss

AxioObseryer Z1"(Carl Zeiss Microlmaging, GmbH).

Cell preparation for transmission electron microscopy (TEM)

Cells grown on 8-well Labtek IT (Nunc) were exposed during 24 h to 2 pg.cm™ of the

different TiO, NPs. Protocols are described in previous works (Simon et al. 2011).



Statistical analysis

Each experiment was repeated at least 3 times, independently. Data from all
experiments were analyzed using the “R” software. Comparison between element
concentrations in exposed cells were made using non parametric Kruskal-Wallis test in
order to test null hypothesis, followed when necessary by a post-hoc Nemenyi test to
identify groups presenting differences in their concentration. Relation between calcium,
iron and titanium concentrations were tested using a linear model by both ordinary least
square regression method (OLS-LM) and an alternative robust fitting of linear model

less sensitive to points with a high leverage. Significance was set‘at ps< 0:05 (*).

Results

Synthesis and physicochemical properties of .the different TiO, NPs

In the current study, we synthesized, TiO, nanoneedles (NNs) (Nian and Teng 2006),
titanate scrolled nanosheets (TNs)/(Kasuga 2006) from AEROXIDE P25 (P25, classical
spherical shape with hetetogeneous crystallinity) as well as isotropic NPs (INPs, pure
anatase) from titanium alkoxides (Sugimoto et al. 2003). These TiO, NPs, along with
the AEROXIDE P25, allowed us to examine the effects of material morphologies as
well as crystallinity on TiO, nanotoxicity. Their characteristics are summarized and

shown in Figure 1 with representative transmission electron microscopy (TEM) images.

All along the synthesis procedure, the TiO, NPs were kept in solution to avoid

aggregation due to drying. Nevertheless, and despite their negative surface at



physiological pH (pH 7.4), these NPs exhibited a tendency to agglomerate in water and
in the different biological media used as illustrated by the hydrodynamic diameter
variations (Figure S1). The latter also showed that P25 and TNs were subjected to swift
re-agglomeration after sonication as opposed to the much more stable colloidal NNs.
The use of different and specific culture media such as EpiLife®, M200-PRF® or
DMEM strongly modified the behavior and agglomeration state of the NPs. Indeed,
TNs and P25 flocculated in such media most likely due to their content in amino acids,
vitamins, and inorganic salts (Figure S1).

These observations strongly indicate that the behavior of TiO, NPs in biological
media can be drastically modified and should be considered an_impertant factor that

could influence the results of the toxicity evaluation.

Multi-parametric influences of TiO, NPs on cell proliferation

To evaluate the toxic effects of the different TiOp NPs, we studied the cell proliferation
of the three different cells lines upofi exposure to NPs. All TiO, NPs (P25, INPs, NN,
TNs) were toxic pointing HUVECkeells and toxicity was both morphology- (Figure 2a)
and dose-dependent (Figure S2)."The impact of TiO, NPs morphology on toxicity was
obvious at a concefitration of2 pug.cm™ and after 8 days of exposure. Indeed, P25, INPs
and TNs dramatically=affected proliferation, whereas NNs were harmless under these
conditionsy Todetermine the impact of the exposure dose for each type of TiO, NPs, a
dose response from 0.5 pg.cm™ to 20 pg.cm™ was performed. Toxic effects of INPs and
TNs were observed at doses as low as 0.5 pg.cm™ (Figure S2). An exposure dose
higher than 20 pg.cm™ was necessary to observe a decrease of the cell proliferation to

less than 50% for NNs, by contrast with the other TiO, NPs (Figure S2).



The same sets of TiO, NPs were also incubated with HEKn (Figure 2b), the resulting
proliferation assays indicated that P25, NNs, and INPs exhibited a moderate dose-
dependent toxicity even after several days. The most striking impact was observed for
the elongated TNs, which dramatically and significantly decreased the HEKn viability
to about 20 % of that of the control (2 pg.cm™ and 8 days exposure, Figure 2b).
Moreover, HeLa cells proliferation was only impaired at the highest doses (> 20 pg.cm’
? for INPs and > 4 pg.cm™ for TNs) while no significant difference could be seen with
P25 or NNs (Figure S2). Thus, according to these observations, TiO, NPs impact on
cell viability/proliferation not only depends on the dose and on the morphology of NPs

but also on the cell types.

TiO, NPs toxicity is related to the titanium intracellular'content

To define the relationship between toxicity, titanium intracellular concentration and NPs
type, we quantified the concentrations of titanium and the overall intracellular ion
content (such as phosphorus, potas$ium, calcium, ...) in single cell using p-PIXE (Le
Trequesser et al. 2014). u-PIXE was performed on the three different cell types exposed
to TiO, NPs at 2 ug.cm'2 for 20 hours. This analysis revealed a marked heterogeneity of
the intracellular titaniiifn, content per cell in a given population, and also depending on
the natureqof TiOp NPs and the cell type. (Figure 3). Indeed, titanium intracellular
content in HEKn was in average lower than in HUVEC cells. As for example with P25,
the intracellular titanium content is 10 times lower in HEKn (0.14 +/- 0.1 ug.cm’z) than
in HUVEC (1.36 +/- 0.1 pg.cm™) (Table S1 and S2). Interestingly, a strong correlation
was observed between the toxicity level (Figure 2) and the titanium content (Figure 3).

NNs, which show no sign of in vitro toxicity towards HUVEC also exhibit a



significantly low intracellular titanium amount as exemplified by the single cell
quantitative analysis (Figure 3c). In the case of HEKn, when the cells were exposed to
P25, INPs and NNs they presented the same toxicity reply despite different intracellular
titanium contents (Figure 3c) suggesting that a minimal intracellular titanium content in
a minimal number of cells per population is necessary but not sufficient to induce in
vitro toxicity, which is also strongly dependent on the intrinsic morphology of the NPs.

Finally, the chemical distribution maps of titanium (Ti) at the single cell level
(phosphorus distribution was used to delineate the cellular area) in HUVEC (Figure 3a)
and HEKn cells (Figure 3b) showed high heterogeneity of the titanium content within
cell population as well as between the two cell types. NPs toxicity.was,noticeable when
a minimal number of cells containing a minimal amount of titanium per cell is reached
(in HUVEC, > 5 pg.cm™, P > 0.005).

Thus, TiO, NPs toxicity with regards to a given cell'is a function of the intracellular
titanium content most likely conditioned by“the “ability of the cells to internalize NPs
and NPs behavior in biological medium:4To ¢onfirm this observation, we exposed
HEKn to 10 pg.cm™ of TiO, NPs for 20.hours (Figure 3). The resulting quantitative
analysis revealed that the.intracellular titanium content was effectively increased but in
a limited way suggestingythat the in vitro toxicity was much more related to the

intracellular content’of TiO, NPs than to the initial exposure dose.

TiO, NPs internalization modifies the intracellular ionic homeostasis

P25 internalization in human primary keratinocytes was previously described to induce
an elevated and related accumulation of intracellular calcium (Simon et al. 2011). For
HUVEC cells, a clear correlation between toxicity, intracellular titanium and

intracellular calcium contents was established (Figure 4) for a NPs dose of exposure of



2 pg.cm™ for 16-20 hours. The results observed for NNs (low titanium and calcium
contents) are coherent with the absence of toxicity detected for these TiO, NPs (Figure
2a and Table S1).

In the case of HEKn, a correlation between the increase of the intracellular calcium
content and the internalized titanium content was established when the threshold of 0.01
ng.cm™ in intracellular titanium content was reached and this for all the types of TiO,
NPs (Figure S3). We also tested the effect of varying the extracellular calcium
concentration in the culture medium of HEKn. According to this protocol, we induced
the keratinocyte differentiation by increasing by a factor of 20, the extracellular calcium
concentration in the culture medium (1.2 mM). We then performed p-PIXE analysis to
measure the intracellular content of titanium and calcium after 20 houfs of exposure of
the different TiO, NPs. As illustrated in Figure S4,.he,control cells showed similar
intracellular calcium contents (around 0.1 +/-40.02 },tg.cm'z) no matter the calcium
concentrations in culture media. In high galcium condition, HEKn cells exhibited the
same intracellular calcium concentration whether they were exposed or not to NPs
(Table S2). When exposed, their_inteémnal titanium content remains very low (ranging
from 0 to 0.04 pg.cm™, for TNs and INPs, respectively) and in the same range whatever
the NPs type (Figure,S4 and Table S2). This suggests that the regulation of the cellular
calcium metabolism _is not impaired in differentiated HEKn cells (they remain able to
control the calcium efflux between their extra- and intracellular compartments) and that

HEKn arefar less permeable to TiO, NPs internalization than HUVEC.

The fact that the titanium intracellular content in differentiated HEKn is lower than in
the proliferating cells and independent of the type of NPs could suggest a role of the

cellular function with regards to a potential sensitivity to TiO, NPs uptake and the



subsequent toxicity issues. To confirm this observation, we exposed the undifferentiated
HEKn (low-calcium medium) to a higher dose of TiO, NPs (10 pug.cm™), and measured
the resulting titanium intracellular content (Figure 3). This set of experiments showed
that even at doses as high as 10 pg.cm™ (incubation for 20 hours), the intracellular
uptake of titanium remains independent of the external concentration and coherent with
the observations made at 2 pg.cm™ (Table S2). Moreover, the intracellular contents for
both calcium and iron, were elevated with positive correlation for NNs, which are the
most internalized in the HEKn cells. It is also interesting to note that the content of iron
was also elevated in this condition. EpiLife® contains ferric sulfate (Fea(SO4); — 7H,0)
and calcium chloride (CaCl, — 2H,0). This observation could stiggest that TiO, NPs
favor (i) the internalization of free positively-charged<ions in sthe intracellular
compartment, (ii) ionic homeostasis modificationssand theysubsequent metabolic

consequences (cell stress, cell differentiation, cell’death).

TiO, NPs internalization induced marked ER stress

TiO, NPs induced a clear disruptionef the calcium homeostasis, itself related to many
of stress pathways (ROS; ER stress) (Jacobson and Duchen 2002, Djurisi¢ et al. 2015).
To better charactérize the influences of TiO, NPs on these different stress pathways,
selected target gene“€Xpression was examined by Real Time quantitative Polymerase
Chain Reaction(RT-qPCR) assay (Higa et al. 2014). HUVEC cells were exposed to 2
ng.cm™ of the diverse types of TiO, NPs for 20 hours. Total RNA was extracted and
analyzed using RT-qPCR. The expression analysis was performed using both hGAPDH

and h18S, as internal standards.



ROS pathway
SOD1, SOD2, CAT1, CAT2, GPX expression were tested. Gene expression analysis

revealed some differences between controls and exposed HUVEC cells No difference
was found for the superoxide dismutasel (SOD1), the catalases (CAT1 and 2) or the
glutathione peroxidase (GPX1). However, after 6 hours of NPs exposure, the expression
level of SOD2 was significantly increased and depended on the type of NPs (10 times
higher in the presence of TNs, and 2 to 4 times when incubated with INPs and P25).
This suggested that the ROS production in the presence of TiO, NPs may preferentially

be associated to mitochondrial dysfunction.

Mitochondria

As the ROS pathway analysis pointed towards the smitochondria as a site potentially
affected by TiO, NPs, we evaluated the mitochefidrial membrane potential (A¥Y'm) using
Tetramethylrhodamine Methyl Ester (TMRM). Untréated cells exhibited a homogenous
and intense labeling of their mitéchondrial network at both single cell and cell
population levels. By contrast,fafter their exposure to TiO, NPs, TMRM labeling was
diffuse, heterogencous and weak (Figure 5a and 5b). This observation corroborates
marked mitochondrial and ‘metabolic dysfunctions in relation to the presence of the
TiO, NPs. Moreover, as TMRM is also an indicator of cell death, this observation is in
agreement,with our previous findings on cell proliferation and toxicity.

To confirm this observation between TiO, NPs toxicity and mitochondrial
dysfunction, we also performed TEM analysis on both HUVEC and HeLa exposed to
TiO, NPs with 2 pg.cm-> for several hours and confirmed the micro-structural
alterations of mitochondria in the vicinity of internalized TiO, NPs aggregates (Figure

5c-f). These alterations correspond mainly to a mitochondrial membrane disruption and



internal matrix disorganization. Taken together, these results showed that TiO, NPs
induced (i) calcium homeostasis alteration, (ii)) moderate ROS production and (iii1)

mitochondrial dysfunction.

ER stress

The expression of chop, Erdj4, Herpudl was quantified in HUVEC cells exposed to
different types of TiO, NPs (2 ug.cm'z) in a time course mode using RT-qPCR (Figure
6a). Correlation between the time-response and the level of expression of the selected
genes was strongly dependent on the nature of TiO, NPs and therefor€ on their level of
toxicity. Indeed the most toxic TNs (cell proliferation thresholdto zero fof the smallest
content of titanium per cell) induced the expressionyof DDIT3/chop, Erdj4,
Herpudlafter only 2 hours of exposure (>30 fold fot DDIT3/chop) and maintained up-
regulated during the following 20 hours. Byfcontfrast, for NNs, which are scarcely
internalized in HUVEC cells, the expression level of these 3 genes exhibited very little
change. Moderate and time-dependént increases of expression levels were observed for
the cells incubated with P25%andyINPs (> 8 fold for DDIT3/chop, 4 hours after
incubation). Despite their higher content in the cells as compared to TNs, they showed
less detrimental gonsequences, phenomenon likely to be attributable to their lower
surface area and'thesserolled structure of the TNs, which allows a higher interface with
the environment«Tn addition, this positive correlation between the level of TiO, NPs
toxicity and'the expression of ER stress markers at the RNA level was confirmed at the
protein levels by the presence of nuclear CHOP in exposed cells (Figure 6 d-e). CHOP
protein is expressed in ER stressed cells and reveals a restricted nuclear localization.
CHOP induces a cell cycle stop in G1/S (Ron and Habener 1992, Vittoria Barone et al.

1994).



Discussion

TiO, NPs are widely used, produced in diverse shapes, but it remains largely
unknown how modification of the TiO, NPs morphology (size, geometry...) may alter
their bioavailability, their effects on biological systems and the resultant in vitro and in
Vivo toxicity. In particular, the behavior of NPs inside living cells is still an enigma, and
no metabolic responses induced by TiO, NPs have been fully identified so far. To
answer this question, we developed an interdisciplinary approach (combining
biophysics, analytical chemistry, nanochemistry, cellular and mole€ularibiology) to
outline the cellular mechanisms that linked the bioaccumulationdnd the mgVitro toxicity
of diverse morphologies of TiO, NPs.

We established a strong correlation between the rdte of internalized titanium and (i)
the intracellular calcium content and (ii) a specific ametabolic pathway: ER stress. TiO,
NPs exhibit different toxicity levels strongly depending not only on their morphologies
(size, shape) and their related behayior in biological media, but also on the considered
cellular type.

According to ouf” observations, TiO, NPs impact on cell proliferation/viability
not only dependson the dose and on the morphology of NPs but also on the cell type.
Indeed, P25, INPs and TNs dramatically affected proliferation, whereas NNs were
harmless in HUVEC cells. On the contrary, in HEKn, proliferation assays indicated that
P25, NNsjwand INPs exhibited a moderate dose-dependent toxicity even after several
days. To explain the toxicity disparity observed for the different NPs, different
hypotheses can be made among which: (i) the aggregation states of the TiO, NPs in the
different media, (ii) a specific shape-induced chemistry. For example, TNs are far from

being well-identified objects but exhibit a structure made of parallel-corrugated ribbons



of edge-sharing TiOg octahedra. This scrolled nanosheet structure results in some local
structural variations, such as changes of the Ti-O bond lengths and bond angles in the
octahedra, which are then more distorted and more reactive. These scrolled nanosheets
exhibit as well a much larger surface area than the other well-crystallized NPs
increasing the exchanges with cell membranes and the intracellular medium (Gao et al.
2009).

A third hypothesis is that the toxicity is determined by the effective content of titanium
that each cell type is susceptible to internalize and not directly correlated with the
exposure concentration. Indeed, the aggregation states of the TiO, NPs changed in the
different culture media what could modify the deposition rate of the:NPs and the real
delivered doses as illustrated further on and previously .discussed 4n the literature
(Cohen et al. 2013, 2014, Deloid et al. 2014, Pal et,al. 2016). One challenge in
nanotoxicology is to quantify the real dose of exposurewithin a cell. Indeed, the use of
mass concentration commonly used to assess ‘bulksmaterial toxicity or either the
exposure dose in toxicology studies are net appropriate to nanotoxicology evaluation
(Zhao et al. 2013). Here, we assess the intracellular quantity of TiO, nanoparticles at the
single cell level using u-PIXE analysis.

We have shown that the intracellular content of titanium is heterogeneous from
one cell to another.afnd 1s dependent on both the NPs morphologies, and the cell type.
This result'corroborates a previous in silico study which showed that the internalization
rate of NPs ean be modified by a 60-fold factor as a function of the NPs shape (Nangia
and Sureshkumar 2012). Moreover, an in vivo study confirmed this observation showing
that different shapes of silica NPs differentially altered physiological functions in

exposed rats (Li et al. 2015).



Furthermore, we previously showed that P25 internalization in keratinocytes
induced an elevated and related accumulation of intracellular calcium (Simon et al.
2011). Here, we confirmed and generalized this observation to the other morphologies
of TiO, NPs and to two other primary cell types (HUVEC and HEKn).

We also showed that a minimal intracellular content of titanium is necessary and
mandatory to induce a marked calcium homeostasis alteration, which is also cell-type
dependent. In addition, intracellular calcium homeostasis is constantly found correlated
to the intracellular titanium content (independently of the extracellular calcium content).
Even if this phenomenon has been previously evidenced by different methods
(Koeneman et al. 2010, Simon et al. 2011), the subsequent consequences for the cells
remain to be clearly identified and correlated (or not) with WPs-mediated toxicity.
Potential explanations are as follows (i) TiO, NPs aresnegatively charged in culture
media (physiological pH) and thus can fix calcium ions‘on their surface when entering
the cell, or (ii) that TiO; entry in cells couldsinduce bidlogical pathways modifying the
calcium influx.

Calcium is known to be a key modulator of fundamental processes involving
mitochondria, the ER stress and.the regulation of major metabolic pathways such as
proliferation, differéntiation (for example for keratinocytes), inflammation,
necrosis/apoptosis.

Previous studies reported ROS pathway as a key player in NPs toxicity response
(reviewed in'Djurisi¢ et al. 2015). In this study, we observed a minor change in the ROS
metabolism (as a supposed result of a mitochondrial dysfunction) and suggested that
TiO, NPs toxicity was not primarily induced by this pathway.

Previous data suggested that TiO, NPs (P25) internalization was linked to ER

stress apparition in human bronchial epithelial cells (16HBE140-) and in HUVEC



(Zhang et al. 2012, Chen et al. 2014, Yu, Chang, et al. 2015). Our data show that the
internalization of titanium (TiO, NPs), besides increasing the cell calcium content, does
also induce the expression of CHOP (ATF4 pathway) and activates (i) the ER stress in
HUVEC cells and (i1) differentiation in keratinocytes. In addition, ER stress and
disruption of cellular calcium homeostasis are strongly associated with mitochondrial
dysfunction (Zhang et al. 2012). Here, we show that this mitochondrial alteration is
effective for a minimal content of TiO, NPs defining here the level of toxicity. Our
results also bring out further information on these processes because they provide a
quantitative analysis of these phenomena (including dose threshold), stressing not only
on the effective quantity of exogenous element internalized in individual cells but also
on the dose the cells have been exposed to. These two parametersy ER stress and
intracellular calcium concentration, should be considered,as cardinal and early markers
of the in vitro toxicity evaluation not only of Ti@5 NPS§, but also of other metal oxide
nanoparticles. These results (minimal thresheld to induce toxicity and the resulting
cellular responses) are summarized in_kigure S5 As TiO, NPs are able to cross natural
barriers such as the intestine and the blood-brain barrier, these markers should also to be
taken in consideration to evaluaté the in vivo nanotoxicity of NPs (Yamashita et al.
2011, Brun et al. 2012, Setyawati et al. 2013, Setyawati, Tay, Docter, et al. 2015).
Ultimately,. the present results indicate that the ATF4 pathway (induction of
CHOP exptession)iis activated in HUVEC cells confirming the strong link between the
level of TiOjy NPs toxicity (which is also shape dependent), the intracellular titanium
and calcium contents, the ER stress induction and mitochondrial alterations. We show
that these different parameters give rise to the establishment of a level of toxicity based
on the morphology in between the different TiO, NPs; the TNs presenting the highest

level of toxicity (the lowest proliferation rate for the smallest internalized rate).



Conclusion

We showed that TiO, NPs are internalized at various degrees and their toxicity
depends (i) on titanium content and nanoparticle shape, which impact on intracellular
calcium homeostasis thereby leading to endoplasmic reticulum stress for a given cell
line and (ii) on the considered cell type. Lastly, we showed that a minimal intracellular
content of titanium is mandatory to induce detectable toxicity enlightening once more
the crucial notion of internalized dose threshold beside the well-recognized dose of
exposure. Our research highlights the understanding of the toxic effect induced by TiO,
NPs according to their bioavailability and behavior in biological media. We also stress
the central role played by the ER stress and the intracellular calcium homeostasis as

molecular sensors of the NPs toxicity detection.
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Figure 3
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Figure captions

Figure 1. Physical and chemical characterizations of the different morphologies of TiO,
NPs. Top: Transmission Electron Microscopy images of P25 and synthesized TiO, NPs
(TNs, NNs and INPs) and their respective size distributions based on at least 300 NPs.
Down: Physical characteristics * From TEM, ® From XRD, ¢ A = Anatase, R = Rutile,
HT = Hydrogen Titanate, B = Brookite, 4 From DLS analysis, ¢ From calculations or

BET analysis.

Figure 2. Effect of TiO, NPs morphologies (P25, INPs, NNs, TNs) on human cell
proliferation. Relative cell proliferation of a) HUVEC and b) HEKn. Exposure dose is 2
ng.cm™. Asterisks indicate significant differences with untreated’groupsiat/respectively
day 8 (HUVEC) and day 10 (HEKn) (Kruskal-Wallis test (#: p<0.05;/*): p<0.06) and

Nemenyi post hoc test.

Figure 3. u-PIXE analysis of HUVEC and HEKn“after incubation with different TiO,
NPs (P25, INPs, NNs, TNs). a-b) €hemical s/mapping of the titanium intracellular
content in HUVECs (a) and HEKn (b). The distribution maps for phosphorus and
titanium are depicted. 2-dimensionalumapping of distributions and intracellular contents
of Phosphorus (P) and titanium (Ti) are expressed in gray scale and in false color scale
(blue-green-red), respectively. Merge of P and Ti distributions. Scale bar: 10 um. c)
Intracellular titanium*€ontent per cell in HUVEC (top), HEKn (middle) (dose of
exposure: 2 ug.cm'2) and in HEKn (down) (dose of exposure: 10 pg.cm™). (n)
corresponds to,the number of cells analyzed per condition. Asterisks over distributions
indicate significant differences with untreated groups (Kruskal-Wallis test (p<0.05) and
post hoc Nemenyi test (p<0.05)). When not specified, experiments were performed 16
to 20 h after exposure with 2 pg.cm™ of TiO, NPs. Controls correspond to untreated cell

populations.



Figure 4. Effect of the TiO, NPs on cellular homeostasis. Single cell quantitative
analysis of the intracellular titanium (in pg.cm™) and calcium concentrations (in mg.g™)
measured by p-PIXE in HUVEC exposed to 2 pg.cm™ of different TiO, NPs
morphologies (P25, INPs, NNs and TNs). A black dot corresponds to one cell. The
heterogeneity of the titanium intracellular content per cell is also well depicted.
Relations between calcium and titanium contents were evaluated using a linear model
with ordinary least square regression (red) or robust fitting (green). Asterisks indicate

significant positive slopes for linear model (p<0.05).

Figure 5. Effect of TiO, NPs on the mitochondria. a-b) The mitochondrial membrane
potential (A¥Ym) was monitored using TMRM staining. The/intensitysof TMRM
fluorescence was detected using live cell imaging and fluoresc¢entdmicroscopy. HUVEC
cells were loaded with TMRM (500 nM) during 30 min ‘after'6 hours exposure with 2
pg.cm™ of TiO, NPs. a) HUVEC cells (control). bytHUVEC cells exposed to TNs (2
ng.cm™, 6 hours). Scale bar: 10 pm. c-f) Transmission electron microscopy analysis of
HeLa and HUVEC cells exposed to 2 pg.efi - for20hours to diverse morphologies of
TiO, NPs. ¢-d) HeLa cells with TNs (c).and,P25 (d). e-f) HUVEC exposed to TNs. TiO,
NPs are visualized as dark and dense aggrégates. Arrows signal damaged mitochondria

(*). Scale bar: 500 nm.

Figure 6. Time-dépendent induction of ER stress markers related to the level of TiO,
NPs toxicity intHUVEE. a). Time-response of Erdj4, CHOP and Herpud 1 transcript
levels induced by TiO, NPs at 2 pg.cm™. The results are expressed as mean of at least
three independent experiments. * P < 0.01 compared to the control. b—g.) in cellulo
detection of CHOP, a specific ER stress marker in HUVEC cells. Paraformaldehyde-

33342 (blue, b, d, f) and counterstained with anti-

fixed cell nuclei are stained by Hoechst
murine antibody targeted to the human protein CHOP (L63F7, Cell Signaling) coupled
to Goat anti-mouse AF488 secondary antibody (green, c, e, g). b, ¢) HUVEC cells

(control). d, e) HUVEC cells exposed to 2 pg.cm-2 of TNs during 16 hours. f, g)



Positive-control used to specifically induced CHOP expression and specific subcellular

localization by incubating cells 20 hours to Tunicamycin (5pg.mL™). Scale bar: 10 pm



