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A B S T R A C T   

The present study was aimed at investigating DNA damage, micronuclei frequency and meta-nuclear alterations 
in buccal cells of workers involved in pigment-grade TiO2 production (15 exposed and 20 not-exposed). We also 
assessed associations of genotoxicity biomarkers with oxidative stress/inflammatory biomarkers in urine and 
exhaled breath condensate (EBC), as well as possible associations between biomarkers and reported respiratory 
symptoms. In spite of compliance with TiO2 Occupational Exposure Limits, results showed increased direct/ 
oxidative DNA damage and micronuclei frequency in exposed workers. Genotoxicity parameters were associated 
with oxidative stress/inflammation biomarkers in urine and EBC, thus confirming that TiO2 exposure can affect 
the oxidative balance. Workers with higher genotoxic/oxidative stress biomarkers levels reported early respi-
ratory symptoms suggesting that molecular alterations can be predictive of early health dysfunctions. These 
findings suggest the need to assess early health impairment in health surveillance programs and to address 
properly safety issues in workplaces where TiO2 is handled.   

1. Introduction 

Titanium dioxide (TiO2) is a white, incombustible, odourless powder 
used as white pigment because of its brightness properties (Pelclova 
et al., 2017b). TiO2 is used in many different activities, such as paint 
production, medicine, agriculture, food and cosmetic industries (Bar-
anowska-Wójcik et al., 2020). Despite the promising commercial op-
portunities, scientific literature showed that TiO2 can induce adverse 
biological effects. Titanium dioxide (CAS No 13463–67–7) is classified 
in hazard class Carcinogenicity, category 2, by the European Chemical 
Agency (European, 2021) and by the International Agency for Research 
on Cancer (IARC) (IARC, 2010) - Class 2B - together with the hazard 
statement H351 – Suspected of causing cancer (inhalation), if present in 
the form of dust containing at least 1% of particles with an aerodynamic 
diameter of 10 µm or less. Moreover, the National Institute for Occu-
pational Safety and Health (NIOSH) assigned as potential occupational 
carcinogen the inhaled ultrafine TiO2 particles (NIOSH, 2011). 

Several in vitro studies evaluated the effects of TiO2 particles of 

different sizes highlighting that the physicochemical characteristics (i.e. 
size, crystallinity, shape and coating) could determine different adverse 
biological effects such as inflammation, cytotoxicity, genotoxicity and 
cell apoptosis (Gea et al., 2019; Park et al., 2014). Moreover, the results 
obtained in vivo showed the increase of the incidence of lung tumours in 
rats at high-dose of inhalation exposure (Heinrich et al., 1995; Lee et al., 
1985; IARC, 2010), although in some studies no differences in tumour 
development were observed between exposed and not-exposed rats 
(Muhle et al., 1991; IARC, 2010). 

Health effects of TiO2 represent an important issue especially in 
occupational environments accounting for the higher workers’ exposure 
than the general population. However, only few studies were carried out 
to analyse the different potential adverse biological effects of TiO2 in 
occupational settings. 

By analysing the exhaled breath condensate (EBC) of workers 
involved in TiO2 nanoparticles (TiO2-NPs) production and handling, 
Pelclova and collaborators found an increased levels of different 
oxidation biomarkers (e.g. malondialdehyde (MDA), 8-hydroxy-2- 
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deoxyguanosine (8-OHdG), o-tyrosine (o-Tyr)) that could reflect a 
possible early health effects on the respiratory tract (aPelclova et al., 
2016, 2017; bPelclova et al., 2017; Pelclova et al., 2015, 2016b). 
Moreover, some studies carried out on the same cohort (Buonaurio et al., 
2020; Cavallo et al., 2023; Ursini et al., 2021) have found an increase of 
titanium (Ti) and DNA oxidized bases in post-shift urine samples and the 
induction of genotoxic and cytotoxic effects in workers’ buccal cells and, 
to a lesser extent, in peripheral lymphocytes of exposed workers. Our 
previous investigation in a paint production plant revealed an increased 
oxidative stress markers in EBC of workers exposed to pigment-grade 
TiO2 indicative of subtle alterations of lung pathobiology (Bergama-
schi et al., 2022). 

The potential genotoxicity of TiO2-NPs in vitro has been investigated 
with the comet assay and the micronucleus test (Wani and Shadab, 
2020); these tests represent a useful tool to evaluate the adverse early 
health effects induced by several pollutants also in occupational settings. 
The comet assay measures the DNA-strand break in eukaryotic cell lines 
or in human biological samples (Singh et al., 1988; Tice et al., 2000). A 
test modification based on the addition of different enzymes (e.g. the 
formamidopyrimidine DNA glycosylase-Fpg enzyme) allows to obtain 
further information on the type of effect, such as DNA oxidative stress 
(Tice et al., 2000). Otherwise, the micronucleus test allows the detection 
of chromosome loss and chromosome breaks, i.e. a stabilized DNA 
damage (Fenech, 2000). The buccal micronucleus cytome (BMcyt) assay 
has become increasingly important since it allows to measure both the 
frequency of micronuclei and cell proliferation, cytokinesis defect, 
different stages of apoptosis and cell death in buccal cells. This method 
was widely used in biomonitoring of subjects exposed to different 
airborne genotoxic compounds, but the application in occupational 
settings remains limited (Bolognesi et al., 2013). 

Owing to the limited information available about the potential 
adverse health effects following TiO2 exposure in occupational setting, 
especially genotoxic effects, we planned a study aimed at quantifying 
the primary DNA damage, the oxidative DNA damage, the frequency of 
micronuclei and meta-nuclear alterations in oral mucosa cells in the 
same group of workers exposed to pigment grade TiO2 investigated in a 
previous study (Bergamaschi et al., 2022). To detect the genotoxic 
damage, we sampled the cells from oral mucosa, which are directly 
exposed to airborne harmful substances. This should allow to gather 
information on early changes occurring before possible systemic effects. 
Moreover, these cells can be easily collected by non-invasive sampling 
which is better tolerated by workers involved in the monitoring. 

We assessed the existence of a relationship between the results of 
genotoxicity tests and the level of pro-inflammatory cytokines (TNF-α, 
IL-10, IL-1ß), surfactant protein D (SP-D), Krebs von den Lungen-6- 
glycoprotein (KL-6) in EBC and of oxidative stress biomarkers (8-iso-
prostane and MDA) in urine of the same cohort of workers previously 
evaluated (Bergamaschi et al., 2022). To better understand the health 
significance of such biochemical changes, we also evaluated a possible 
association between biomarkers and respiratory symptoms recorded 
with a questionnaire. 

2. Materials and methods 

2.1. Study design and worker recruitment 

The study was approved by the Bioethical Committee of the Uni-
versity of Turin (Protocol number 256219/2019). The use of an 
informed consent explaining the methods and the objectives of the study 
was provided. 

The study was performed in a company involved in paint production 
located near Turin, North-West Italy. In this company 35 volunteer 
workers were recruited: 15 exposed involved in different production 
areas of the factory and 20 not-exposed workers (controls) belonging to 
administration, design and marketing office of the same factory. 

All male workers that subscribed the informed consent and provided 

all biological samples (buccal and salivary cells, urine and EBC samples) 
were involved in the study. These workers were the same considered in 
our previous work (Bergamaschi et al., 2022). 

Information about health status, the presence of acute and chronic 
illnesses, drug consumption, working history, living environments, 
smoking status, alcohol and food consumption, physical activity and 
other lifestyle habits of all participants were collected with a 
questionnaire. 

2.2. Air monitoring 

By a site visit, we identified different areas of the factory, corre-
sponding to specific operations: 1) water-based paints and storage; 2) 
enamels and solvents; 3) quality control laboratory; 4) packaging; 5) 
warehouse and 6) administrative office. Among these, we selected the 
areas characterised by greater production activity for environmental 
sampling (water-based paint system, automatic bin filling, mixing and 
dispersion), whereas the administrative office was considered for envi-
ronmental background (outside the production area). 

The environmental air sampling strategy, along with the results, are 
described in detail in our previous publication (Bergamaschi et al., 
2022). Briefly, air sampling near the main processing areas was per-
formed with Air Check Touch fixed cyclone head samplers (SKC, PA) 
equipped with polycarbonate filters (0.2 µm cut-off). Respirable dusts 
(mg/m3 8 h-TWA) and respirable TiO2 (µg/m3 8 h-TWA) were quanti-
fied in the different areas. Moreover, the physicochemical characteris-
tics (shape, size, crystalline form and reactivity) of the powders 
containing TiO2 handled by the workers were analysed as reported in 
Bergamaschi et al. (2022). The powders containing TiO2 were reported 
to be 100% rutile, i.e. less reactive and hazardous compared to anatase 
(Bergamaschi et al., 2022). 

2.3. Biological sampling for BMCyt assay and comet assay 

The exfoliated epithelial buccal cells for BMCyt assay were collected 
by softly scraping of both cheeks with a toothbrush, after accurate 
washing of mouth with water. The toothbrush was immediately 
immersed in Saccomanno fixative (50% ethanol and 2% polyethylene 
glycol in water) and shaken to allow the epithelial buccal cells detach-
ment from toothbrush. Samples were transported to the laboratory, 
where they remained for at least 24 h at + 4 ◦C. Cells were centrifuged 
(500 x g, 10 min) and washed twice in PBS (+ 4 ◦C, pH 7.3). Cell sus-
pension was filtered with 100 µm nylon filter and centrifuged. Pellet 
obtained was resuspended in PBS (+ 4 ◦C). Cells were then immersed in 
methanol and glacial acetic acid (1:1) and sent refrigerated overnight at 
Cytogenetics Laboratory at the Unit of Public Health, University of 
Perugia, for slide preparation and scoring. 

Salivary leucocytes for comet assay were collected with mouth 
washing with 0.45% sterile saline solution after accurate washing of 
mouth with water. The content of the mouth was collected in 0.9% 
sterile saline solution and transported to laboratory (+ 4 ◦C), and 
immediately processed. 

Samples were centrifuged (1100 x g, 10 min) and pellets were 
resuspended in PBS (+37 ◦C). Cell suspension was centrifuged (44 x g, 
10 min); supernatant was collected and centrifuged (1100 x g, 10 min). 
Afterwards, pellet was resuspended in 1 ml of PBS (+ 37 ◦C). An amount 
of 2.4 × 104 - 3.0 × 104 was collected and used for comet assay. 

2.4. Buccal micronucleus cytome assay (BMCyt assay) 

The BMCyt assay was carried out according to Thomas and Fenech 
(2011). Two slides were prepared for each subject. Cell suspension (~1 
×105 cells) was drip onto microscope slides. Slides were fixed 1 min in 
50% ethanol and 1 min in 20% ethanol, washed with water and then 
immersed for 30 min in HCl 5 M. Slides were washed in distilled water 
and stained with Schiff’s Reagent (60 min). Then, slides were 
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counterstained with 0.2% Light Green (30 s), washed with distilled 
water, air-dried and mounted with DePex solution and let dry overnight. 

Scoring was blinded and a fixed number of differentiated cells (DC) 
were counted (minimum of 1000 cells/slide for micronuclei and nuclear 
buds; minimum of 500 cells/slide for all the other parameters) in order 
to establish frequency of various types of cells. Abnormalities related 
with cell death and nuclear abnormalities (related to chromosomal 
instability or DNA damage) were categorised according to the criteria 
established by Bolognesi et al. (2013). Micronuclei (MN) and nuclear 
buds (NBUD) were scored to measure chromosomal and DNA damage, 
respectively. Cell proliferation was assessed with basal cells (BC) count, 
cytokinesis defect (cytotoxicity) was quantified with binucleated cells 
count (BNC), apoptosis stages and cell death were considered with 
condensed chromatin cells (CCC), karyorrhectic (KHC), pyknotic (PYK) 
and karyolytic (KYL) cells count. 

2.5. Comet assay on salivary leucocytes 

The comet assay (pH>13) for detection of primary DNA damage was 
carried out according to Tice et al. (2000) with slight modification 
(Bonetta et al., 2019). 

Briefly, cell suspension (2.4 ×104 - 3.0 ×104 cells) was mixed with 
0.7% low melting agarose (LMA) and an aliquot were laid on frosted 
microscope slides (covered previously with 1% normal melting agarose 
(NMA) in PBS and left overnight at room temperature) and covered with 
a coverslip. Slides were left at + 4 ◦C for 10 min for LMA solidification. 
Then another layer of 70 µL of LMA was placed and left at + 4 ◦C for 10 
min. Slides were placed at + 4 ◦C overnight in lysis solution. Afterwards, 
slides were immersed in electrophoresis buffer (20 min) and undergone 
to electrophoresis in the same buffer (20 min, 1 V/cm and 300 mA). 
Subsequently, slides were immersed in neutralization buffer (3 min), 
fixed (ethanol 70%) and air-dried overnight. 

The modified version of comet assay (+ formamidopyrimidine-DNA 
glycosylase enzyme Fpg) for detection of oxidative DNA damage was 
carried out according to Bonetta et al. (2009) with slight modification 
(Gea et al., 2019). Briefly, the test was performed as previously 
described but, after lysis, the slides were washed with Fpg buffer (5 min, 
three times). Then, each slide was exposed at 1 unit of Fpg enzyme or 
Fpg buffer (procedure control slides) (37 ◦C, 30 min) and undergone to 
electrophoresis as described before. 

For the DNA damage quantification, the slides were stained with 
ethidium bromide (20 µg/ml) and the percentage of DNA in tail (% of 
tail intensity) was estimated using a fluorescence microscope (Axioskop 
HBO 50, Zeiss) furnished with the Comet Assay IV analysis system 
(Perceptive Instruments, Instem). The DNA damage, expressed as % of 
tail intensity (%TI), was evaluated in 100 cells for each subject. 

The oxidative DNA damage was obtained by subtraction of %TI in 
procedure control slides from the %TI in enzyme-treated slides. 

2.6. Oxidative and inflammatory biomarkers in urine and EBC 

As previously described by Bergamaschi et al. (2022), the EBC and a 
spot sample of urine were collected for the measurement of both 
oxidative stress and inflammation biomarkers. Several compounds were 
analysed as biomarkers of early and subclinical effects in EBC (TNF-α, 
IL-1ß, IL-10, SP-D, KL-6) and in urine (8-isoprostane, MDA), in order to 
evaluate the inflammatory and oxidative stress profile of the subjects. 
The levels of biomarkers measured in urine and EBC of workers were 
reported in our previous study (Bergamaschi et al., 2022). In the present 
study, the results of these biomarkers were considered to investigate a 
possible association with the genotoxic and oxidative damage. 

2.7. Statistical analysis 

All analyses were carried out using the STATA 16.1 software (Sta-
taCorp LLC: College Station, TX, USA). The normality of data was 

checked through the Kolmogorov–Smirnov’s test while the Levene’s test 
was used to evaluate the homogeneity of the examined population. As 
the statistical distribution of the quantitative parameters was found to 
be non-Gaussian (Kolmogorov-Smirnov’s test), non-parametric tests 
were used to assess between group differences (Mann-Whitney U-test, 
Spearman’s correlations test). Two-sided p value < 0.05 was considered 
to indicate statistical significance. Association between the presence of 
respiratory symptoms, DNA damage and oxidative stress biomarkers 
was investigated by binary logistic regression analysis model, adjusted 
for smoking habit and working exposure. Results were reported as odds 
ratios (ORs) with 95% confidence intervals (CIs). 

3. Results and discussion 

3.1. Environmental airborne dust sampling 

The environmental samplings were carried out in the following 
sampling points: water-based paint area, automatic bin filling area, 
mixing and dispersion area and administrative office (Table S1). 

The highest values of respirable dusts and Ti were observed in the 
production areas (0.137 mg/m3 and 0.114 µg/m3, respectively), 
whereas the lowest in the administrative office (0.033 mg/m3 and 0.013 
µg/m3, respectively) (Bergamaschi et al., 2022). These results are in 
accordance with the trend reported in other studies, although the Ti 
levels detected in the present study (range of 0.013–0.114 µg/m3 as the 
weighted average concentration over an 8 h working time (8 h-TWA) in 
stationary samples) are lower than those measured in the other occu-
pational settings investigated. For instance, Peclova et al. (2015) re-
ported 0.65 and 0.40 mg/m3 of median total mass, whereas Ursini et al. 
(2021) measured an average airborne concentration of 0.16 mg/m3 and 
1.06 mg/m3 in the respirable and inhalable fractions, respectively. 
These findings can be attributed to the different occupational scenario 
studied, the formers being production plants, while the present study 
was carried out in a paint production company, where the workers’ 
exposure can mainly take place during handling in confined areas where 
TiO2 powder is added to the paint. The airborne TiO2 concentrations of 
respirable dusts confirm likewise the low contamination of the work-
place: the values did not exceed the exposure limit of 2.4 mg/m3 and 0.3 
mg/m3 recommended by NIOSH for fine (>100 nm) and ultrafine TiO2 
particles, respectively (NIOSH, 2011), nor 10 mg/m3 (TWA) limit value 
set by the ACGIH for fine TiO2 particles (ACGIH, 2001). 

Table 1 
General characteristics of the cohort investigated. Values are reported as mean 
± standard deviation (SD). No differences between the groups were found 
(Levene’s test for homogeneity of variance = not significant). All recruited 
workers were male.  

MAIN GENERAL CHARACTERISTICS OF THE POPULATION INVESTIGATED  

General 
Sample 

Exposed 
(N ¼ 15) 

Not 
Exposed 
(N ¼ 20) 

Levene’s 
test 

Height (cm) 
Mean þ SD 

174 ± 8.1 175 ± 8.9 173 ± 8 0.4 

Weight (Kg) 
Mean þ SD 

80.7 ±
14.5 

85.7 ±
14.5 

82.3 ±
13.6 

0.8 

BMI 
Mean þ SD 

26.6 ± 4.1 27.9 ± 3.5 26 ± 4.4 0.5 

Age (years) 
Mean þ SD 

47.3 ±
11.5 

48.7 ±
10.05 

45.9 ±
12.18 

0.2 

Working exposure 
(years) 
Mean þ SD 

13.8 ±
10.9 

14.3 ±
10.8 

13.5 ± 12 0.4 

Smoke habits 
[N.] 

YES 
9 

NO 
26 

YES 
6 

NO 
9 

YES 
3 

NO 
17 

0.1  
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3.2. Study population 

Table 1 summarizes the main characteristics of the study group, 
distinguished on the basis of TiO2 exposure. 

The two groups resulted homogeneous for their demographic char-
acteristics: indeed, no significant differences were observed, even 
considering the possible confounding factors, in particular smoking 
habits. Smokers reported 2–10 cigarettes/day. The association between 
DNA damage and smoking habits is still controversial. While some 
studies reported higher values of primary DNA damage in smokers than 
in non-smokers (Osswald et al., 2003; Glei et al., 2005), other authors 
showed that smoking habit was not statistically correlated with higher % 
TI in buccal leucocytes (Russo et al., 2020; McCauley et al., 2008). 
Furthermore, although some investigations showed that the MN fre-
quency in buccal leucocytes was associated with smoking habits (Vil-
larini et al., 2018) in other works only heavy smokers (>40 
cigarettes/day) showed a significant increase of MN (Bonassi et al., 
2011a). Different factors may contribute to the discrepancies among the 
results such as the number of subjects recruited, the number and kind of 
cigarettes smoked and the contribution of the passive smoking. 

3.3. BMCyt assay 

The results of BMCyt Assay for chromosomal and DNA damage 
markers (MN and NBUD), cell proliferation markers (BC and BNC) and 
cell death/apoptosis markers (CCC, KHC, PYK, and KYL) in workers are 
summarised in Table 2. 

The BMCyt Assay revealed a slightly higher MN frequency in buccal 
cells of the exposed workers as compared to controls (p < 0.05, Mann- 
Whitney test). 

The potential of TiO2 to induce detectable genotoxic damage by MN 
increase was observed in several in vitro studies performed on different 
cell lines. Liao et al. (2019) tested TiO2 particles (10, 30, 50, 100 nm of 
anatase at 1, 5 and 25 µg/ml) on human umbilical vein endothelial cells 
(HUVECs) for 24 h, and the results demonstrated an increase of MN 

frequency confirming that, under the conditions tested, TiO2 particles 
can induce a detectable genotoxic damage. Even in the study conducted 
in vitro by Demir et al. (2015) a genotoxic effect of TiO2 (21 and 50 nm in 
anatase crystalline form) was observed on human embryonic kidney 
cells (HEK293) at the highest concentration tested (1000 µg/ml) after 
48 h of exposure. 

While evidence on the genotoxic effects of TiO2 in vitro are well 
documented (Wani and Shadab, 2020), studies in vivo (animal model) 
are lacking and inconclusive (Lindberg et al., 2012; Vignardi et al., 
2015). Considering the human exposure toTiO2, the only study available 
in literature was performed by Ursini et al. (2021), in which the po-
tential genotoxic effect associated with occupational exposure to TiO2 
was evaluated with the BMCyt assay in buccal cells. However, this study 
was carried out in workers employed in a company producing TiO2 in 
which the exposure concentration was higher than that detected in our 
investigation. However, as in the study of Ursini and collaborators 
(2021), in the present study a slight but significant frequency of MN was 
revealed in the buccal cells of the TiO2 exposed workers than in the 
controls. This finding shows as a chronic occupational exposure to TiO2 
seems to induce genotoxic effects in buccal cells, even at low level of air 
TiO2 concentration. It is possible that a chronic exposure of the workers 
allowed an uptake of the smallest particles that are able to cross the 
nuclear membrane even at low doses of exposure, as demonstrated in the 
study of Geiser et al. (2005). The authors observed inside rat lung 
epithelial cells and cell organelles, including nucleus, the presence of the 
particles 24 h after 1-hour inhalation exposure to nanoscale TiO2. As 
suggested by Ursini et al. (2020) the particles present in the nucleus can 
break DNA producing MN during failed reparation process. Despite the 
slightly higher MN frequency in exposed workers than in not-exposed 
subjects, no difference for the cell death and apoptosis markers (CCC, 
KHC, PYK, and KYL) between the two groups was observed. This finding 
is in agreement with those obtained in in vitro studies, where a mild 
cytotoxic effect induced by TiO2 was detectable even in presence of 
statistically significant DNA damage (Gea et al., 2019; Pedrino et al., 
2022). 

Considering the results of the proliferation markers (BC and BNC), a 
tendency towards lower number of BC and a slightly higher number of 
BNC were observed in exposed workers than the controls, even if the 
difference is not statistically significant (Table 2). This finding could 
point out an interference in the normal cell cycle leading to a failure of 
the cytokinesis, probably related to the cytotoxic damage induced by 
TiO2 particles in the buccal cells. 

3.4. Comet assay 

Table 2 also reports the results of the direct DNA damage and 
oxidative DNA damage on salivary leucocytes of workers evaluated with 
the comet assay and the Fpg enzyme-modified comet assay, respectively. 

The primary DNA damage was significantly higher in the workers 
exposed to TiO2 than in the not-exposed subjects (p < 0.05, Mann- 
Whitney test). Moreover, the oxidative DNA damage was higher in the 
TiO2-exposed workers as compared to the not-exposed subjects (p <
0.05, Mann-Whitney test). Interestingly, on the whole group, both the 
direct and the oxidative DNA damage resulted statistically associated 
with Ti-U concentration (Table 3). This association with the Ti-U - a 
biomarker of exposure – suggests the potential role of TiO2 exposure in 
the induction of direct and oxidative DNA damage, occurring even at 
low doses. 

It should be pointed out that the damage detectable by the comet 
assay is a reversible damage that can still be repaired. Therefore, the 
results obtained with the comet assay are compatible with the detection 
of biological effects of low intensity, which seems consistently associ-
ated with low environmental concentrations of TiO2. The presence of 
DNA damage associated with TiO2 exposure has been also reported in 
studies that have used the comet assay both in vitro and in vivo (Chen 
et al., 2014; Wani and Shadab, 2020; Ling et al., 2021). Gea et al. (2019), 

Table 2 
Results of BMCyt assay and comet assay. Values are reported as mean ± stan-
dard deviation (SD). Bold indicates statistically significant values. DC: differ-
entiated cells; MN: micronuclei; NBUD: nuclear buds; BC: basal cells; BNC: 
binucleated cells; PYK: pyknotic cells; CCC: condensed chromatin cells; KHC: 
karyorrhectic cells; Kyl: karyolytic cells; %TI: direct DNA damage; %TI ox: 
oxidative DNA damage.  

Genotoxicity assays (BMCyt assay and comet assay ± Fpg)  

Total Exposed Not 
exposed 

Mann-Whitey U 
test 

DC/500 cells 
Mean + SD 

440.6 ±
36.7 

449 ± 27 440 ± 36.1 0.6 

MN/1000 cells 
Mean + SD 

3.4 ± 1.6 3.2 ± 1.5 2.8 ± 1.5 0.04 

NBUD/1000 
cells 
Mean + SD 

0.02 ± 0.1 0.03 ± 0.1 0.05 ± 0.1 0.7 

BC/500 cells 
Mean + SD 

0.01 ± 0.2 0.07 ± 0.2 0.2 ± 0.2 0.1 

BNC/500 cells 
Mean + SD 

4.2 ± 1.8 4.5 ± 1.9 4.4 ± 1.8 0.8 

PYK/500 cells 
Mean + SD 

0.5 ± 0.6 0.4 ± 0.6 0.3 ± 0.4 0.9 

CCC/500 cells 
Mean + SD 

34.7 ± 23.4 30.3 ±
18.6 

35.7 ±
22.4 

0.6 

KHC/500 cells 
Mean + SD 

6 ± 6.4 5.2 ± 5.1 5.4 ± 6.7 0.8 

Kyl/500 cells 
Mean + SD 

13.9 ± 10.6 10.8 ± 7.7 13.8 ±
10.2 

0.4 

%TI 
Mean + SD 

4.6 ± 3 6.4 ± 3.1 3.2 ± 1.9 0.04 

%TI ox 
Mean + SD 

6 ± 4.9 8.3 ± 4.8 2.9 ± 2.8 0.03  
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reported a significant increase of DNA damage in human bronchial 
epithelium (BEAS-2B) exposed for 24 h to TiO2 particles (food grade 
(150 ± 50 nm) and platelets (75 ± 25 nm) in anatase form at 80, 120 
and 160 µg/ml); the same trend was also observed in the study of Patel 
et al. (2017) that tested TiO2 particles (mixture of anatase and rutile 
crystalline form with diameter <100 nm at 75 and 125 µM) on human 
lymphocytes for 24 h. Considering in vivo studies, Larsen et al. (2016) 
observed increased DNA damage (detectable after 24 h) in lung tissue of 
mice after one-hour exposure to TiO2 (primary size of 10 ± 3.6 nm at 
concentration of 271 mg/m3) through aerosolization.; also the study of 
Li et al. (2017) showed increased DNA damage in the liver and lungs of 
mice after three daily intraperitoneal administration of TiO2 particles 
(50 mg/kg of 10 nm anatase). 

The sensitivity of the comet assay in evaluating the DNA damage 
related to slight TiO2 exposure, represents a good prerequisite for its 
application in environmental and occupational studies dealing with the 
assessment of the genotoxic potential of hazardous substances (Collins 
et al., 2023). 

To our knowledge, the present study is the first one in which the 
comet assay was used to assess the DNA damage potentially induced in 
buccal cells of workers exposed to TiO2. The only study available in 
literature in which the comet assay was used to detect genotoxic and 
oxidative DNA damage in workers producing TiO2 was performed on 
lymphocytes from venous blood samples by Cavallo et al. (2023), who 
found slight, but statistically significant, difference only in the % of 
comets (DNA damaged cells) between the workers and external controls. 

The different results obtained in the present study could be explained 
with the different biological matrices used. Since the buccal cells 
represent the first site of contact for TiO2 occupational exposure, they 
are more susceptible to DNA fragmentation and oxidation (as suggested 
also by the study of Ursini et al. (2021). 

Moreover, the evidence that TiO2 can induce respiratory oxidative 
stress and inflammation in humans was confirmed in several studies 
using other biomarkers of effect. In Pelclova et al. (2015) the analysis of 
oxidation biomarkers in the EBC of workers, such as 8-oxo-7,8-dihy-
dro-2’-deoxyguanosine (8-oxodGuo), 8-oxo-7,8-dihydroguanosine 
(8-oxoGuo), and 5-hydroxymethyl uracil (5-OHMeU), pointed out an 
increased oxidative stress in TiO2 exposed workers than in not-exposed. 
Similar results were also reported in the study of Buonaurio et al. (2020), 
who found an increase of some urinary biomarkers of oxidative stress, 

such as 8-oxodGuo, 8-oxoGuo and 3-Nitrotyrosine (3-NO2Tyr) in TiO2 
exposed workers. 

3.5. Association between DNA damage, MN frequency and biomarkers of 
inflammation and oxidative stress 

With the aim of evaluating the overall impact of the TiO2 exposure, 
the possible association between the DNA damage, the frequency of MN 
and the biomarkers of oxidative stress and inflammation in EBC and 
urine samples were investigated. Preliminary findings describing the 
behaviour of such biomarkers have been reported in details in a previous 
publication (Bergamaschi et al., 2022). 

A positive statistically significant association was observed among 
different parameters: the direct DNA damage was associated with bio-
markers of oxidative stress (i.e. oxidative DNA damage and MDA) and 
inflammation (i.e. TNF-α, IL-1ß and IL-10) (Table 3). Moreover, the 
oxidative DNA damage was found to be positively associated with bio-
markers of oxidative stress (i.e. MDA and 8-isoprostane) and inflam-
mation (i.e. IL-1ß and SP-D), a potential signal of interstitial lung 
disease. Conversely, the MN did not show any significant association 
with these parameters. 

These results underline that the exposure even at low level of TiO2 in 
occupational settings seems to induce oxidative stress and inflammation 
detectable in biological matrices (urine, EBC and buccal mucosa). On the 
other hand, an increased oxidative stress imbalance is one of the main 
mechanisms underlying TiO2 induced cell toxicity (in particular the 
DNA damage). 

3.6. Association between biomarkers of effects and respiratory symptoms 

In order to investigate a possible relationship with the TiO2 exposure, 
the association between respiratory symptoms within the last 12 months 
as reported in the questionnaire (namely cough, asthma, persistent and/ 
or recurrent nasal disorders and allergies), the DNA damage (direct and 
oxidative DNA damage), MN frequency, and oxidative stress biomarkers 
(8-isoprostane and MDA) was analysed. The statistical analysis of these 
associations with a binary logistic regression analysis model showed that 
workers with higher values of genotoxic [MN: OR 0.59, 95%CI 
1.04–3.49, p = 0.037] and oxidative biomarkers [oxidative DNA dam-
age: OR 0.345, 95%CI 1.05–2.63, p = 0.04) and 8-isoprostane: OR 
0.465, 95%CI 1.59–2.93, p = 0.03] also had higher likelihood of develop 
and report respiratory symptoms (Fig. 1). 

The association with respiratory symptoms and oxidative stress is 
consistent with other studies. Chamitava et al. (2020), found increased 
8-isoprostane in people with chronic bronchitis compared to controls, 
highlighting the link between oxidative stress and respiratory 
symptoms. 

Table 3 
Results of Spearman’s correlation between DNA damage parameters monitored 
in buccal cells and oxidative stress, inflammation and exposure biomarkers 
monitored in EBC or urine. Bold indicates statistically significant values. %TI: 
direct DNA damage; %TI ox: oxidative DNA damage; MN: micronuclei; MDA: 
malondialdehyde; SP-D: surfactant protein D; Ti-U: urinary titanium.   

%TI %TI ox MN 

%TI – 0.525 
p ¼ 0.001 

0.096 
p = 0.583 

%TI ox 0.525 
p ¼ 0.001 

– 0.071 
p = 0.687 

MN 0.096 
p = 0.583 

0.071 
p = 0.687 

– 

MDA 0.441 
p ¼ 0.008 

0.442 
p ¼ 0.008 

0.069 
p = 0.694 

8-isoprostane 0.291 
p = 0.090 

0.347 
p ¼ 0.041 

0.253 
p = 0.142 

TNF-α 0.455 
p ¼ 0.006 

-0.234 
p = 0.176 

-0.216 
p = 0.213 

IL-1ß 0.505 
p ¼ 0.002 

0.482 
p ¼ 0.003 

0.036 
p = 0.839 

IL-10 0.446 
p ¼ 0.007 

0.313 
p = 0.067 

0.168 
p = 0.333 

SP-D -0.322 
p = 0.063 

0.355 
p ¼ 0.039 

-0.182 
p = 0.302 

Ti-U 0.435 
p ¼ 0.016 

0.523 
p ¼ 0.003 

-0.055 
p = 0.755  

Fig. 1. Association between biomarkers of effects and respiratory symptoms. 
Binary logistic regression analysis between respiratory symptoms and increased 
biomarker levels, adjusted for smoke habits and working exposure. 
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This association was also observed in workers exposed to different 
kinds of pollutants. In the study of Kargar-Shouroki et al. (2022), the 
association between lung function impairment and oxidative stress pa-
rameters in workers exposed to wood dust was pointed out. Moreover, in 
the study conducted by Kaushik et al. (2012) in brick kiln workers a 
significant correlation between oxidative stress parameters and pulmo-
nary dysfunction was observed, which may be due to silica-induced 
oxidative stress. Also in sewage workers exposed to harmful dust, 
fumes and gases Shadab et al. (2014) showed an increase of oxidative 
stress parameters in serum and impairment of lung functions. Further-
more, in the study of Jalilian et al. (2018) an increased presence of 
respiratory symptoms as well as raised concentrations of oxidative stress 
biomarkers in workers exposed to a mixture of pesticides was found. 

Interestingly, in the present study an association between the pres-
ence of respiratory symptoms and the frequency of MN in buccal cells 
was observed. This is an original finding not reported in other 
investigations. 

Different literature reviews provided evidences that the MN fre-
quency in lymphocytes can be considered as a predictive biomarker of 
cancer risk in healthy subjects suggesting that increased MN formation is 
associated with initial event of carcinogenesis (Bonassi et al., 2007; 
Bonassi et al., 2011b). However, some recent studies showed that MN 
are generally high in many cancers but also in non-cancer diseases. 
Moreover, other investigations highlighted that the frequency of MN are 
positively correlated with inflammation (Durante and Formenti, 2018; 
McKelvey et al., 2018). These findings confirmed that the MN can be 
considered not only indicators of chromosome loss and chromosome 
breaks, but they can also play an important role in the induction of 
inflammation and diseases (Fenech et al., 2020). Recent discoveries 
reported that MN generation can lead to both chromosome instability 
and inflammation and this could clarify the association of MN not only 
with cancer but also with other diseases that can be mainly triggered by 
inflammation (Fenech et al., 2021). 

Then, the observed association between MN presence and respira-
tory symptoms could be related to an inflammation process induced by 
MN formation. This finding could provide a preliminary evidence that 
MN frequency in buccal cells could be used also as predictive early 
biomarker of respiratory disease. 

4. Conclusion 

The objective of this study was to investigate possible early effects in 
workers exposed to TiO2 particles in a paint manufacturing company 
using a non-invasive approach. The use of buccal cells can be a useful 
tool for assessing exposure risks because oral mucosal cells and salivary 
leucocytes represent the first site of contact with many airborne pol-
lutants. The results of the comet assay on salivary leucocytes showed an 
increase in DNA damage (direct and oxidative) in exposed workers 
compared to not-exposed subjects, although the dusts and TiO2 levels 
detected by air sampling were quite low. Similarly, the BMCyt assay 
revealed a slight increase of MN count in workers exposed as compared 
to not-exposed. 

Micronucleus test and comet assay have proven to be useful bio-
markers for assessing genotoxic effects in workers exposed to other 
pollutants (Leonardi et al., 2020; Collins et al., 2023) and seem to be 
good indicators of genotoxic effects also in the TiO2 exposed subjects. 

In the present study, the genotoxicity parameters analysed were 
associated with oxidative stress and inflammation biomarkers showing 
an early effect on workers’ health; a relationship with respiratory 
symptoms of the analysed subjects was also evident. 

The main limitation of the present study is the limited number of 
workers, making it necessary to assess the health relevance of the above 
findings in a longer-term perspective and recruit a larger number of 
subjects. 

Finally, the analysis of the results of the studies carried out on this 
occupational exposure, including the present study, suggests the need of 

introducing precautionary measures during specific activities and 
operational phases to further reduce possible risks for workers, consid-
ering that there are production realities in which the TiO2 exposure is 
higher than that observed in the company investigated in the present 
work. 
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