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Abstract 

TiO2 particles are widely used in products for everyday consumption, such as cosmetics and 

food; their possible adverse effects on human health must therefore be investigated. The aim 

of this study was to document in vitro impact of the food additive E171, i.e. TiO2, and of TiO2 

nanoparticles, on a co-culture of Caco-2 and HT29-MTX cells, which is an in vitro model for 

human intestine. Cells were exposed to TiO2 particles three days after seeding, i.e. while they 

were not fully differentiated. Cell viability, reactive oxygen species (ROS) levels and DNA 

integrity were assessed, by MTT assay, DCFH-DA assay, alkaline and Fpg-modified comet 

assay and 8-oxo-dGuo measurement by HPLC-MS/MS. The mRNA expression of genes 

involved in ROS regulation, DNA repair via base-excision repair, and endoplasmic reticulum 

stress was assessed by RT-qPCR. Exposure to TiO2 particles resulted in increased 

intracellular ROS levels, but did not impair cell viability and did not cause any oxidative 

damage to DNA. Only minor changes in mRNA expression were detected. Altogether, this 

shows that E171 food additive and TiO2 nanoparticles only produce minor effects to this in 

vitro intestinal cell model.  
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1. Introduction 

TiO2 has been used for more than 50 years as a food additive, under the code E171 within the 

European Union. Indeed, because of its low toxicity and intestinal absorption, E171 has been 

authorized since the ‘60ies without any established acceptable limitation of daily intake, in 

Europe [1]. It is primarily used as a whitening agent and as an opacifier in pastries and sweets 

[2, 3]. E171 is not a nanomaterial according to the EU Recommendation on the definition of a 

nanomaterial (Official Journal of the European Union (2011/696/EU) 18/10/2011), because it 

contains less than 50% of particles, in the number size distribution, with at least one diameter 

below 100 nm, i.e., nanoparticles (NPs) [2, 4-6]. It is made of particles with average diameter 

around 100-200 nm, with a high polydispersity. Its crystal structure is mainly anatase 

although some samples were shown to be rutile [5, 6]; and it sometimes contains 0.5-1.8 mg 

phosphorous (P)/g of TiO2 [6]. 

Several reports published during the past 2 years address the questions of toxicity and 

absorption of E171. A single dosing of seven human volunteers to 100 mg of E171, ingested 

as gelatin capsules, resulted in translocation of TiO2 particles to the bloodstream, with 

maximal absorption 6 h after administration [7]. Given the observed kinetics, there may be 

two routes of absorption from the human intestinal lumen, one proximal and one distal [7]. 

The authors of this study did not report any toxicity that may be associated with ingestion of 

E171. In vivo, in a colitis-associated mouse model, E171 administered by oral gavage at 5 

mg/kg b.w. per day, 5 days a week, for 10 weeks, enhanced the formation of colon tumors and 

exacerbated tumor progression and colon inflammation [8]. The same authors did not report 

any tumor formation in non-chemically induced mice exposed to E171, but some dysplastic 

changes in colonic epithelium were reported, as well as decrease in the number of goblet cells 

[8]. In the distal colon of these mice, gene expression profiling showed that E171 regulated 
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the mRNA expression of GPCR/olfactory and serotonin gene receptors, induced mRNA 

expression of genes encoding proteins involved in oxidative stress, immune response 

pathways, and DNA repair. Moreover exposure to E171 both up- and down-regulated genes 

encoding proteins involved in the development of cancer [9]. In rats, low doses of E171 

administered either by intragastric gavage for 7 days or via drinking water for 100 days (10 

mg/kg b.w. per day) impaired immune homeostasis; they initiated and promoted the 

expansion of preneoplastic lesions in the colon, although their number was low, and 

concomitantly induced the development of a low-grade inflammatory microenvironment in 

the mucosa [10]. In vitro, repeated exposure to E171 of a co-culture of Caco-2 and HT29-

MTX for 21 days induced accumulation of reactive oxygen species (ROS) and oxidized DNA 

bases, but did not lead to cell mortality, DNA strand break or endoplasmic reticulum stress 

[4]. Oxidized bases in DNA, especially 8-oxo-dGuo, are known to be mutagenic, because they 

can pair with adenine (A) or cytosine (C) with equal efficiency, thus leading to G:C to 

thymine (T):A transversion [11]. They may thus explain the carcinogenicity of E171 reported 

by Bettini et al [10]. Finally, also in an in vitro experiment, Proquin et al. reported that E171 

causes ROS accumulation in undifferentiated Caco-2 cells, together with single strand breaks 

and/or alkali-labile sites in DNA, as probed via the comet assay [12]. Moreover it induced 

chromosomal damage in HCT116 cells, as probed via the cytokinesis-block micronucleus 

assay [12]. 

We aimed here at evaluating the toxicological impact of E171 and two model TiO2-NPs, A12 

(anatase, 12 nm) and NM105 from the Joint Research Center at the European Commission 

(anatase/rutile, 24 nm), on a co-culture of Caco-2 (enterocytic-like) and HT29-MTX (mucus-

secreting) cells. To recapitulate a mucus-secreting intestinal epithelium, the co-culture of 

Caco-2 and HT29-MTX cells is usually grown for 21 days post-confluence, to allow cells to 

differentiate. Here we used this model three days post-seedling; in this condition cells are not 
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fully differentiated. Contrary to differentiated Caco-2 cells, undifferentiated Caco-2 cells do 

not express all the biochemical and morphological characteristics of human enterocytes. Their 

phenotype is that of proliferating cells. In this condition, according to previous studies, their 

sensitivity towards NPs is higher than that of differentiated Caco-2 cells [13, 14]. Conversely, 

three days post-seeding, HT29-MTX cells already produce some mucus. This cell model was 

acutely exposed for 6 h, 24 h or 48 h to A12, NM105 or E171. Cell viability, oxidative DNA 

damage and ROS accumulation were investigated since oxidative stress is one of the main 

mechanisms of TiO2 particle toxicity. In addition, impact of E171 and TiO2-NPs on actors of 

the UPR pathway, which is activated in ER stress condition [15], was also investigated 

because NP toxicity through ER stress signaling pathway has previously been reported [16-

18] and because ER stress is closely related to oxidative stress [19]. Finally, impact on mRNA 

expression of DNA repair proteins was investigated by RT-qPCR. 

Our results show that E171 was not cytotoxic even at high concentrations, but caused ROS 

accumulation in exposed cells, whatever the dose. E171 did not have major impact on DNA 

integrity, and did not significantly modulate the mRNA expression of proteins involved in 

DNA repair, in antioxidant defense system and in the UPR pathway. Consequently, these 

results suggest that TiO2, either micro- or nano-sized, exhibits minor effects on this in vitro 

intestinal cell model.  
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2. Material and Methods 

2.1. Chemicals and reagents 

Unless otherwise indicated, chemicals were all purchased from Sigma-Aldrich and were >99 

% pure. Cell culture media and serum were purchased from Thermo Fisher Scientific.  

 

2.2. Particle dispersion and characterization 

E171 was obtained from a French supplier of food coloring for bakeries. A12 was synthesized 

in our laboratories [20], it has already been used in our previous studies [4, 21, 22]. NM105 

was provided by the nanomaterial library at the European Joint Research Center (JRC, Ispra, 

Italy). These particles were fully characterized, as reported in our previous article [4]. Briefly, 

mean primary diameter of E171, A12 and NM105 were 118±53 nm, 12±3 nm and 24±6 nm, 

respectively. Their SSA was 9.4, 82 and 46 m²/g, respectively. Particles were then weighted 

in 15 ml polypropylene vials, and suspended in ultrapure sterile water at a concentration of 10 

mg/mL. We chose to disperse particles by sonication in water rather than in cell culture 

medium, because sonication of proteins from fetal bovine serum (FBS) would cause their 

agglomeration [23], creating large aggregates that would hinder particle detection by dynamic 

light scattering (DLS). Moreover protein aggregates may alter cellular endocytosis and/or 

particle coating. Particles were sonicated for 30 min at 80% of amplitude, 4 °C (Huber 

minichiller), using high energy sonication (Bioblock Scientific, Vibracell 75041) with an 

indirect cup-type sonicator (Cup Horn), immediately before cell exposure. The power of this 

sonicator was measured using the calorimetric procedure [24]; 80% of amplitude corresponds 

to 47.7 W. In this condition, hydrodynamic diameter and polydispersity index (PdI) of E171, 

A12 and NM105 were 415±69 (PdI: 0.48±0.07), 85±3 (PdI: 0.17±0.02) and 158±1 (PdI: 

0.16±0.01), respectively [4]. For cell exposure they were then diluted in cell culture medium 
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containing FBS, as proteins from FBS would create a protein corona which would prevent 

particle agglomeration. After dilution in cell culture medium, hydrodynamic diameter and PdI 

of E171, A12 and NM105 was 739±355 nm (PdI: 0.64±0.22), 448±1 nm (PdI: 0.25±0.02) and 

440±7 nm (PdI: 0.18±0.01), respectively [4]. Zeta potential was -19±1 mV, -11±1 mV and -

11±1 mV, respectively [4].  

 

2.3. Cell culture and exposure to TiO2 particles 

Caco-2 cells (ATCC HTB-37, passages from 49 to 60), Caco-2 cells transfected with EGFP-

encoding lentivirus, which stably express EGFP (Caco-2-GFP, developed by F. Barreau, 

passages from 9 to 15) and HT29-MTX mucus-secreting cells (kindly provided by T. 

Lesuffleur, INSERM U843, Paris, France, passages from 21 to 35) were maintained, in 

separate flasks, in Dulbecco's Modified Eagle Medium + GlutaMAX™ supplemented with 

10% heat inactivated FBS, 1% non-essential amino acids (NEAA), 50 units/ml penicillin and 

50 µg/ml streptomycin. They were maintained at 37°C under 5% CO2. For the following 

experiments, cells were then seeded as a co-culture composed of 70% Caco-2 and 30% HT29-

MTX cells, at a density of 24 000 cells/cm
2
, in 60 cm

2
 petri dishes or multi-well plates. Three 

days post-seeding, cells were exposed to TiO2 particles diluted in cell culture medium 

(containing 10% of FBS) for 6 h, 24 h or 48 h.  

 

2.4. Characterization of Caco-2/HT29-MTX co-culture by fluorescence activated cell 

sorting (FACS) 

The proportion of Caco-2 and HT29-MTX in the co-culture was monitored 6 h, 48 h and 72 h 

after seeding (i.e. during the three days preceding exposure to TiO2), using Caco-2-GFP cells 

that enable the sorting of green cells (Caco-2-GFP) and non-fluorescent cells (HT29-MTX) 
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by FACS. As for other experiments, Caco-2-GFP and HT29-MTX cells were grown 

separately, then harvested and seeded in 56-cm² petri dishes at a density of 24 000 cells per 

cm². Immediately after seeding, 3 vials containing 1 million cells each were fixed with 4% 

(w/v) paraformaldehyde for 15 min at room temperature, then washed twice with PBS. Then, 

6 h, 48 h and 72 h after seeding, cells were harvested with trypsin (3 petri dishes per time 

point), fixed with 4% (w/v) paraformaldehyde for 15 min at room temperature, washed twice 

with PBS. Samples were stored at 4°C until analysis, on a FacsCalibur instrument (Becton 

Dickinson).   

 

2.4. Toxicity assays 

2.4.1. Cell viability 

After acute exposure to E171 and TiO2-NPs, cell viability was assessed via the 3-(4,5-

dimethylthiazol-z-yl)-2,5-diphenyl-tetrazotium bromide (MTT) assay, which measures 

metabolic activity. Cells were grown in 96-wells plates and exposed to 0-200 µg/mL of 

particles for 6 h or 48 h. Then exposure medium was discarded and replaced by 100 µL of 0.5 

mg/mL MTT solution. After 2 h of incubation at 37°C, the MTT solution was discarded and 

formazan crystals were dissolved in 100 µL DMSO. Interferences of particles with the assay 

were tested as previously described [21] (Table S1). Since optical interference of TiO2 

particles was detected, after dissolution of formazan crystals, the plates were centrifuged for 5 

min at 500 rpm, then 50 µL of supernatants was transferred to a clean plate, and absorbance at 

550 nm was measured (SpectraMax M2, Molecular Devices). In this condition, no 

interference is observed (Figure S1). 

 

2.4.2. Reactive Oxygen Species (ROS) measurement  
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Intracellular ROS content was assessed using 2’,7’–dichlorodihydrofluorescein diacetate 

acetyl ester (DCFH-DA) (Invitrogen). After exposure to particles, cells were rinsed twice with 

PBS and incubated with 80 µM DCFH-DA (Life Technologies), prepared in complete cell 

culture medium, for 30 min at 37°C. They were harvested by scraping, and DCF fluorescence 

intensity was measured at exc/em 480 nm/570 nm (SpectraMax M2, Molecular Devices). 

After background removal (exc/em 480 nm/650 nm), DCF fluorescence was normalized to 

protein concentration. Potential interference of particle was tested, by measuring the 

fluorescence of cells exposed to particles but not with DCFH-DA, and by measuring the 

fluorescence of particles suspensions (10-50-100 µg/mL) mixed with DCFH-DA (no cells). 

No interference was detected (table S2).  

 

2.4.3. Comet assay 

DNA strand breaks and alkali-labile sites were assessed through the alkaline version of the 

comet assay. Fpg-sensitive sites, including 8-oxo-dGuo, were quantified by incubating the 

slides with formamidopyrimidine-DNA glycosylase enzyme (Fpg). Cells were exposed to 

TiO2 particles in 24-well plates. After exposure, they were collected and stored at -80°C in 

citrate buffer (11.8 g/L) containing sucrose (85.5 g/L) and DMSO (50 mL/L), pH 7.6. 

Approximately 10000 cells were mixed with low melting point agarose (0.6% in PBS) and 

dropped on slides previously coated with standard 1% agarose (n=6). After solidification on 

ice for 10 min, slides were placed in cold lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM 

Tris, 10% DMSO, 1% Triton X-100, pH10) and incubated overnight at 4°C. They were then 

rinsed in 0.4 M Tris pH 7.4. For each individual biological replicate, three slides were 

incubated with Fpg buffer (Invitrogen), and 3 slides were incubated with 100 μL of Fpg 

(Trevigen, 5 U/slide) prepared in Fpg buffer, for 45 min at 37 °C. DNA was then allowed to 
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unwind for 30 min in electrophoresis buffer (0.3 M NaOH, 1 mM EDTA), followed by 

electrophoresis in a vertical comet assay tank (COMPAC50, Cleaver Scientific) at 21 V (1 

V/cm) for 30 min. After neutralization in 0.4 M Tris pH 7.4, comets were stained with 50 µL 

of GelRed (Life Technologies). As positive control for alkaline comet assay, cells were 

exposed for 24 h to 30 µg/mL of methyl-methanesulfonate (MMS). As positive control for 

comet-Fpg, we used A549 cells exposed to 1 µM riboflavin for 20 min at 37 °C, then 

irradiated with 10 J/cm² of UVA. As positive control for electrophoresis, 50 µM of H2O2 was 

deposited on an extra slide of control cells and incubated for 5 min on ice (not shown). 

Comets were scored using image analysis Comet IV software (Perceptive Instruments, 

Suffolk, UK), and median % DNA in tail was calculated for at least 50 comets per slide. Net 

pgsensitive sites (Net Fpg) were calculated as the difference in % DNA in tail between 

samples with Fpg incubation and samples with buffer incubation. The whole experiment was 

repeated three times independently (n=3). 

 

2.4.4. 53BP1 foci count 

The number of p53-binding protein 1 (53BP1) foci per cell nuclei was evaluated by 

immunostaining of cells fixed for 15 min in 4% paraformaldehyde and permeabilized for 15 

min in 0.1% triton X-100, using anti-53BP1 antibody (Abnova, 1/2000, vol./vol., exposure 1 

h at room temperature) and anti-rabbit secondary antibody coupled to Atto488 (1/1000, 

exposure 1 h  at room temperature). Cell nuclei were then stained for 15 min with Hoechst 

33342 (1 µg.ml
-1

). As positive control, cells were exposed to 50 µM of etoposide for 24 h. 

Total number of 53BP1 foci was automatically counted, as well as total number of nuclei, 

using a Cell Insight CX5 (Thermofisher); data were analyzed using the SpotDetector v4 

Bioapplication. 
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2.4.5. HPLC/MS-MS for 8-oxo-dGuo measurement 

8-oxodGuo was quantified by HPLC-tandem mass spectrometry (HPLC-MS/MS) [25]. DNA 

was extracted and digested as described by Ravanat et al. [26]. Briefly, a lysis buffer 

containing Triton X-100 was added to the cellular pellet. The nuclei were collected by 

centrifugation and further lyzed in a Tris-EDTA buffer to which 10% SDS was added. The 

samples were incubated with a mixture of RNAse A and RNAse T1, and subsequently treated 

by proteinase. DNA was precipitated using isopropanol and concentrated sodium iodide. 

Deferroxamine was added to all buffers to prevent spurious oxidation. DNA was then 

digested into a mixture of nucleosides, first by incubation with nuclease P1, DNAse II and 

phosphodiesterase II at pH 6, for 2 h. They were then further digested in alkaline phosphatase 

and phosphodiesterase I, pH 8, for 2 h. The solution was neutralized with 0.1 µM HCl and 

centrifuged. The supernatant was collected and injected onto the HPLC-MS/MS system. 

8-OxodGuo was quantified with an ExionLC HPLC system connected to a QTRAP 6500+ 

mass spectrometer (SCIEX). The spectrometer was used in the MRM
3
 mode with positive 

electrospray ionization. The monitored fragmentation was m/z 284 [M + H]
+
 → 168 [M + H -

2-deoxyribose]
+
 140 [M + H -2-deoxyribose-CO]

+
. Chromatographic separations were 

achieved using a C18 reversed phase Uptisphere ODB column (Interchim, Montluçon, 

France). The elution was performed using a gradient of acetonitrile in 2 mM ammonium 

formate, at a flow rate of 0.2 mL/min. The retention time was 20 min. In addition to the MS 

spectrometer, the HPLC eluent was analyzed in a UV detector set at 270 nm to quantify the 

amount of unmodified nucleosides. Levels of 8-oxodGuo were expressed as number of lesions 

per million normal bases. 
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2.4.6. Gene expression  

Gene expression was measured by real-time-quantitative polymerase chain reaction (RT-

qPCR). RNA was extracted using GenElute
TM

 mammalian total RNA Miniprep assay. Cells 

were harvested in lysis buffer from the Miniprep assay and stored at -80°C. The integrity of 

RNA was checked by measurement of absorbance at 260, 280 and 230 using a Nanodrop ND-

1000 (Thermofisher), and calculation of abs 260/abs 280 and abs 260/abs 230 nm ratios. 2 µg 

of total RNA was reverse transcribed to cDNA with 100 ng/µL random primers, 10 mM 

dNTP and the SuperScript III Reverse Transcriptase (Invitrogen). Quantitative PCR was run 

with MESA Blue qPCR Mastermix for SYBR Assay with ROX reference (Eurogentec) in a 

CFX96 Real time system, C1000 Touch Thermal cycler (Bio-Rad). Primer sequences are 

reported in Table S3. S18 and GAPDH were used as reference genes for normalization. 

Variability of their expression was assessed using Bestkeeper, an Excel-based pairwise 

mRNA correlation tool [27]. Relative gene expression was calculated using the Relative 

Expression Software Tool (REST2009) [28].  

 

2.5. Statistical analysis  

Except for RT-qPCR experiments, statistical analyses were performed using Statistica 8.0 

software (Statsoft, Chicago, USA). Unless indicated otherwise, statistical significance was 

assessed based on a non-parametric one-way analysis of variance on ranks approach (Kruskal-

Wallis) followed by pairwise comparison using a Mann-Whitney u-test. Results were 

considered statistically significant when the p-value was < 0.05. 
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3. Results 

3.1. Characterization of the Caco-2/HT29-MTX co-culture 

Caco-2-GFP and HT29-MTX were seeded at the initial ratio of 70:30. After 6 h in culture, 

which is the time necessary for cells to adhere to the flask, and after 48 h, the proportion was 

still approximately 70:30 (Figure 1). This proportion changed 72 h after seeding, and reached 

77:23 (Figure 1). Consequently, when cells were exposed to TiO2 particles, the co-culture was 

composed of 77% Caco-2 and 23% HT29-MTX, which is comparable to the proportion of 

enterocytes and goblet cells in human colon [29]. 

 

3.1. Cytotoxicity   

Cells were exposed to E171 or NM105 for 6 h or 48 h. Cell viability was not altered by 

exposure to E171 or NM105, up to 200 µg/mL (Figure 2). Optical interference of TiO2 

particles with MTT assay was detected, the protocol was therefore adapted to eliminate TiO2 

particles before absorbance measurement.  

 

3.2. Oxidative stress  

Whatever the exposure condition, ROS levels were significantly higher in cells exposed to 

TiO2 particles, as compared to control cells (Figure 3). This increase in ROS level was not 

dependent on exposure time, nor on the type of TiO2 particle (Figure 3A). In cells exposed to 

E171, increased ROS level was dependent on E171 concentration, with significantly higher 

ROS levels in cells exposed to 50 or 100 µg/mL of E171, compared to cells exposed to 10 

µg/mL of E171, whatever the exposure time (Figure 3B). Possible interaction of TiO2 

particles with H2-DCF-DA was tested, no interference was detected (Table S2).  
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Then, the expression of genes encoding proteins involved in antioxidant defense mechanisms, 

namely catalase (CAT), glutathione reductase (GSR), superoxide dismutase 1 and 2 (SOD1, 

SOD2), was measured by RT-qPCR in cells exposed to TiO2 particles for 6 h or 48 h. Only 

very moderate modulation of the mRNA expression was observed, with downregulated 

mRNA expression of SOD1 and SOD2 in cells exposed for 48 h to E171 or A12, respectively 

(Table 1). Moreover, there was no significant modulation in mRNA expression level of 

NRF2, a transcription factor implicated in oxidative stress regulation. 

 

3.3. DNA damage 

Since intracellular accumulation of ROS could trigger oxidative damage to DNA, DNA 

integrity was assessed in exposed cells via comet assay (alkaline and Fpg-modified), which 

probes DNA strand breaks and alkali-labile sites such as abasic sites, as well as Fpg-sensitive 

sites such as 8-oxo-dGuo; 53BP1 foci count, which probe DNA double strand breaks; then 8-

oxo-dGuo was measured by HPLC/MS-MS, as probe of DNA base oxidation. No DNA strand 

break and/or alkali-labile site was detected in cells exposed to TiO2 particles via the alkaline 

version of comet assay, whatever the exposure condition (Figure 4, “SBs+ALB”). No Fpg-

sensitive site (and among them 8-oxo-dGuo) was detected in the Fpg-modified version of 

comet assay (Figure 4, “Net Fpg”). No significant increase in DNA double strand break was 

detected via 53BP1 foci immunostaining in exposed cells, compared to control cells (Figure 

5). Moreover, no significant increase of the 8-oxo-dGuo level was detected by HPLC/MS-MS 

(Figure 6). We even observed decreased level of 8-oxo-dGuo in cells exposed to P25 or E171 

for 6 h. Conversely, positive outcome was observed for positive controls in these assays, i.e. 

cells exposed to 30 µg/mL of methyl methanesulfoxide for 24 h in the alkaline version of 

comet assay, cells exposed to riboflavin and irradiated with UVA in the Fpg-modified version 
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of comet assay, cells exposed to 50 µM of etoposide in the 53BP1 assay, and cells exposed to 

KBrO3 in the 8-oxo-dGuo quantification assay.  

The mRNA expression of DNA repair proteins, involved in the base excision repair pathway, 

was monitored via RT-qPCR. No significant gene expression change was detected, except 

increased expression of GADD45 in cells exposed for 48 h to P25 (Table 1). 

 

3.4. Endoplasmic reticulum stress 

The mRNA expression of IRE-1, ATF6, sXBP1, and GRP78, which mediate the UPR 

response, was then analyzed in cells exposed to TiO2 particles. Again, no significant 

modulation of mRNA expression was observed (Table 1).  

 

4. Discussion  

The objective of the present study was to assess the cytotoxicity, DNA damage, oxidative 

stress and endoplasmic reticulum stress caused by E171 and TiO2 nanoparticles on a co-

culture of Caco-2 and HT29-MTX cells, seeded at 70% and 30%, respectively. In all 

experiments, Caco-2 cells were not differentiated, they were thus proliferative; conversely 

HT29-MTX already produced some mucus. This cell model was exposed to up to 200 µg/mL 

of TiO2, which is a high concentration as compared to the estimated human daily intake [5, 

30-32]. TiO2 particles were prepared in complete cell culture medium, i.e. in the presence of 

FBS proteins. This particular combination of parameters was chosen to take into account 

physiological parameters. First, it should be kept in mind that in normal intestinal villi, 

epithelial cells undergo a differentiation gradient from the bottom of crypts to the top of villi, 

while always covered by mucus. The differentiation state of cells used here is in accordance 
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with this physiology. Second, even when ingested without an associated meal, TiO2 food 

additive is covered with salivary proteins and gastric enzymes before it enters the intestine. 

Therefore, the use of FBS proteins in exposure medium, which leads to the formation of a 

dense protein corona on the surface of NPs, is relevant. Thus, our setup appears to be a 

valuable addition to the battery of in vitro systems used for the estimation of gastrointestinal 

effects of micro- and nanoparticles. 

Our results are in accordance with the published literature which shows that the overall 

toxicity of TiO2 is low, even at high concentration [33-35]. They concur with our previous 

study, where pure anatase and pure rutile TiO2-NPs were proven to induce only minor impact 

on undifferentiated Caco-2 cells [22]. They induced no cytotoxicity, no DNA strand breaks or 

alkali-labile sites, but they caused accumulation of ROS, modulation of GSH level and 

decreased activity of superoxide dismutase in exposed cells [22]. Our observations also 

concur with the study published by Song et al. [14] which showed, on undifferentiated Caco-2 

cell, that pure anatase TiO2 particles, either nanoparticles or food-grade particles, induce 

limited membrane damage and no change in cell proliferation [14], but a dose-dependent 

increase of ROS level [14]. 

Proquin et al. previously reported that TiO2 nanoparticles and E171 induced genotoxic 

damage to Caco-2 and HCT116 cells, in the alkaline version of comet assay and in the 

micronucleus assay, respectively [12]. Different hypotheses can explain the discrepant result 

observed in the present study. First, TiO2 preparation procedure is different: Proquin et al. 

dispersed TiO2 particles in DMEM medium containing 0.05% of bovine serum albumin 

(BSA), then this suspension of particles was sonicated. Particles were then diluted in culture 

medium containing FBS. Sonication of proteins is known to cause their denaturation and 

aggregation [23]. For this reason, we chose to rather disperse TiO2 particles by sonication in 

water, then to dilute them immediately in cell culture medium containing FBS because 
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proteins from serum would hinder particle agglomeration via steric repulsion. Moreover 

Proquin et al. used bath sonication while we used high energy sonication. Consequently, the 

dispersion state of particles differs, in these two studies: while we obtained stable suspensions 

with average hydrodynamic diameter 450 nm for NPs and 750 nm for E171, Proquin et al. 

obtained suspensions containing large agglomerates (>1000 nm). Different hydrodynamic 

diameters may induce different exposure levels, with large agglomerates settling down very 

rapidly on cells and therefore increasing exposure. This would explain the positive outcomes 

observed by Proquin et al. in genotoxicity testing, while we observed no genotoxicity in our 

exposure conditions. Another difference is the cell model used here, compared to the study by 

Proquin et al. We used a co-culture of Caco-2 and HT29-MTX cells while Proquin et al. used 

Caco-2 cells. HT29-MTX secrete some mucus, which can cover the cells and therefore protect 

them from NPs. In a previous study, we showed that accumulation of TiO2-NPs and E171 is 

similar in a monoculture of Caco-2 cells and in a co-culture of Caco-2 and HT29-MTX cells, 

exposed 21 days post-seeding, i.e. when cells are fully-differentiated. But the situation may be 

different in non-differentiated cells, i.e. non-differentiated Caco-2/HT29-MTX co-culture may 

accumulate more TiO2 particles than non-differentiated Caco-2 monoculture, which would 

also explain the discordant results observed here. 

Positive outcome in cytotoxicity (LDH and WST-1) and genotoxicity (Fpg-modified version 

of comet assay) testing was also observed by Gerloff et al., in non-differentiated Caco-2 cells, 

exposed to mixed anatase/rutile TiO2-NPs [36, 37]. In the two studies by Gerloff et al., 

exposure medium was serum-free whereas in our exposure conditions it contained FBS. 

According to the literature, the different protein coronas that form on NPs determine particle 

biological signature, which influences their accumulation and impact on cells [38-40]. A 

dense protein corona, which forms when particles are diluted in medium containing FBS, has 

been shown to decrease TiO2-NPs toxicological impact in cells [13, 38]. This can explain why 
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Gerloff et al. observed cyto- and genotoxicity while we do not. Again, this discussion 

underlines the necessity to use similar dispersion procedures and exposure conditions for in 

vitro assessment of nano- and microparticle toxicity so that a consensus is obtained.  

The absence of genotoxicity observed in vitro may be put into perspective with the recently 

published in vivo data, showing carcinogenic potential of E171 and TiO2-NPs [10]. In this in 

vivo study, the authors showed the potential of E171 and TiO2-NPs to initiate preneoplastic 

lesions and to induce the growth of aberrant crypt foci [10]. These observations were 

concomitant with absence of in vivo genotoxicity in the colon mucosa, but coincided with 

promotion of colon micro-inflammation [10]. TiO2 particles may therefore be classified in the 

group of promoters of carcinogens that induce cancer via non-genotoxic mechanisms [41]. 

Since both micro-inflammation and immune homeostasis disruption were observed in this in 

vivo study, the mechanisms of this non-genotoxic carcinogenicity may occur either via 

immunosuppression or via the promotion of a dysregulated inflammatory response [41]. This 

is consistent with the hypothesis of Vales et al., who showed in BEAS-2B bronchial epithelial 

cells, that chronic exposure to low doses of TiO2-NPs causes cell transformation and 

acquisition of a cancer phenotype, without causing any primary genotoxicity or chromosomal 

damage [42]. We used a co-culture of epithelial intestinal cells, with no immune cells which 

are the main actors of the inflammatory response, and which may lead to secondary 

genotoxicity. Therefore, our model is not the best one when investigating secondary 

genotoxicity caused by NPs. An in vitro 3D model combining epithelial cells and immune 

cells has been developed recently [43], it would be a better model to assess inflammation and 

secondary genotoxicity.  

Acute exposure to TiO2 particles causes accumulation of ROS but no oxidative damage to 

DNA and unchanged mRNA levels of redox enzymes and of NRF-2. This suggests that cells 

would scavenge these ROS thanks to already existing enzymes or antioxidant molecules such 
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as glutathione. Therefore TiO2 particles, either nanoparticles or E171 food additive cause only 

minor toxicological impact on this in vitro intestinal model.  

 

5. Conclusion 

TiO2 toxicity was evaluated in vitro, on a model mucus-secreting intestinal epithelium in 

which enterocytes are not fully differentiated and still proliferative. Both TiO2 nanoparticles 

and E171 food additive increased intracellular ROS level, in a dose-dependent manner for 

E171. They did not induce any loss of cell viability, or impairment of DNA integrity, or 

endoplasmic reticulum stress. At current exposure conditions, this shows that E171 food 

additive and TiO2 nanoparticles only produce minor effects to this in vitro intestinal cell 

model. 
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Table 1. RT-qPCR analysis of the mRNA expression of DNA repair proteins, redox enzymes 

and proteins implicated in endoplasmic reticulum stress
a
 

 

A12 6h NM105 6h E171 6h A12 48h NM105 48h E171 48h 

DNA repair 

      
OGG1 0.90±0.14 0.77±0.16 1.06±0.18 0.94±0.71 1.63±1.11 1.81±1.43 

APE1 1.44±0.49 1.00±0.38 0.89±0.30 0.99±0.25 1.08±1.17 0.87±0.31 

PARP1 1.13±0.30 0.92±0.24 0.87±0.20 1.19±0.44 1.13±0.47 1.15±0.53 

LIG3 1.07±0.29 0.88±0.21 0.70±0.50 1.05±0.37 1.03±0.40 1.30±0.48 

XRCC1 1.19±0.36 0.93±0.32 2.52±2.53 1.57±1.02 1.54±0.96 1.89±1.30 

PCNA 1.40±0.35 0.88±0.20 1.17±0.27 1.06±0.36 1.06±0.36 1.26±0.76 

GADD45 1.27±0.44 0.71±0.24 0.74±0.27 1.66±0.62 1.86±0.70* 1.83±1.05 

       
oxidative balance 

     
SOD1 1.20±0.32 1.63±0.63 1.22±0.63 0.66±0.34 0.92±0.44 0.49±0.15* 

SOD2 1.92±1.49 2.04±1.76 1.40±1.24 0.68±0.17* 1.04±0.47 1.00±0.53 

CAT 0.99±0.29 1.44±0.53 0.85±0.41 1.14±0.57 0.96±0.49 0.96±0.42 

GSR 0.75±0.34 1.08±0.43 0.81±0.40 1.15±0.69 0.70±0.35 1.11±0.34 

NRF2 1.04±0.27 1.21±0.45 1.01±0.65 0.97±0.49 0.86±0.70 1.07±0.57 

       
endoplasmic reticulum stress 

    
IRE1 0.78±0.19 1.03±0.26 0.92±0.54 0.93±0.67 1.24±1.20 1.57±1.50 

SXBP1 0.95±0.35 1.04±0.40 1.43±0.61 1.14±1.31 1.19±0.84 1.61±1.47 

GRP78 0.88±0.20 0.94±0.19 1.09±0.41 1.24±1.21 1.15±0.63 1.51±0.93 

ATF6 1.09±0.23 0.93±0.31 1.27±0.87 0.91±0.98 1.08±0.68 1.06±0.85 
 

a
Impact on gene expression of selected genes, obtained by RT-qPCR from Caco-2/HT29-

MTX cells exposed for 6 h or 48 h to 50 µg/mL of TiO2 particles. Results are expressed as 

fold-increase above the control (unexposed cells) and expressed as average ± standard 

deviation. *p<0.05 (indicated in bold), exposed vs control, n=3. 
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Figure 1. Proportion of Caco-2 and HT29-MTX cells in the co-culture. FACS analysis of 

Caco-2-GFP/HT29-MTX co-culture immediately after seeding (A), or 6 h (B), or 48 h (C) or 

72 h (D) after seeding. Proportion of green fluorescent cells to non-fluorescent cells (E), 

reflecting the proportions of Caco-2-GFP and HT29-MTX cells. Results are expressed as 

percentage (%) of each cell type (Caco-2-GFP: white and HT29-MTX: grey), presented as 

average ± standard deviation, *p < 0.05, 6 h or 48 h or 72 h vs. time point 0, n=3. 
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Figure 2. Impact of TiO2 particles on cell viability. Cell metabolic activity, reflecting 

viability, was probed with the MTT assay in Caco-2/HT29-MTX cells after 6h and 48h of 

exposure to NM105 (A) and E171 food additive (B) at 20, 50, 100 and 200 µg/mL. Results 

are expressed as percentage (%) of the value obtained in control cells (unexposed cells), 

presented as average ± standard deviation, n=3. 
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Figure 3. Intracellular ROS content. ROS content was measured using DCFH-DA assay, in 

Caco-2/HT29-MTX co-culture exposed for 6 h, 24 h or 48 h to 50 µg/mL of A12 or NM105, 

or E171 (A), or to 10, 50 and 100 µg/mL of E171 (B). As positive control, cells were exposed 

for 24 h to 250 µM of KBrO3. ROS level is expressed as fold-change compared to ROS level 

in control cells. Average ± standard deviation. *p < 0.05, exposed vs. control, #p<0.05, 50 or 

100 µg/mL E171 vs. 10 µg/mL E171 n = 4. 
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Figure 4. DNA damage caused by TiO2 particles, assessed using alkaline and Fpg-modified 

comet assay. Cells were exposed to 50 µg/mL A12 or NM105 or E171 for 24 h, then DNA 

damage was investigated via comet assay. % tail DNA was measured; the alkaline version of 

this assay probes strand breaks and alkali-labile sites (SBs+ALB) the Fpg-modified version of 

this assay probes strand breaks, alkali-labile sites and Fpg-sensitive sites (SBs+ALB+Fpg), 

the level of Fpg-sensitives sites is calculated by subtracting % tail DNA obtained in the 

alkaline version of the assay from % tail DNA obtained in the Fpg-modified version (Net 

Fpg). Ribo/UVA: positive control for comet-Fpg assay, cells treated with riboflavin then 

exposed to UVA. MMS: positive control for alkaline comet assay, cells treated with 30 

µg/mL of methane methylsulfonate for 24 h. *p < 0.05, exposed vs. control, n=3. 
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Figure 5. Double strand break level was measured via 53BP1 immunostaining and foci count, 

using high content analysis. Double strand breaks in DNA were assessed via immunostaining 

and counting of 53BP1 foci, in control cells (A), cells exposed to 50 µM of etoposide (B), or 

50 µg/mL A12 (C) or NM105 (D) or E171 (E) for 24 h. Blue fluorescence corresponds to 

staining of nuclei, and green fluorescence corresponds to staining of 53BP1. Numbers of foci 

are summarized in graph (F). Results are expressed as average ± standard deviation. *p < 

0.05, exposed vs. control, n=5. 
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Figure 6. 8-oxo-dGuo level, measured via HPLC-MS/MS. Cells were exposed to 50 µg/mL 

A12 or NM105 or E171 for 6 h, 24 h or 48 h. As positive control, cells were exposed for 24 h 

to 250 µM of KBrO3. Results are expressed as average ± standard deviation. *p < 0.05, 

exposed vs. control, n = 3. 
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9. Supplementary materials 

Table S1. Interference of E171 with MTT assay
a 

 

 No centrifugation After centrifugation 

 A570 A650 A570-A650 A570 A650 A570-A650 

0 0.295 0.102 0.193 0.124 0.060 0.064 

1 mg/mL 1.363 1.137 0.226 0.130 0.074 0.056 

2 mg/mL 1.993 1.658 0.335 0.128 0.075 0.053 

3 mg/mL 2.203 1.841 0.362 0.122 0.076 0.046 

4 mg/mL 2.438 1.971 0.467 0.170 0.108 0.062 

5 mg/mL 2.625 2.099 0.526 0.394 0.252 0.142 

 

a
Interference with MTT assay was assessed as follows: control Caco2/HT29-MTX cells (not exposed 

to E171 or TiO2-NPs) were incubated with MTT for 1 h at 37°C. The exposure medium was then 

replaced by 100 µL of DMSO and agitated for 5 min in order to lyse the cells and release formazan. 

After agitation, this solution was mixed with 0, 1, 2, 3, 4, or 5 mg/mL of E171. Absorbance was 

measured at 570 nm (A570) and corrected via subtraction of background absorbance at 650 nm 

(A650). These values are indicated in the columns “No centrifugation”. The plate was then centrifuged 

for 5 min at 200 rcf, and 50 µL of each well was transferred to a clean well. Again, absorbance was 

measured at 570 nm (A570) and corrected via subtraction of background absorbance at 650 nm 

(A650). These values are indicated in the columns “After centrifugation”. In the non-centrifuged 

wells, A570-A650 gradually increases with increasing concentrations of E171. Conversely, when 

centrifugation was applied, A570-A650 did not increase. We therefore conclude that using an 

additional step of centrifugation at the end of the classical MTT protocol, is sufficient to avoid 

interference of E171. This conclusion is valid for concentrations of E171 from 1 to 3 mg/mL.  
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Table S2. Interference of TiO2 with DCFH-DA
a
 

 

 Caco-2/HT29-MTX No cell 

 No DCFH-DA DCFH-DA DCFH-DA 

Control 17.2±0.3 11643.2±937.7 2.6±0.1 

A12 50 µg/mL 14.6±0.3 11992.4±1213.5 3.3±0.0 

P25 50 µg/mL 14.6±0.9 16646.6±607.0 3.4±0.2 

E171 10 µg/mL 17.1±1.3 14673.4±1454.1 2.7±0.2 

E171 50 µg/mL 16.5±0.5 14940.1±1697.9 3.2±0.3 

E171 100 µg/L 14.1±2.3 18843.0±2751.2 4.1±0.1 

 

a
Potential interference of TiO2 particles with the DCFH-DA assay was tested by measurement of DCF 

fluorescence, either in cells exposed to particles but not to DCFH-DA (“Caco-2/HT29-MTX; No 

DCFH-DA”), or in cells exposed to particles and to DCFH-DA, using the same protocol as in Figure 2 

(“Caco-2/HT29-MTX; DCFH-DA”). Fluorescence was also measured on particle suspensions to 

which DCFH-DA was added (“No cell; DCFH-DA”).
 
Fluorescence was measured with excitation at 

480 nm and emission at 530 nm, cutoff 515 nm. 
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Table S3. Sequences of qPCR primers 

 

 Forward primer Reverse primer 

Oxidative stress 

CAT 5’-AGC-TTA-GCG-TTC-ATC-CGT-GT-3’ 5’-TCC-AAT-CATC-CGT-CAA-AAC-A-3’ 

GSR 5’-GAT-CCC-AAG-CCC-ACA-ATA-GA-3’ 5’-CTT-AGA-ACC-CAG-GGC-TGA-CA-3’ 

SOD1 5’-AGG-GCA-TCA-TCA-ATT-TCG-AG-3’ 5’-ACA-TTG-CCC-AAG-TCT-CCA-AC-3’ 

SOD2 5’-TCC-ACT-GCA-AGG-AAC-AAC-AG-3’ 5’-TCT-TGC-TGG-GAT-CAT-TAG-GG-3’ 

NRF2 5’-CAG-TCA-GCG-ACG-GAA-AGA-GT-3’ 5’-ACC-TGG-GAG-TAG-TTG-GCA-GA-3’ 

Endoplasmic reticulum stress 

GRP78 5’-GGT-GAA-AGA-CCC-CTG-ACA-AA-3’ 5’-GTC-AGG-CGA-TTC-TGG-TCA-TT-3’ 

CHOP 5’-TGG-AAG-CCT-GGT-ATG-AGG-AC-3’ 5’-TGT-GAC-CTC-TGC-TGG-TTC-TG-3’ 

IRE1 5’-AGA-GAG-GCG-GGA-GAG-CCG-TG-3’ 5’-CGA-GGA-GGT-GGG-GGA-AGC-GA-3’ 

sXBP1 5’-GCA-GGT-GCA-GGC-CCA-GTT-GT-3’ 5’-TGG-GTC-CAA-GTT-GTC-CAG-AAT-GC-3’ 

ATF-6 5’-CCA-GCA-GCA-CCC-AAG-ACT-CAA-ACA-3’ 5’-GTG-TGA-CTC-CCC-CAG-CAA-CAG-C-3’ 
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Figure S1. Interference of TiO2 particles with the MTT assay. TiO2 may interfere with the MTT assay 

due to their opacity, which impairs proper absorbance measurement. To get rid of this optical 

interference, plates were centrifuged to allow particles to settle down. Then 50 µL of supernatant from 

each well was transferred to a clean plate, absorbance was measured and normalized to the values 

obtained in controls (unexposed cells). Measurement was performed on Caco-2 (A), HT29-MTX (B) 

or the Caco-2/HT29-MTX coculture (C), exposed to 25-200 µg/mL of E171. 
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