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A B S T R A C T   

The potential genotoxicity of titanium dioxide (TiO2) nanoparticles (NPs) is a conflictive topic because both 
positive and negative findings have been reported. To add clarity, we have carried out a study with two cell lines 
(V79–4 and A549) to evaluate the effects of TiO2 NPs (NM-101), with a diameter ranging from 15 to 60 nm, at 
concentrations 1–75 μg/cm2. Using two different dispersion procedures, cell uptake was determined by Trans-
mission Electron Microscopy (TEM). Mutagenicity was evaluated using the Hprt gene mutation test, while 
genotoxicity was determined with the comet assay, detecting both DNA breaks and oxidized DNA bases (with 
formamidopyrimidine glycosylase - Fpg). Cell internalization, as determined by TEM, shows TiO2 NM-101 in 
cytoplasmic vesicles, as well as close to and inside the nucleus. Such internalization did not depend on the state 
of agglomeration, nor the dispersion used. In spite of such internalization, no cytotoxicity was detected in V79–4 
cells (relative growth activity and plating efficiency assays) or in A549 cells (AlamarBlue assay) after exposure 
lasting for 24 h. However, a significant decrease in the relative growth activity was detected at longer exposure 
times (48 and 72 h) and at the highest concentration 75 µg/cm2. When the modified enzyme-linked alkaline 
comet assay was performed on A549 cells, although no significant induction of DNA damage was detected, a 
positive concentration-effects relationship was observed (Spearman’s correlation = 0.9, p 0.0001). Furthermore, 
no significant increase of DNA oxidized purine bases was observed. When the frequency of Hprt gene mutants 
was determined in V79–4 cells, no increase was observed in the exposed cells, relative to the unexposed cultures. 
Our general conclusion is that, under our experimental conditions, TiO2 NM-101 exposure does not exert 
mutagenic effects despite the evidence of NP uptake by V79–4 cells.   

1. Introduction 

The use and applications of nanoscale materials or nanoparticles 
(NPs) have exponentially expanded in different fields. NPs can display 
physicochemical properties (e.g. optical, magnetic, electrical, etc.) 
which make them particularly suitable in many sectors, such as medi-
cine [1,2], textiles, agriculture, and cosmetics, as well as in the food 
industry and food packaging [3,4]. Due to their ability to confer opacity 
and whiteness, titanium dioxide (TiO2) NPs are among the most used 
NPs in cosmetics as a UV filter and in the food industry as food additives 
[5,6]. TiO2 NPs were authorized as a food additive (E171) in the EU 
according to Annex II of Regulation (EC) No 1333/2008. TiO2 E171 

contains at most 50% of particles in the nano range (i.e. less than 100 
nm), to which consumers are daily exposed. Hence, concerns have been 
raised about its safety when included in cosmetics or in food as an ad-
ditive. TiO2 is considered as a non-soluble metal, and the potential 
mechanism of cytotoxicity induced by the non-soluble metal oxide NPs 
is a subject of current controversy [7]. Recently, and after conducting a 
review of all the relevant available scientific evidence related to the 
ingestion of TiO2 NPs as food additive, the European Food Safety Au-
thority (EFSA) published an updated opinion on safety of the TiO2 NP 
food additive E171 where several studies on in vitro genotoxicity were 
included. The EFSA panel concluded that a concern for genotoxicity of 
TiO2 NPs cannot be ruled out. Thus, TiO2 NPs can no longer be 
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considered as safe when used as a food additive [8]. This consideration 
was not related to other uses of TiO2 NPs such as in cosmetics and 
biomedicine, which supports the need for further (geno)toxicological 
investigations using a wide variety of cell models [8]. On the other hand, 
the Health Canada Food Directorate has recently conducted its own 
comprehensive review of the available science and concluded the con-
trary. No health effect issues related the use of TiO2 NPs as food additive 
were found, implying its safety [9]. The review pointed out that many of 
the studies raising concern about the safety of TiO2 NPs, including the 
concern for genotoxicity, used forms of TiO2 that are not considered 
acceptable for its use in food, and that have different properties from 
those of food-grade TiO2. Consequently, further studies have been pro-
posed [9]. The TiO2 NP has also been evaluated by Scientific Committee 
for Consumer Safety (SCCS) for use in cosmetic products that lead to 
exposure by inhalation and was considered not safe [10]. TiO2 is pres-
ently under evaluation by the Scientific Committee on Health, Envi-
ronmental and Emerging Risks (SCHEER) for toys that include also TiO2 
NPs. 

In vitro genotoxicity studies are important in the safety assessment of 
new compounds and products including NPs [11]. Genotoxicity is linked 
to several adverse outcomes including cancer [12]. From the regulatory 
perspective, genotoxicity testing requires a battery of tests addressing 
these different genotoxic and mutagenic endpoints, since no single 
method can detect all different forms of genome damage including DNA 
lesions, mutations, or chromosome aberrations [13–15]. Although there 
are many reports of potential genotoxic effects of TiO2 NPs at the levels 
of both DNA damage (by the comet assay) and chromosome (micronu-
cleus or chromosome aberration tests) [8], few studies have been con-
ducted to investigate the ability of TiO2 NPs to induce gene mutation. 
Therefore, we believe that providing mutagenicity data following OECD 
TG 476, and genotoxicity data obtained with the comet assay, is highly 
valuable in a weight-of-evidence evaluation for the human health risk 
assessment of TiO2 NPs. 

Gene mutations can either be point mutations or frameshift muta-
tions where several base pairs can be affected [16]. The in vitro 
mammalian HPRT gene mutation test (OECD TG 476) is a conventional 
assays for gene mutation detection. The assay has been validated for use 
as a component of the genotoxic testing battery, which is used for 
evaluating the mutagenic/carcinogenic potential of chemicals. It has 
also been included in the testing battery for NP hazard assessment. The 
mammalian gene mutation assay is part of the risk assessment strategy 
for safety assessment of NPs as the Ames test is not suitable for testing 
NPs due to bacterial cell wall and size of bacteria [10,17]. 

As both positive and negative results have been obtained with TiO2 
NPs, our aim was to investigate mutagenicity and genotoxicity of one of 
the reference TiO2 NPs from the European Commission Joint Research 
Center (JRC) repository (NM-101) with a diameter ranging from 15 to 
60 nm, to add clarity to our present knowledge. We have selected the 
Chinese hamster lung fibroblast cells V79–4 as these cells are the rec-
ommended cell line by the OECD TG 476 and have a good uptake of 
nanomaterials [16]. To better understand the interaction of NPs with 
cellular matter and the observed effects, a confirmation of cellular up-
take when testing NPs is a requirement. 

In the present study, we assessed the mutagenic potential of (NM- 
101), employing different assays to better understand the mechanism of 
action. Moreover, we aimed to study whether the dispersion protocol 
interfered in the cell-NP interaction and outcomes. To study mutations 
induced by NPs, we used the V79–4 cells following the test guideline 
OECD 476 [18]. For the genotoxicity testing by the comet assay we used 
the human lung epithelial cell line (A549) as a representative and 
validated cell model for nanotoxicology studies [19–21]. With this cell 
line we have tested at least 50 NPs, among them eleven TiO2 NPs, within 
several EU projects (FP6 NanoTEST, FP7 NANoREG, H2020, NanoREG2 
and HISENT), and we have confirmed the suitability of this cell model to 
screen for early signs of genotoxicity [20–24]. 

2. Material and methods 

2.1. Cell cultures 

The V79–4 adherent cells isolated from the lung of a normal Chinese 
hamster (male), were purchased from the European Collection of 
Authenticated Cell Cultures (ECACC, catalogue number 86041102). 
Cells were cultured in Dulbecco’s minimal essential medium (DMEM) 
D6046 (Sigma, Steinheim, Germany) supplemented with 10% (v/v) 
heat-inactivated fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) 
and 1% (v/v) penicillin-streptomycin (Gibco) at 37 ◦C in a 5% CO2 
humidified atmosphere. Cells were thawed and sub-cultured 2–4 times 
before use in the experiments, at an initial density of 2 × 105 cells/mL in 
vented T-75 cm2 flasks. The cells are used for cytotoxicity testing, by the 
RGA and PE assays, and for mutagenicity testing by the HPRT assay. 

The human lung epithelial cell line A549 was kindly provided by 
GAIKER within the FP7 NANoREG project. Cells were cultivated in 75 
cm2 culture flasks in Dulbeccós modified Eagle medium (DMEM, Sigma) 
supplemented with 9% fetal bovine serum (FBS) and penicillin (100 U/ 
mL) and streptomycin (100 µg/mL) and placed in a CO2 incubator at 
37 ◦C. Briefly, 1x104 cells were seeded into each well of 96-well plates. 
The cells were seeded and exposed in duplicate to increasing concen-
trations of TiO2 NM-101 for 3 or 24 h in a total volume of 200 μL per 
well. The cells are used for cytotoxicity testing by the AB assay and 
genotoxicity testing by the enzyme-modified comet assay. 

2.2. Physicochemical characterization of nanoparticles 

TiO2 NPs NM-101, an anatase nanopowder of nominal size 21 nm 
(15–60 nm), were obtained from the Joint Research Centre (Ispra, Italy). 
NM-101 was well characterized under the frame of the NANOGENOTOX 
EU project showing primary particle size of approximately 6 nm in 
dimeter when measured by transmission electron microscopy (TEM) in 
its dry form and showing an agglomeration behaviour that formed 
clusters of 55 nm [22]. Despite previous characterization, further 
confirmation of size and size distribution using nanoparticle tracking 
analysis (NTA) were carried out after NPs dispersion. The hydrodynamic 
size and size distribution of the NPs dispersions were analysed in stock 
dispersion and in cell culture medium (before, during, and after the 
exposure) by NTA using a NanoSight NS500 (Malvern Panalytical), 
which enables measurement of the size of particles from about 30 nm to 
1 µm. The instrument combines laser light scattering microscopy with a 
charge-coupled device (CCD) camera, which visualizes and records 
nanoparticles in dispersion. The hydrodynamic size was also measured 
using a DLS instrument and the sizes at 10 and 100 µg/mL are 152.2 ±
62.47 and 166.1 ± 12.55 respectively [22]. Other physicochemical 
properties were also investigated in the course of the NANoREG project 
and data on water solubility, PDI, zeta-potential are publically available 
via the EnanoMapper database and NANoREG results repository 
https://www.rivm.nl/en/international-projects/nanoreg. 

Within the NANoREG project, the presence of endotoxin contami-
nation of TiO2 NM- 101 was investigated and reported in NANoREG 
results repository and NANoREG deliverable 5.06 [25]. The endotoxin 
contamination was assessed following a modified version of the LAL 
assay adapted to NPs. The presence of endotoxin in the TiO2 NM-101 
core materials was considered low enough to allow further experimen-
tation [25]. 

2.3. TiO2 NM-101 dispersion and cell exposure 

Two different dispersion protocols were followed. The TiO2 NPs were 
dispersed either with or without the presence of serum in the stock so-
lution. This allows investigation of whether the aggregation/agglom-
eration and stability of the dispersion could influence TiO2 NPs observed 
effects. 
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2.3.1. Dispersion procedure 1 (DP1) 
Stock suspensions of TiO2 NPs at 5 mg/mL were freshly prepared for 

each experiment following the dispersion procedure DP1, developed as 
part of the FP7 project NanoTEST. Briefly, for 1 mL of stock suspension, 
5 mg of TiO2 NPs mixed with 1 mL of 10% foetal bovine serum (FBS, 
Gibco) in PBS (phosphate buffered saline) in a glass tube, was sonicated 
using an ultrasonic probe sonicator (Labsonic, Sartorius, Gottingen 
Germany) at 10% for 15 min 

2.3.2. Dispersion procedure 2 (DP2) 
The DP2 was developed under FP7 NANOGENOTOX project and 

adapted for the FP7 NANoREG project. A stock dispersion of 2.56 mg/ 
mL was prepared as described by the NANOGENOTOX protocol [26]. 
Briefly, the TiO2 NM-101 were first pre-wetted in 0.5% absolute ethanol 
and afterwards dispersed in Milli-Q water containing 0.05% bovine 
serum albumin (BSA). The obtained dispersion was sonicated using an 
ultrasonic probe sonicator (Labsonic P, 3 mm probe, from Sartorius 
Stedim Biotech, Göttingen, Germany) at 50% amplitude for 15 min on 
ice. The sonicator was previously calibrated, following the instructions 
provided by the NANOGENOTOX protocol to achieve an acoustic power 
of 7.35 ± 0.05 W [26]. 

From each resulting stock suspension, from each dispersion pro-
cedure, serial dilutions were made in cell culture medium to obtain the 
full range of NP suspensions, from (0.12–75 µg/cm2, which were then 
immediately added to cells. 

2.4. Cellular uptake measurement by transmission electron microscopy 
(TEM) 

Cellular uptake of TiO2 NPs was measured by TEM on the V79–4 
cells. The cells were grown on 6-well plates at a density of 1.75 × 105 

cells/well. Cells were exposed to TiO2 NPs dispersed according to DP1 
and DP2 (3, 10, 30 μg/cm2) for 24 h. At the end of the exposure time, 
cells were washed twice with 1x PBS, trypsinized with 1% trypsin-EDTA, 
collected in a 15 mL tube and centrifuged for 8 min at 1000 rpm. The cell 
pellet was fixed in 2.5% (v/v) glutaraldehyde (EM grade, Merck, 
Darmstadt, Germany) and 2% (w/v) paraformaldehyde (EMS, Hatfield, 
PA, USA) in 0.1 M cacodylate buffer at pH 7.4 (PB, Sigma-Aldrich, 
Steinheim, Germany), and processed following conventional proced-
ures, as previously described [22]. Samples were first post-fixed with 
osmium tetroxide, dehydrated in acetone, embedded in Epon, and 
finally polymerized at 60 ◦C, and cut with an ultramicrotome Leica EM 
UC6 using a diamond knife and mounted on copper grids. Before image 
acquisition, ultra-fine sections were stained using uranyl acetate and 
Reynolds lead-citrate solutions. All images were examined using a JEOL 
1400 (JEOL LTC, Tokyo, Japan) TEM at 120 kV equipped with a CCD 
GATAN ES1000W Erlangshen camera. 

2.5. The AlamarBlue assay 

AlamarBlue (AB) measures cytotoxicity through a colorimetric 
response to the intracellular reducing metabolism of living cells. The 
conversion of resazurin (oxidised form) to resorufin (reduced form) re-
sults in colorimetric and fluorescence changes; resazurin is blue and 

non-fluorescent whereas resorufin is red and highly fluorescent. The 
assay was performed as described in [20]. Briefly, after exposure of 
A549 cells to NPs (0.1–75 μg/cm2) cells were washed with 1x PBS and 
incubated for 3 h with fresh culture medium supplemented with 10% 
AlamarBlue, after which 100 μL of medium from each well were trans-
ferred to a 96-well black polystyrene microplates (duplicate or triplicate 
aliquots). Fluorescence (excitation 530 nm, emission 590 nm) was 
measured on a FLUOstar OPTIMA microplate reader. The apparent 
viability (assessed as metabolic competence) was calculated as relative 
fluorescence intensity (FU) of the exposed samples devided by negative 
control * 100. cChlorpromazine (CHL), 50 µM was used as positive 
control. Due to the optical properties of TiO2 NPs, controls for inter-
ference were also included. Briefly, cell-free wells were incubated with 
TiO2 NP concentrations for the same time as cell exposure before fluo-
rescence reading. The fluorescence readings are compared with the 
blank control samples (10% AB in cell culture medium without cells). 

2.6. The proliferation assay - relative cell growth activity (RGA) 

V79–4 cells were seeded on 12-well plates (1 × 105 cells per well) 
and incubated at 37 ◦C and 5% CO2. After 24 h, cells were exposed to 
TiO2 NPs for 24, 48, and 72 h at concentrations ranging from 0.12 to 75 
μg/cm2. At the end of the exposure period, medium was removed; cells 
were washed with 1x PBS, trypsinized and re-suspended in 1 mL me-
dium. Ten μL of the cell suspension was mixed with 10 μL 0.4% trypan 
blue (Invitrogen) and the percentages of living cells (unstained) and 
stained cells with damaged membranes were measured using a 
Countess™ Automated Cell Counter (Invitrogen). Measurements were 
performed immediately upon staining (for all three exposure times). 

Methyl methane sulfonate (MMS), 100 µM was used as positive control. 
RGA was calculated according to the following formula:   

2.7. The plating efficiency assay (PE) 

The plating efficiency assay using the V79–4 cells was conducted in 
parallel with the gene mutation assay. The cells were exposed to TiO2 
NPs for 24 h, washed and counted as described for the RGA assay. Then, 
50 cells per well were inoculated in 6-well plates (1 plate for each 
concentration tested) and left in an incubator at 37 ◦C for 10 days. The 
cells were then stained with 1% methylene blue (Sigma) and the number 
of colonies was counted manually. MMS, 100 µM was used as positive 
control. PE was calculated according to the following formula: 

PE =
number of colonies in exposed cultures

number of colonies in unexposed cultures
x 100 %  

2.8. DNA damage measured by the standard alkaline and enzyme- 
modified mini-gel comet assay 

The alkaline enzyme-linked version of the comet assay was per-
formed as described [20,27]. Briefly, A549 cells were seeded in 96-well 
plates (1 × 104 cells /well) for 24 h before exposure. On the day of the 
exposure, the cells were exposed to freshly dispersed TiO2 NPs for 3 or 
24 h. Depending on results of cytotoxicity tests, the highest concentra-
tions were in some cases omitted. At the end of exposure, cells were 
washed with 1x PBS, trypsinised and re-suspended in medium. 

RGA% =

(
number of living cells at day n

mumber of seeded cells at day 0

)
in exposed cultures

(
number of living cells at day n
number of seeded cells at day 0

)
in unexposed control cultures

x 100   
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Approximately 0.5 x 104 cells were transferred to a 96-well plate and 
mixed with low melting point (LMP) agarose (0.8% in PBS) at 37 ◦C. 
Drops of 10 μL were placed on previously pre-coated glass slides (0.5% 
normal melting point agarose). In our set-up, we used the format of 
12-gels per slide, with 2 gels per concentration. After 5 min at 4 ◦C, the 
slides were immersed into cold lysis solution (2.5 M NaCl, 0.1 M EDTA, 
10 mM Tris, 10% Triton X-100, pH 10) and incubated overnight. After 
lysis, slides were placed in cold alkaline solution (0.3 M NaOH, 1 mM 
EDTA, pH>12) and incubated for 20 min, followed by electrophoresis at 
1.25 V/cm for 20 min in a horizontal electrophoresis tank. Slides were 
then washed twice in PBS followed by water and allowed to dry. 

For visualization, the gels were stained with SYBRGold® (Invi-
trogen) diluted at 1 μL/mL in Tris-EDTA buffer (10 mM Tris–HCl, 1 mM 
Na2-EDTA, pH 7.5–8), covered with a coverslip and examined under a 
fluorescence microscope (Leica DMI 6000 B). Images of comets were 
scored using the Comet Assay IV software (Perceptive Instruments), 
calculating the median percentage of DNA in the tail from 50 comets per 
gel, as a measure of DNA strand breaks (SBs). 

For DNA base oxidation detection, a modified version of the comet 
assay protocol was applied by inclusion of a post-lysis incubation with 
DNA-formamidopyrimidine glycosylase (Fpg) that converts oxidized 
purines to strand breaks. After lysis, the slides were washed twice with 
Fpg buffer (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, 
pH 8.0) before incubation for 30 min at 37 ◦C in a humidified box with 
Fpg diluted in the Fpg-buffer. At the end of the enzyme incubation, the 
slides were transferred into alkaline electrophoresis buffer and pro-
cessed from this point as described above. NetFpg sites were calculated 
as the difference between % DNA in tail plus Fpg and % DNA in tail 
without Fpg. 

All experiments included positive and negative controls. As positive 
control for SBs, cells were treated with H2O2 (100 μM in PBS), for 5 min 
at 4 ◦C. For the DNA oxidized bases, cells were treated with the photo-
sensitizer Ro19–8022 (Hoffmann La Roche) at 2 μM in 1x PBS and 
irradiated with visible light (500 W halogen source, 30 cm from cells) 
for 5 min on ice. Additional controls to check for possible TiO2 NP 
interference with the assay were made. Briefly the highest concentration 
of TiO2 NPs to be tested was mixed with the cells from the negative 
control directly before embedding with agarose (no incubation or 
treatment). All slides were handled in parallel to the other slides as 
described above. To calculate the net Fpg-sensitive sites, the % of DNA in 
tail (without enzyme) was subtracted from the % of DNA in tail (with 
Fpg). 

2.9. The Hprt gene mutation assay using V79-4 cells (TG 476) 

The mammalian in vitro HPRT gene mutation test was carried out 
according to OECD test guideline TG 476 [18]. The day before exposure, 
the V79–4 cells were seeded on 6-well plates (1 × 105 cells per well) and 
incubated at 37 ◦C and 5% CO2. After 24 h, the cells were exposed to 
TiO2 NPs for 24 h, at concentrations 0.12, 0.6, 3, 15, and 75 μg/cm2. At 
the end of the exposure, the cell culture medium was removed, cells 
were washed, trypsinized and re-suspended in 2 mL medium. The cells 
were seeded back in ϕ100 mm Petri dishes (3 × 105 cells/Petri dish, 3 
dishes per sample to achieve approximately 106 cells per sample) and 
grown in complete culture medium for an additional 8 days. For cells to 
develop mutants, they were harvested twice in ϕ100 mm Petri dishes at 
days 6 and 8 in a selective medium containing 6-thioguanine (5 μg/mL, 
Sigma). The cells were then incubated for a further 10 days to allow 
formation of colonies. At the end of the incubation time, the mutant 
colonies were stained with 1% methylene blue and counted manually. 
Only colonies with a minimum of 50 cells were considered. The cell 
survival was assessed by the PE assay which was conducted in parallel as 
described in previous section 2.7. The viability of cells was determined 
at the time of each mutant harvest and calculated based on the number 
of colonies versus the number of inoculated cells. MMS (0.1 mM; 3 h) 
(Sigma) was used as positive control. 

Mutant frequency was calculated according to the following formula: 

Mutant frequency
(
x106)=

number of mutant colonies
number of colonies from untreated cells  

2.10. Statistical analysis 

For data normality we used D’Agostino-Pearson normality test and 
Shapiro-Wilk test. The comet assay, PE and mammalian gene mutation 
data passed the normality test without log-transformation. The Ala-
marBlue and RGA data sets passed the normality test after log- 
transformation. The one-way analysis of variance ANOVA test was 
used, followed by Dunnett́s multiple comparison test for the post hoc 
analysis. A correlation analysis of the genotoxic effects of the TiO2 NPs 
as a function of exposure concentration and effect (Pearson’s correla-
tion) was performed, followed by a linear regression analysis. Prism 9.0 
(GraphPad Software, San Diego, CA, USA) and Microsoft Excel 2013 
were used for statistics and mathematical analysis. Differences with 
p < 0.05 were considered statistically significant. 

3. Results 

3.1. TiO2 NM-101 characterization 

Several physicochemical properties related to the primary properties 
of the NM-101 NPs were collected. The characterization was carried out 
in the frame of the EU-FP7 NANOGENOTX and NANoREG projects. To 
fulfil the requirements of the project and also follow ECHA recommen-
dations when testing NPs [28], the secondary characterization (in me-
dium) was also conducted in dispersion stock as well as in cell culture 
medium at times 0, 3, and 24 h using NTA (Nanosight, Malvern Pan-
alytical) (Table 1). The size of NM-101 increased in the cell culture 
medium (DMEM) immediately after TiO2 NPs was dispersed. Aggrega-
tion was also seen in cell culture medium at 3 and 24 h measurement 
compared with the stock dispersion. 

Table 1 
Physicochemical parameters of the TiO2 NM-101. The listed analytical data were 
mainly generated by the EAHC NANOGENOTOX project, the EU FP7 project 
ENPRA, or retrieved from the (JRC) data-reports on OECD WPMNM.  

Primary characterisation 

Material Code NM-101 Shape (1-spherical, 
2-rod) 

1 

Class TiO2 BET3_SSA4 (m2/g) 316 
"Core material" TiO2 TGA5 (heating) Mass 

loss [wt%] 
8 

Polymorph anatase Catalyst/Impurity 
[wt%] 

0.4 

Product type powder associated 
inorganic/coating 

no 

XRD1 size [nm] 6.9 ± 5.9 Organic coat/ 
associated organics 

silanes, hexadecanoic and 
oxydecanoic acids 

TEM2 diameter 
(nm) 

6.0 ± 0.7 Aggregated (TEM/ 
SEM) 

yes 

Secondary characterisation (DP1) by NTA 
Size (nm) 

(Stock, 0 h) 
106.0 
± 8 

Size (nm) (DMEM, 
3 h) 

237.0 ± 96.0 

Size (nm) 
(DMEM, 0 h) 

121.0 
± 9 

Size (nm) (DMEM, 
24 h) 

167.0 ± 39.4 

Secondary characterisation (DP2) by NTA 
Size (nm) 

(Stock, 0 h) 
189.0 
± 53.1 

Size (nm) (DMEM, 
3 h) 

231.7 ± 5.0 

Size (nm) 
(DMEM, 0 h) 

175.5 
± 38.8 

Size (nm) (DMEM, 
24 h) 

182.0 ± 76.7 

1XRD, X-ray diffraction; 2TEM, Transmission electron microscope; 3BET, Bru-
nauer, Emmet and Teller (for the measurement of the specific surface NTA- 
Nanoparticle tracking Analysis 
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3.2. V79-4 cellular uptake and sub-cellular localization 

The potential cellular uptake and subcellular localization of the TiO2 
NM-101 in V79–4 cells was investigated and confirmed by TEM after 
exposures to 3, 10, and 30 µg/cm2, dispersed according to both DP1 and 

DP2 procedures (Fig 1). TEM images confirmed that after 24 h exposure, 
the TiO2 NPs were clearly taken up by V79–4 cells independently of the 
dispersion protocol used and the concentration applied. The TEM im-
ages show that TiO2 was mostly aggregated. After 24 h exposure, the 
TiO2 NP aggregates are observed outside the cells attached to the 

Fig 1. Representative TEM images after V79–4 Chinese hamster lung fibroblasts were exposed to 3, 10, and 30 μg/cm2 TiO2 NPs for 24 h. Untreated cells represented 
as negative control (A-C). V79–4 cells exposed to TiO2 NPs dispersed using protocol 1 (D-G.1). V79–4 cells exposed to TiO2 NPs dispersed using protocol 2 (H-M). 
N = nucleus; V = empty vesicles, M = mitochondria. Yellow asterisks indicate TiO2 NPs inside cell nuclei; green arrow indicates TiO2 NPs close or in direct contact 
with the nuclei membrane; and blue arrow indicate vesicles containing TiO2 NPs. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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cellular membrane, inside the cell cytoplasm near the membrane (inside 
cytoplasmic vesicles, vacuoles, endosomes, or lysosomes like struc-
tures), or attached to the nuclear membrane, as well as inside the nu-
cleus (Fig 1, L-M). 

3.3. Cytotoxicity testing by the RGA, PE, and AlamarBlue assays 

The cytotoxicity of NM-101 was measured by RGA% and PE% on 
V79–4 cells and by the colorimetric assay AlamarBlue on A549 cells. The 
RGA% was determined as the ratio of the number of living cells at 24, 
48, and 72 h in exposed versus unexposed cultures (Fig 2A). The PE% 
was determined as the ratio of the number of colonies in exposed cul-
tures versus unexposed (Fig 2B). TiO2 NPs were found to be non- 
cytotoxic by both RGA and PE assays in V79–4 cells (Fig 2). These re-
sults were similar to the observed effect on A549 cells using the AB assay 
after exposures lasting for both 3 or 24 h (Fig 3). However, TiO2 NPs 
exposure in the RGA assay lasting for 72 h caused a significant decrease 
of the RGA%, compared to untreated cells (Fig 2A). Treatment with CHL 
(for AlamarBlue) and MMS (for RGA and PE) resulted in significant 
positive effects (data not shown). 

3.4. Genotoxicity testing measured by the standard alkaline and enzyme- 
modified mini-gel comet assay 

The genotoxic potential of NM-101 was measured on A549 cells by a 
miniaturised version of the alkaline comet assay. Only concentrations 
consistent with below or equal to 60% viability were considered for 
evaluation of genotoxicity, to distinguish between true DNA damage and 
secondary damage due to cell death. DNA SBs and DNA oxidised bases 
(net Fpg sites) were measured as DNA tail intensity (%). The NM-101 did 
not exhibit any significant increase on DNA SBs (due to the high 
dispersion of the data) or oxidised bases after 3 or 24 h, but we found 
positive concentration-response relationship for SBs (Peasrson’s 
correlation= 0.85, p < 0.001) (Fig 4A). 

3.5. Mutagenic effect of NM-101 measured by the Hprt gene mutation 
assay using V79-4 cells 

In our study we assessed the potential mutagenicity of TiO2 NM-101 
in V79–4 cells in two independent parallel experiments and at two 
harvest time points. TiO2 dispersed according to both DP1 and DP2 
protocols was tested. The positive control MMS (0.1 mM for 3 h) 
induced a clear increase of Hprt mutant frequencies 76.02 ± 19.24 per 
(x106 viable cells) that was significantly different form the negative 
control. The exposure to TiO2 NM-101 at all tested concentrations 3, 15, 
and 75 µg/cm2 did not induce any statistically significant increase in 
mutants frequency in V79–4 cells compared to the untreated cells. The 
lack of mutagenic effects was independent of the dispersion protocol 
followed (Fig 5). 

4. Discussion 

The safety of TiO2 NPs has been questioned on several occasions, and 
many genotoxicity studies have been conducted, but with conflicting 
results [29]. According to extensive EFSA evaluation [8], the use of TiO2 
NPs (E171) as food additive is not safe due to uncertainty and mode of 
action involved (threshold or non-threshold). Additionally, SCCS, in an 
opinion on the use of TiO2 NPs for use in cosmetic products that lead to 
exposure by inhalation, also considered TiO2 NP not safe [30]. 

In our study, we tested one JRC TiO2 NP (NM101, an anatase form 
known to be hardly soluble or even insoluble). We have used a battery of 
assays covering a range of endpoints: cytotoxicity (RGA, PE, and AB 
assays), genotoxicity for DNA damage (both SBs and oxidized bases by 
the comet assay), and gene mutation by using the Hprt assay. We have 
also tested TiO2 NPs dispersed by following two different methods. The 
two dispersion methods seemed not to differ from each other when 

Fig 2. Cytotoxic effects of NM-101 on V79–4 cells after exposure to different concentrations of NM-101 measured as relative growth activity (RGA) (A & B) and 
plating efficiency (PE) (C). The RGA experiments were carried out after 24, 48, and 72 h of exposure to TiO2 NPs (DP1) (A) and exposure to TiO2 NPs (DP2) (B) 
where cell number was counted in each time point immediately following staining. For the PE assay (C), immediately after the exposure TiO2 NPs, 50 cells per dish 
were inoculated and the number of cell clones was calculated after 10 days of incubation. Data represent cytotoxicity relative to 100% of control and are expressed as 
mean ± SD of two independent experiments. *a statistically significant (p < 0.05) difference from the unexposed (control) cells. DP1 – dispersion protocol 1; DP2- 
dispersion protocol 2. 

Fig 3. Cell viability measured as fluorescence intensity (%) after metabolic 
fluorescence activation in viable cells by the AlamarBlue assay after exposure of 
A549 cells to TiO2 NM-101 (DP2) for 3 or 24 h. The results are shown as the 
mean ± SD from three independent experiments. For each experiment, expo-
sure was performed in duplicates and from each well three replicate wells for 
reading of fluorescence were applied. Cell viability is presented as relative to 
negative control, set to 100%. h, hours; SD, standard deviation. 
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comparing toxicity measured by the RGA and PE assays, nor by their 
mutagenic effect in the Hprt assay. Our results show that TiO2 NPs were 
non-cytotoxic in the RGA and PE assays using V79–4 cells, nor in the 
AlamarBlue assay in A549 cells, which agrees with the work published 
by Garcia-Rodriguez et al., where the same TiO2 NPs were tested after 
24 h exposure using two lung-model cells (A549 and Beas-2B) [22]. A 
non-cytotoxic effect was also obtained after exposure of V79 cells to 
NM-101 using the MTT assay (NANoREG Deliverable 5.06, Page 80 of 
105). However, exposures lasting for 48 and 72 h caused a significant 
decrease in the RGA%. Thus, there is a concentration and 
time-dependent effect of exposures lasting up to 72 h, as previously 
described [31]. There are many studies showing DNA-damaging effects 
of TiO2 NPs [20, 21, 32–34]. In another study, six TiO2 NPs with 
different physicochemical properties were tested under the same 

experimental conditions using the modified comet assay and the out-
comes on DNA damage (both SBs and oxidized lesions) were different, 
NM-101 giving equivocal results and NM-100 being the most genotoxic 
[21]. In the present study of TiO2 NM-101 with the comet assay, there 
was no significant increase in SBs compared to the negative control (due 
to the high variability of the obtained data) nor in oxidised bases (Fpg 
sites), but a positive concentration-response relationship was seen for 
SBs. In the study by Rodriguez et al., equivocal data on SBs and no 
oxidative damage were observed in both A549 and Beas2B, Beas2B cells 
being less sensitive than A549 [22]. A study in BEAS-2B showed that the 
effects of TiO2 were associated with the shape and only those forms that 
were clearly internalized into cells (food grade, P25, and platelets) were 
able to induce genotoxicity [35]. 

It is well accepted that the cellular toxicity of NPs is strictly related to 
their physicochemical properties such as size, shape, stability, mode of 
synthesis, and surface chemistry [23, 36–38] and depends also on their 
uptake by cells [39]. Once endocytosed, slightly soluble or insoluble 
nanoparticles could either accumulate in the acidic endo-lysosomal or-
ganelles or leave the cell by exocytosis [40]. In addition to NPs’ crys-
tallinity and solubility properties, particle size is an important factor for 
determining toxicity. It has been shown that big NPs (or agglomerated 
particles) dissolve more slowly than small sized particles [41]. This is 
mainly due to the endocytosis phenomenon which is size dependent [40, 
42]. The cellular uptake was found to be kinetically activated and 
strongly dependent on agglomeration state and not on the primary 
particle size. It is important to consider the role of the proteins present in 
the culture medium that can join to the NPs forming a corona that can 
modulate the uptake efficiency [43–45]. According to our NTA and TEM 
analysis, TiO2 NP size increased after dispersion in cell culture medium, 
by both dispersion methods, and the NPs were present in the cells mainly 
in the form of aggregates/agglomerates. Also, Jalili et al., (2022) 
observed accumulation of very large aggregates occupying the cyto-
plasm of Caco2 and HepaRG cells after both chronic and long-term 
exposure to the JRC rutile TiO2 NM-103 and NM-104. They also 
observed that after a week of recovery (after 24 h exposure), the TiO2 
NPs were still present inside the cells [46]. 

In our study, we found TiO2 NPs attached to the cellular membrane, 
inside the cell in cytoplasmic vesicles near the membrane, in vacuoles, 
endosomes, or lysosome-like structures that were in close proximity to 
the nuclear envelope, attached to the nuclear membrane, as well as in-
side the nucleus. Other studies on TiO2 NPs also showed the presence of 

Fig 4. DNA strand breaks (SBs) measured by the standard alkaline comet assay (A) and oxidised purine bases (B) measured by the enzyme (formamidopyrimidine 
glycosylase – Fpg) modified comet assay in A549 cells after the exposure to TiO2 NM-101 (DP2) for 3 or 24 h. The effect is expressed as tail intensity (%). Three 
independent experiments were performed with duplicate wells for each exposure. The results are shown as mean of the median of duplicate wells from each of the 
three experiments ± SD. h, hours; SD, standard deviation. Net Fpg sites, was estimated as Fpg sensitive sites detected after Fpg incubation minus SBs (no enzyme 
incubation). Hydrogen peroxide (100 µM, 5 min in PBS), a positive control for SBs gave 64.63% DNA in tail, Ro-198022 photosentizer with UV light (2 µM) a positive 
control for oxidised DNA lesions (netFpg) gave 51.02% of DNA in the tail. 

Fig 5. Induction of Hprt gene mutants after the exposure of V79–4 cells to 
different concentrations of TiO2 NPs for 24 h. The mutant frequencies per 106 

viable cells (MF%) are expressed as the mean±SD of two independent harvests. 
SD, standard deviation; DP1, dispersion protocol 1; DP2, dispersion protocol 2; 
h, hours. Mutant frequency in cells treated with the positive control methyl-
methane sulfonate (MMS, 100 mM) gave 76 per 106 Hprt gene mutants per 106 

viable cells. This value is indicated as a dotted line. Dunnett test 
* * p < 0.1, * ** p < 0.01. 
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TiO2 NPs in the nucleus either as single particles or as agglomerates 
[47–53]. Ahlinder et al. (2013) demonstrated nuclear uptake by two 
techniques – TEM and Raman spectroscopy. In addition, TiO2 NPs were 
identified in the nuclei closely associated with the phosphorus-positive 
chromatin signal [52]. This indicates that the cells may use different 
mechanisms and molecular pathways of NPs internalization. One of the 
main mechanisms of cellular uptake is endocytosis [46]. According to 
our TEM images, we could consider both pinocytosis as well as phago-
cytosis as the mechanisms involved in the uptake. We observed highly 
ruffled regions of the cell membrane forming a pocket which then is 
released in the form of a vesicle with the aggregated TiO2 NPs inside. 
The cell membrane also creates pseudopodia or extensions of the cell 
membrane surrounding the aggregates before forming a phagocyte 
vesicle. Just beneath the plasma membrane we could also see early and 
late endosomes, as well as lysosome-like endosomes near the nucleus. 
TiO2 NPs may be transported to the cell nucleus through nuclear pores 
by passive diffusion, or by interaction with transport receptors [54,55]. 
How aggregates of NPs appear inside the nucleus is largely unknown. 
One possibility is that the process takes place during cell division [56]. 
Here we speculate that also fusion of nuclear membrane with a vesicle 
containing aggregates of TiO2 NPs could take place but to prove this 
further investigations are needed. Although the presence of TiO2 NPs 
inside the nucleus would suggest a potential source of DNA damage, 
only a concentration-response relationship in SBs and no DNA base 
oxidation were observed by the comet assay. No induction of gene 
mutation was observed when the presence of mutants in the Hprt gene 
was evaluated. It is important to indicate that, so far, only a few studies 
have been conducted on the mutagenic effect of TiO2 NPs, and most of 
them reported negative results. The negative effects on the gene muta-
tion assay in our study are similar to those reported previously by other 
authors using the HPRT assay with V79–4 cells [53,57], or the mouse 
lymphoma assay [58]. Only two studies reported a positive effect using 
the HPRT assay in V79 cells after exposure lasting for only 2 h to one 
anatase TiO2 [51,59]. 

To sum up, many studies reported positive DNA damaging and 
clastogenic effects of TiO2 NPs [8,32,60] although some negative results 
were also reported [8,61,62]. We assume that the reasons for the 
different results among the various studies maybe related to different 
TiO2 NP species, experimental conditions and set up, or small variation 
in laboratory routines that may influence physicochemical properties of 
NPs before and during the treatment. Contradictory results are also 
typical for example for relatively week mutagens or compounds that can 
easily change their properties. 

Genotoxic damage has often been attributed to the generation of 
reactive oxygen species (ROS) [63,64]. Induction of ROS by NM-101 
was investigated within NANoREG project and no ROS production was 
observed compared to the positive control [25]. 

We can speculate that though generally the main mechanism of NPs 
genotoxicity is mostly indirect (through oxidative stress), direct mech-
anism of genotoxicity is also possible, as we found TiO2 NP agglomerates 
also in the nucleus. It is expected that larger agglomerates can destroy/ 
damage chromosomal (DNA) structures rather than causing gene 
mutations. 

Our results are in concordance with the recent EFSA evaluation that 
TiO2 NPs could have the potential to induce DNA strand breaks and 
chromosomal damage, but not gene mutations. 

5. Conclusion 

As a conclusion of our studies, negative gene mutation results (Hprt 
mutation test) were obtained. Additionally, no significant increase in 
DNA SBs, with only a concentration-response relationship, and no 
oxidized DNA bases (measured by the comet assay) were found after 
exposure to TiO2 NPs. It is important to point out that negative muta-
genicity was found even though efficient cellular uptake of TiO2 NPs was 
demonstrated. Importantly, such cellular uptake is not only confined to 

the cytoplasm, since TiO2 NPs are also observed inside the nucleus. 
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P. Cravedi, M. Carrière, J.N. Audinot, F.H. Pierre, L. Guzylack-Piriou, E. Houdeau, 
Food-grade TiO(2) impairs intestinal and systemic immune homeostasis, initiates 
preneoplastic lesions and promotes aberrant crypt development in the rat colon, 
Sci. Rep. 7 (2017) 40373. 

[53] A. Kazimirova, N. El Yamani, L. Rubio, A. Garcia-Rodriguez, M. Barancokova, 
R. Marcos, M. Dusinska, Effects of titanium dioxide nanoparticles on the Hprt gene 
mutations in V79 hamster cells, Nanomaterials 10 (2020). 
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