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Abstract
The health effects of engineered nanoparticles in humans are not well-understood; however 
experimental data support the theory of oxidative stress promoting fibrogenesis and carcinogenicity. 
The aim of this study was to detect TiO2 particles in exhaled breath condensate (EBC) and urine 
samples to ascertain their presence and potential persistence and excretion in urine.

EBC and urine samples were collected from 20 workers exposed to TiO2 aerosol; among them,  
16 had a higher risk level of exposure (production workers) and four had medium risk level (research 
workers); in addition to 20 controls. Titanium levels in EBC and urine were analysed using the 
inductively coupled plasma mass spectrometry (ICP-MS) method. A Raman microspectroscopic 
analysis was performed in EBC and urine to identify the phase composition of TiO2 particles 
observed. Aerosol exposure in the workplaces was measured using SMPS and APS spectrometers and 
P-TRAK and DustTRAK DRX monitors.

The median concentration of TiO2 aerosol was 1.98   ×   104 particles cm−3, the interquartile 
range (IQR) was 1.50   ×   104  −  3.01   ×   104 particles cm−3 and the median mass concentration 
was 0.65 mg m−3 (IQR 0.46–.0.83 mg m−3); 70–82% of the particles were smaller than 100 nm in 
diameter. In any part of the plant, the median TiO2 air concentration did not exceed the national 
airborne exposure limit of 10 mg m−3 for inert dust. Particles of rutile and/or anatase were found 
in the EBC of exposed workers in 8/20 (40%) of the pre-shift and 14/20 (70%) of the post-shift 
samples. In the urine of workers, TiO2 particles were detected in 2/20 post-shift urine samples only. 
The mean concentration of titanium in the EBC in production workers was 24.1   ±   1.8 µg/l. In the 
research workers the values were below the limit of quantitation; LOQ = 4.0   ±   0.2 µg/l), as well as 
in the controls. In the urine samples of all of the subjects, titanium was under the limit of detection 
(LOD = 1.2 µg/l). Raman microanalysis of EBC in the workers confirmed the presence of TiO2 
anatase and/or rutile crystal phases in the pre-shift samples and their persistence from previous 
shifts in the workers.
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Abbreviations

APS aerodynamic particle sizer
DNA deoxyribonucleic acid
EBC exhaled breath condensate
FeNO fractional exhaled nitric oxide
FEV1 forced expiratory volume at 1s
FVC forced vital capacity
IARC International Agency for Research on 

Cancer
ICP-MS inductively coupled plasma mass 

spectrometry
IQR interquartile range
LOD limit of detection
LOQ limit of quantification
NIOSH National Institute for Occupational Safety 

and Health
PSD particle number size distributions
RL risk level
RNA ribonucleic acid
ROS reactive oxygen species
SMPS scanning mobility particle sizer
SPE solid-phase extraction
UV ultraviolet

1. Introduction

Potential adverse health effects of engineered TiO2 
nanoparticles in humans are not yet well-understood. 
Since their surface properties, energy level, electronic 
structure, and reactivity are substantially different 
from the properties of the coarse particles of the same 
chemical composition, they may possess dramatically 
different properties and their toxicity is supposed to be 
higher [1–3].

TiO2 (CAS No. 13436-67-7), also known as tita-
nium oxide, titania or Ti white, is a non-combustible 
and odourless poorly soluble powder that has been 
widely used as a white pigment because of its bright-
ness and opacifying strength. It is permitted in the food 
industry as an additive (E171), and is also permitted in 
the pharmaceutical industry. In sunscreens, it is used 
as an ultraviolet ray scavenger, in addition to reflecting 
rays away from the skin [4, 5].

Anatase, rutile and brookite are three crystal poly-
morphs of TiO2. In particular, the rutile and anatase 
phases of nanosized TiO2, available in variable sizes, 
shapes and coatings, are increasingly utilised in many 
applications. Based on numerous experimental stud-
ies, anatase is known to be most chemically reactive 
and toxic [2, 6]. It generates six-fold more reactive 
oxygen species (ROS) than does rutile after UV irradia-
tion. However, in the nanosized (10 and 20 nm) form, 
anatase induced oxidative DNA damage, lipid peroxi-
dation and micronuclei formation in a human bron-
chial epithelial cell line, even in the absence of photo-
activation [7, 8]. Rutile, on the contrary, is believed to 
be chemically inert; however under certain conditions 
(without photoactivation), a mixture of rutile-anatase 

leads to a higher level of oxidative DNA damage than 
does anatase alone [7, 8].

Experimental studies highlight the proof of bio-
logical effects of TiO2 nanoparticles on the respiratory 
system with the generation of oxidative stress, pro-
inflammatory effects and the possible development 
of fibrosis, pulmonary emphysema and/or cancer [2, 
6]. The inhaled agglomerates of TiO2 are not stable in 
body fluids; they may dissociate to nanoparticles and 
be transported from the lungs to other organs [2]. It 
is known that the elimination of TiO2 coarse particles 
from the lungs is very slow; however there are no data 
about fine (between 100 and 2,500 nm in size) or nano 
(less than 100 nm in size) TiO2 particle excretion in the 
urine of humans [9, 10].

Exhaled breath condensate (EBC) is the liquid 
obtained after cooling the exhaled air of a subject, sup-
posedly reflecting the composition of the bronchoalve-
olar lining fluid [11, 12]. The sampling method is non-
invasive, which makes it suitable for the detection of 
biomarkers due to occupational inhalational exposure 
[13], including carcinogenic and fibrogenic dust, i.e. 
silica and asbestos [14, 15], where oxidative stress plays 
an important role in the pathogenesis of lung fibroses 
and cancer [16, 17].

Based on the experimental data that Møller et al 
reviewed, humans exposed to engineered nanomate-
rials may have higher levels of oxidative damage [16]. 
This hypothesis was supported by our pilot study of 
EBC and urine markers of oxidative/nitrosative stress 
in workers exposed to TiO2 nanoparticles. In both 
pre-shift and post-shift EBC samples, the examined 
biomarkers were significantly higher (p  <  0.001) com-
pared to the controls. They included oxidation markers 
for lipids, proteins and nucleic acids. Several markers 
of inflammation, such as leukotrienes B4, C4, E4 (all 
p  <  0.001) and fractional exhaled nitric oxide (FeNO) 
(p  <  0.05) were increased in the EBC [18].

TiO2 fine particles can be detected and the phase 
composition may be specified in tissue samples, bron-
choalveolar lavage fluid or in other biological samples 
using Raman microspectrometry. The method allows 
for visualising the particles that have a diameter of 
100 nm or more [19, 20]. Raman microspectroscopy 
was also successfully used to reveal the cause of mica-
caused diffuse pulmonary fibrosis with impairment 
of respiratory function, thanks to the discovery of 
mica particles in the EBC of a worker occupationally 
exposed to mica dust in a grinding factory for seven 
years [19, 20].

According to the International Agency for Research 
on Cancer (IARC), TiO2 is classified as possibly carci-
nogenic to humans, group 2B [21]. The multicountry 
European study (six countries) of TiO2 production 
workers found a slightly increased risk for lung cancer 
and a suggestive dose-response risk for kidney cancer 
[22]. There is no doubt that the potentially damaging 
health effects of persistent TiO2 nanoparticles in the 
respiratory system of humans warrant careful work-
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place monitoring, as well as efforts to lower exposure 
to prevent possible late effects [23]. Nanoparticles were 
selected to be a priority for occupational safety and 
health research in Europe for the years 2013–2020 [24]; 
however, very little human data have been presented 
thus far. As a precautionary step, NIOSH has recom-
mended 0.3 mg m−3 limit for ultrafine (including engi-
neered nanoscale) TiO2 [23].

The aim of this study was to detect TiO2 particles in 
EBC and urine samples and to specify their anatase or 
rutile crystal phases using Raman microspectroscopy. 
Additionally, the potential association between the age, 
length and severity of exposure, smoking status and 
spirometry parameters with the presence of TiO2 crys-
tals and characteristics of EBC sample, such as its pH, 
conductivity and titanium concentration, was studied.

2. Methods

2.1. Aerosol measurements
TiO2 pigment in the plant is produced from titanium 
mineral ilmenite by the sulphate process. After the 
reaction with sulphuric acid, titanium hydroxide is then 
precipitated by hydrolysis, filtered and calcined. During 
calcination, the material is heated to 800–1000 °C and 
the anatase/rutile crystals are formed. In the finishing 
operations, the crude form of the pigment is milled 
(micronisation) to produce a controlled distribution 
of particle size and the surface is treated to improve its 
functional behaviour.

The dynamics of aerosol particle number size dis-
tributions (PSD) in the workplace were monitored by a 
scanning mobility particle sizer (SMPS), model 3936 L, 
TSI, USA, as well as an aerodynamic particle sizer (APS), 
model 3321, TSI, USA. These aerosol spectrometers 
sampled synchronously with a 5 min time resolution, 
covering the overall particle size range from 15 nm to 
10 µm in diameter, with a size resolution of 32 channels/
decade. Simultaneously, the spatial distributions of the 
total particle number and mass concentrations, respec-
tively, were determined using a portable particle num-
ber concentration monitor (P-TRAK) and a portable 
monitor of particle mass concentrations (DustTRAK 
DRX), respectively. During the shifts, the measure-
ments of highly time- and size-resolved aerosol concen-
trations were carried out. At first, pilot measurements 
have been carried out for mapping and localisation of 
the main sources of aerosol particles using P-TRAK and 
DustTRAK DRX to construct the concentration maps 
and to find the key locations in the workplace. The air 
samples were taken in more than 30 sites of the plant. 
The spectrometers Scanning Mobility Particle Sizer™ 
Spectrometer 3936 (SMPS) and Aerodynamic Particle 
Sizer® Spectrometer 3321 (APS) have then been used 
for continuous monitoring of particle size distribu-
tion during the whole 8 h shift with 5 min sampling 
frequency. The samples were collected based on plac-
ing the samplers 1–4 m away from the manufacturing 
equipment. For the 8 h shift sampling, four locations 

have been selected: micronisation, calcination furnace, 
transport corridors, and the control room. These four 
locations were seen as the most representative for the 
group of the examined workers. For each shift the spec-
trometers were placed at another location. During the 
measurements a random checks were performed to 
compare the total number concentrations determined 
by SMPS with the P-TRAK values (the differences 
between averaged values never exceeded 20%). Simi-
larly the PM10 mass concentrations determined by the 
DustTRAK DRX were compared with the PM10 inte-
grated from the APS data assuming particles density 
corresponding to TiO2 (4 g ccm−1). While the workers 
spent most of the shift time in the control room, sepa-
rated by a closed door, they were working in the close 
vicinity of one of the three of particle emitting produc-
tion units in the remaining time of the shift. All workers 
in the study received and used respiratory protective 
devices during the working operations.

2.2. Subjects
Twenty workers (males, mean age 33.7   ±   4.9 years, 11 
smokers, 9 non-smokers) exposed to TiO2 were studied. 
The mean length of TiO2 exposure was 9.1   ±   3.7 years. 
Workers had to meet two criteria: (1) male gender; 
(2) working with TiO2 for at least 6 months. The 
nanoparticle exposure was classified according to 
the control banding nanotool risk level (RL) matrix. 
The matrix is constituted from the severity factor of 
the material itself (70% of the score is formed by the 
nanomaterial characteristics, such as its solubility, 
particle shape, size, and experimental toxicity; in 
addition to 30% of the score due to the characteristics 
of the parent material, its occupational exposure limits 
and human toxicity). Secondly, the probability score of 
exposure is evaluated based on the amount of material 
used, air concentration, and frequency and duration 
of the operations [25]. The evaluation is given in 
supplemental table S1 (stacks.iop.org/JBR/9/036008/
mmedia). There were four workers (Nos. 1–4) employed 
in the research part of the plant, where the risk level, 
RL was classified as medium (RL3). Furthermore, 
16 workers (Nos. 5–20) were exposed to TiO2 aerosol 
in the production part of the plant; their risk level of 
nanoparticle exposure was higher (RL4). Among 
them, six subjects were employed in the calcination 
process, four in micronisation, five in coating, and 
one in filtration. Measurements were performed on all 
workers both before and after the eight-hour shift in 
the first half of the week (from Tuesday to Wednesday). 
Twenty controls (males mean age 34.8   ±   4.6 years, nine 
smokers, 10 non-smokers) who were not employed in 
this factory and not exposed occupationally to dust or 
other health risks (safety inspectors and office workers) 
were also examined. Twelve men lived in another city 
and eight in the same city as the workers. Exclusion 
criteria for all subjects included history of tuberculosis, 
lung cancer, pulmonary surgery, myocarditis, congenital 
heart disease, and recent fever and/or inflammation. 
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Both groups of subjects were examined according 
to the following scheme: physical examination and 
a standardised questionnaire with personal and 
occupational history, treatments, and lifestyle habits 
(diet, smoking habits and alcohol intake).

Pre-shift and post-shift forced vital capacity 
(FVC%) and forced expiratory volume at 1s (FEV1%) 
were measured using a SpiroPro Jaeger, Germany. The 
pre-shift and post-shift EBC samples were collected 
using Ecoscreen Turbo DECCS, Jaeger, Germany 
equipped with a filter. All subjects breathed tidally 
through a mouthpiece connected to the condenser 
(−20 °C) wearing a nose-clip. A constant volume of 
exhaled air of 120 litres was maintained. The metal 
tube of Ecoscreen Turbo was cleaned with ethanol after 
every use. Besides pH, the conductivity was measured to 
supress the dilution factor of EBC [26]. In the workers, 
pre-shift and post-shift spot urine samples were col-
lected. The controls were examined and they gave their 
EBC and urine samples only once.

All samples were immediately frozen and stored 
at  −80 °C until analysis.

2.3. Titanium analysis
TiO2 cr ysta l lographic  measurements  were 
performed using a four-circle CCD diffractometer 
Geminy of Oxford Diffraction, Ltd., with graphite 
monochromated Mo Kalpha radiation (k = 0.71073 A°). 
A quantitative analysis of titanium in EBC and urine 
was done using the ICP-MS technique. Agilent 
7900 ICP-MS Ultra HMI (UHMI), equipped with 
MassHunter software and the autosampler ASX-520, 
was used. Before measurement the liquid samples 
were evaporated to dryness and mineralized with 
the mixture of HF and HNO3 (1:3, v/v) in UniClever 
microwave decomposition unit (Plazmatronika-
Service, Wroclaw, Poland). The method was validated 
and used for quantitative measurements. The limit 
of detection (LOD) was 1.2 µg/l and the limit of 
quantification (LOQ) was 4.0   ±   0.2 µg/l. The standard 
error was 3.0%.

2.4. Raman microspectroscopy
EBC and urine samples were treated prior to the 
phase analysis in laminar FlowboxSteril-BIOBAN 
48 Compact. Liquid samples were dropped on a glass 
slide and dried at room temperature. The samples 
were dropped in multi-layers to get better background 
resolution and more particles deposited. The total 
volumes of the samples dropped were about 50 µl and 
100 µl for EBC and urine, respectively. The samples 
on the glass slides were systematically analysed by 
visualising the entire surface of by light microscope as a 
part of the Smart Raman Microscopy System XploRA™ 
(HoribaYvonJobin, France).

All samples were analysed using the Smart Raman 
Microscopy System XploRA™ (HoribaYvonJobin, 
France), allowing for the detection and phase analysis 
of solid particles in analysed samples by combination 

of the Raman spectroscopic technique with a confo-
cal microscope (Olympus BX51). Raman spectra were 
acquired with a 532 nm excitation laser source and 
1200 gr. mm−1 grating. This method used for qualitative 
evaluation allowed for the analysis of submicron parti-
cles with a diameter of 100 nm or more. TiO2 particles 
were evaluated as present if at least one TiO2 containing 
particle was detected in the slide.

2.5. Ethics
The Ethical Committee of the 1st Medical Faculty, 
Charles University in Prague approved the study. All 
participants were informed about the aim of the study 
at least five days earlier. They signed the informed 
consent before the beginning of the study.

2.6. Statistical evaluation
Statistical evaluations were carried out using following 
basic statistical tests: test of normality of distribution, 
arithmetic mean, confidence intervals, skew, median, 
mode, as well as an F-test for equal means. Significances 
of normally distributed data were evaluated using 
Student’s t-test for equal/unequal variances. In the 
non-normally distributed data, a Mann–Whitney test 
was used. Statistical significance was set at p  <  0.05.

3. Results

3.1. Aerosol measurements
Measurements in the production plant with RL4 of 
exposure showed that the total aerosol concentrations 
varied greatly in both space and time. The median 
number concentration (SMPS + APS) at the three 
monitoring positions located close to the production 
units was 1.98   ×   104 particles cm−3, with an 
interquartile range (IQR) of 1.50   ×   104 to 3.01   ×   104 
particles cm−3, and the median mass concentration 
(SMPS + APS) was 0.65 mg m−3 (IQR 0.46 to 
0.83 mg m−3). In the workshops, 70–82% of those 
particles were smaller than 100 nm in diameter, i.e. 
having the ability to penetrate deeply into the alveolar 
region of the respiratory tract.

In the research part of the plant with RL3 of expo-
sure, the median number concentrations, (SMPS + 
APS) 1.55   ×   104 particles cm−3 (IQR 1.35   ×   104 to 
1.60   ×   104 particles cm−3), and the median mass con-
centration, (SMPS + APS) 0.164 mg m−3 (IQR 0.148 
to 0.216 mg m−3), were much lower. Here, 40–70% of 
those particles were smaller than 100 nm in diameter. 
The space was ventilated from the outdoors due to an 
open main door, so the measured size distributions 
practically represent the ambient aerosol concentra-
tions, at least in the ultrafine size range.

According to their time sheets, the workers from the 
production part spent about one third of their shifts in 
close vicinity of the particle emitting production units; 
the remaining two thirds of the time, they were stay-
ing in the control room and checking the production 
lines remotely. In the control room, the median total 
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number concentration was one order of magnitude 
lower than it was in the positions located close to the 
production units. The median number concentration 
was 0.43   ×   104 particles cm−3 (IQR from 0.29   ×   104 to 
0.61   ×   104 particles cm−3), and the median mass con-
centration was (SMPS + APS) 0.13 mg m−3 (IQR 0.096 
to 0.221 mg m−3).

The highest number concentrations measured by 
SMPS (14–710 nm) were found in the vicinity of the 
calcination furnace (peak of particles 30–40 nm in 
diameter) which was the source of these particles. On 
the other hand, the size distribution of particles at the 
micronisation unit of the plant was flat and broad with 
a maximum concentration of the particles in the range 
of 30–40 nm as well. It showed that aerosol in the pro-
duction plant formed an external mixture on its way to 
this area from other parts of the hall with the peak at 
calcination furnace. At the transport corridors, there 
seemed to be another source with a peak size between 
20 and 30 nm. In the control room, the median parti-
cle size distribution was very different and indicated a 
completely other aerosol originating mainly outdoors, 
peaking in the accumulation mode close to 100 nm.

Measurement using APS (0.5–10 µm) confirmed 
the lowest number concentrations in the control room 
by almost one order of magnitude. The highest con-
centrations were found again at the calcination fur-
nace, they were in the range 700–800 nm. Particles of 
the same size at the micronisation unit had twofold 
lower concentration, and at transport corridors about 
fourfold lower concentration, which suggests the trans-
port across the hall. On the other hand, the micronisa-
tion process probably emitted particles with diameter 
under 2 µm and around 6 µm as their concentrations 
were higher than in other measured locations.

Concerning the source of exposure in the control 
room, most of aerosol particles leaked indoors from 
the ambient air of the production plant, and the major-
ity of these particles was found in the accumulation 
mode centred around 100 nm in particle diameter. The 
median size of these particles was 93 nm, IQR from 
54 to 153 nm. It is worth noting that in any part of the 
plant, the medium TiO2 air concentration in the work-
place did not exceed the national allowed concentra-
tions for inert dust (10 mg m−3), however it might have 
potentially exceeded NIOSH recommended airborne 
exposure limit of 0.3 mg m−3 for ultrafine TiO2 particles 
in the production part of the factory [23].

3.2. Raman microspectroscopy
In the EBC of the exposed workers, the rutile and/or 
anatase particles were found in 22/40 (55%) samples; 
in the pre-shift measurements, they were found in 8/20 
(40%) workers and in the post-shift measurements, 
they were found in 14/20 (70%) workers, as shown in 

table 1.
The TiO2 crystals were present in 50% of the EBC 

samples from Nos. 1–4 RL3 workers as well (in 25% 
pre-shift and 75% post-shift samples). Anatase was 

identified more frequently (18 samples) than was rutile 
(15 samples), and 12 samples contained both crystal 
structures. Examples of anatase and rutile TiO2 crystals 
detected by Raman microspectrometry are presented 
in figures 1–3. Additionally, in the EBC of the workers, 
calcite was found in 75%, carbon in 20% and SiO2 in 
10% of the samples; hematite and nitrates were found 
in 5%, as shown in table 1. Anatase/rutile crystals were 
not found in the EBC samples of the control subjects. 
Additionally, other inorganic particles were less fre-
quent in the EBC of the controls; calcite was found in 
20%, carbon in 10% and SiO2 in 5% of the samples.

In the urine samples of the workers, anatase parti-
cles with a diameter greater than 100 nm were found in 
two (10%) workers post-shift (Nos. 1 and 9), as shown 
in table 1. Their ages were 32 and 31 years, and they were 
employed at the plant for four and seven years, respec-
tively. Both were smokers. Calcite and barite were found 
in 10% of the post-shift urine samples. The analysis of 
the controls’ urine using Raman microspectrometry 
was completely negative, and no inorganic particles 
were found.

3.3. Titanium analysis in EBC and urine
The results of titanium measurements in the EBC of 
the 16 production (RL4) workers and controls are 
shown in table 2. The mean titanium concentration 
in EBC samples of four research (RL3) workers (No 
1–4) was at the LOQ 4.0   ±   0.0 µg l−1. In the controls, 
the concentration was  ⩽LOD, only one subject had 
the concentration at the LOQ. There was no statistical 
difference in the mean concentration of titanium 
between the workers with and without detected TiO2 
crystals in the EBC samples, both in the pre-shift 
(22.8   ±   6.9 versus 18.3   ±   5.7 µg l−1, p = 0.295) and 
in the post-shift EBC samples (19.8   ±   5.2 versus 
20.8   ±   9.9 µg l−1, p = 0.826). In the urine of both 
the exposed workers and the controls, the titanium 
concentration was under the LOD of the method.

3.4. pH and conductivity of EBC samples
The acidity of the EBC was significantly higher in 
the production workers, both in the pre-shift and in 
the post-shift samples compared to the samples of 
the controls, as can be seen in table 2. There was no 
difference in the mean pH of the samples of the workers 
with and without TiO2 crystals in the pre-shift samples 
(4.68   ±   0.53 versus 4.93   ±   0.27, p = 0.321). Similarly, 
no difference was found for pH of the post-shift EBC 
samples with and without crystals (4.89   ±   0.34 versus 
5.13   ±   0.48; p = 0.407).

The conductivity of the EBC samples of RL4 work-
ers and controls is presented in table 2; it did not differ 
significantly between the workers and the controls.

3.5. Spirometry
The spirometry parameters FVC% and FEV1% did not 
differ between RL4 exposed workers and controls, as 
seen in table 2.

J. Breath Res. 9 (2015) 036008
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4. Discussion

The method of Raman microspectroscopy of the 
EBC samples allowed for the detection of anatase 
and rutile crystal forms of TiO2 in exposed workers 
from different parts of the production to TiO2 white 
pigment. The transport of the particles originating 
from the calcination process across the production 
hall could be tracked by aerosol measurements and 
distinguished by particles size from the aerosols in the 
transport corridors. The crystals were detected not 
only in the workers at a higher risk category (RL4), but 
also in workers Nos. 1–4 from the research part of the 
factory with a lower risk level category (RL3). Anatase 
and rutile have not been found in the EBC samples of 
the controls, as had been expected.

Raman spectrum has been analysed and compared 
with the spectrum library and literature data [27–30] 
and show similar spectrum also with the collected dust 
samples. It is known that the presence of other com-
ponents in the sample may slightly affect the spectrum 
and Raman bands of biological samples. Therefore, a 
completely identical spectrum cannot be expected. 
Similarly, the spectrum in the samples obtained from 
the environment can be slightly shifted in comparison 
to library spectrum of chemically clean material.

pH of the EBC was lower in the exposed workers, 
this finding can be associated with the inflammation in 
the airways, as had been described in the patients with 
asthma and chronic bronchitis [31].

Detection of anatase and/or rutile crystals in the 
EBC by Raman microspectroscopy was not associ-

Table 1. Particles found in exhaled breath condensate and urine in the TiO2 exposed workers (research workers Nos. 1–4 with risk level 3, 
production workers with risk level 4).

Worker no.

Exhaled breath condensate Urine

Work operationPre-shift Post-shift Pre-shift Post-shift

1 Anatase, calcite, carbon, SiO2 Anatase, calcite — Anatase, barite research

2 Calcite Anatase, rutile — — Research

3 — — — — Research

4 — Rutile — — Research

5 Calcite Anatase, rutile, carbon — — Micronisation

6 Anatase, rutile, calcite, 

carbon, SiO2

Anatase, rutile, calcite — — Calcination

7 Rutile, calcite Anatase, rutile — Calcite Calcination

8 — Anatase, rutile, calcite — Barite Coating

9 Anatase, rutile, calcite Anatase, rutile, hematite — Anatase, calcite Calcination

10 Calcite Calcite — — Calcination

11 Calcite NO3-nitrates — — Coating

12 Anatase, rutile, carbon 

(Figure 1)

— — — Micronisation

13 Anatase, calcite Anatase — — Coating

14 Anatase, rutile Anatase, rutile (Figures 

2 and 3)

— — Calcination

15 — Calcite — — Coating

16 — Anatase — — Calcination

17 — Rutile — — Micronisation

18 Calcite Rutile — — Micronisation

19 Anatase Anatase — — Coating

20 Carbon — — — Filtration

Table 2. Titanium and conductivity in exhaled breath condensate samples and spirometry parameters of production workers and 
controls. FVC% = forced vital capacity, FEV1% = forced expiratory volume at 1s. Mean and 95% confidence interval are presented. 

Workers  

Pre-shift  

(N = 16)

Workers  

Post-shift (N = 16)

Controls  

(N = 20)

P (Pre-shift 

versus  

Controls)

P (Post-shift 

versus  

Controls)

P (Pre-shift 

versus  

Post-shift)

Ti in EBC [µg l−1] 24.1   ±   1.8 24.1   ±   1.9 Not quantified — — 0.961

Conductivity of  

EBC [µS cm−1]

127   ±   23 122   ±   17 115   ±   22 0.435 0.602 0.728

pH of EBC 4.77   ±   0.30 4.81   ±   0.27 5.74   ±   0.67 0.012a 0.015a 0.842

FVC [% predicted] 104.8   ±   6.2 103.0   ±   5.8 104.3   ±   7.2 0.915 0.783 0.661

FEV1 [% predicted] 83.4   ±   2.6 83.1   ±   2.4 82.6   ±   3.1 0.687 0.773 0.877

FEV1/FVC 0.806   ±   0.059 0.816   ±   0.053 0.815   ±   0.084 0.865 0.979 0.799

a p  <  0.05.
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ated with elevated concentrations of titanium, dif-
ferent acidity or conductivity of the EBC sample of 
exposed workers. This discrepancy may be explained 
by the fact that TiO2 crystals finding could be related 

to a more recent and probably short-term exposure 
before the elimination of the particles by the muco-
ciliary system. On the other hand, elevated titanium 
concentration in the EBC of the workers may reflect a 

Figure 1. Anatase crystal structure (left) and Raman spectra (right). Post-shift sample of exhaled breath condensate in a worker 
from TiO2 production (lowest spectrum) shows peaks corresponding to Raman spectrum of anatase dust from the vicinity of 
calcination furnace (middle spectrum) and Raman spectrum of anatase obtained from the spectrum library KnowItAll Horiba 
Edition (upper spectrum).

Figure 2. Rutile crystal structure (left) and Raman spectra (right). Post-shift sample of exhaled breath condensate in a worker from 
TiO2 production (lowest spectrum) shows peaks corresponding to Raman spectrum of rutile dust obtained after the micronisation 
process (middle spectrum) and Raman spectrum of rutile from the spectrum library KnowItAll Horiba Edition (upper spectrum).
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long-term persistence in the respiratory system of the 
residual nanoparticles at the smaller size than observ-
able level with Raman microspectroscopy. The increase 
of the anatase/rutile particles in the post-shift Raman 
analysis and stable titanium concentration in EBC may 
support this hypothesis. In addition, Raman analysis 
did not give quantitative information. Therefore, a 
correlation with titanium level in the EBC cannot be 
expected, as one particle finding was counted as a posi-
tive finding.

The persistence of TiO2 particles in the respiratory 
system supports the hypothesis of the generation of 
oxidative stress, proven by significantly elevated oxida-
tion markers for lipids, proteins and nucleic acids in 
EBC samples collected from these exposed workers, 
compared to the control group, as shown in our pilot 
study [18]. Importantly, it was found that the anatase/
rutile particles were already present in the respiratory 
system before the shift, i.e. they persisted from previous 
shift or several shifts. This was in agreement with the 
findings of both significantly elevated titanium con-
centrations in pre-shift EBC samples and the pre-shift 
markers of oxidative stress in that pilot study. Such data 
would be rather alarming, as oxidative stress induced 
by TiO2 nanoparticle exposure in experimental studies 
has been associated with their toxic and carcinogenic 
effects [2, 32].

The question concerning the length of persistence 
of anatase/rutile crystals in the EBC samples, and the 
question of the length of occurrence and reversibility 
of the oxidative stress caused by TiO2 nanoparticles 
cannot yet be answered. Some studies report tran-
sient and more moderate pulmonary inflammatory/

cytotoxic indices that persisted only one month post-
exposure [4].

Similarly, Kwon et al [33] observed histopathologi-
cal changes in the nasal mucosa of rats after exposure 
to nano TiO2 (anatase and rutile phase) for two weeks 
(six hours/day, five days/week) at a mean mass con-
centration approximately 11 mg m−3. The exposure 
to 20 nm particles resulted in toxicity, even if the total 
particle number was relatively low. Interestingly, these 
lesions were observed at post-exposure days one and 
seven, and resolved at day 15. In this study, the degree 
of toxicity induced by TiO2 nanoparticles correlated 
with the delivered quantities. These data might suggest 
the potential of lowering the effects of nanoparticles in 
workers by decreasing not only the whole dust burden, 
but especially the workplace exposure to nanoparticles, 
to a lower level.

Another noticeable result of our study was the 
absence of TiO2 crystals in the pre-shift urine in 
majority of the workers. Detection of anatase in post-
shift urine samples of two workers may be explained 
by contamination while voiding urine. On the other 
hand, the possibility of the transport from the blood to 
the kidneys cannot be excluded, as they may enter the 
GI tract; either from ingestion due to the contamina-
tion of the hands or from particles cleared out from 
the lungs by mucociliary transport [34]. TiO2 fine 
particles have been shown to be absorbed from the 
GI tract of the rat and systematically translocate to 
other tissues; however data concerning humans are 
not available [2].

Also, other inorganic particles (CaCO3, SiO2) were 
detected in the urine of the workers only with the post-

Figure 3. Anatase and rutile crystal structures (left) and Raman spectra (right). Post-shift sample of exhaled breath condensate in 
a worker from TiO2 production (lowest spectrum) with peaks corresponding to Raman spectrum of anatase and rutile shows that 
the particle is composed from mixture of anatase and rutile crystal phase. Raman spectrum of anatase and rutile obtained from the 
calcination furnace (higher spectrum) show peaks corresponding to the lowest spectrum. The two upper Raman spectra show the 
spectrum of anatase and rutile from the spectrum library KnowItAll Horiba Edition.
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shift measurements, which might have originated from 
the working environment. The main source of all inor-
ganic particles is most probably the environmental air 
as they form the major components of the particulate 
matters [35]. In addition, pH of the body fluids contrib-
utes to formation of calcite [36, 37] which is in agree-
ment with the lower pH and a higher number of calcite 
in the EBC of the workers.

The question of the possible transport of nanopar-
ticles to the urine is very important, as systemic effects 
of nanoparticles cannot be excluded since nanosized 
particles may reportedly cross the cellular membranes. 
The potential of TiO2 nanoparticles to translocate in 
the body of experimental animals, including to the 
CNS, has been reported by several experimental stud-
ies. Oxidative stress occurred in the brains of mice 
exposed to TiO2 nanoparticles of anatase and rutile 
crystal phases through nasal instillation, causing lipid 
peroxidation, protein oxidation and increased catalase 
activity [9, 10, 38].

Our data solely demonstrated that TiO2 particles 
that are 100 nm or larger, identifiable by Raman micro-
spectroscopy, were not eliminated in urine. However, 
the presence of TiO2 nanoparticles in the urine samples 
still could not be excluded, since the Raman microspec-
troscopy method used in this study could only detect 
the particles/agglomerates that were 100 nm or larger 
in size. This is the main limitation of our study, because 
the presence of nanoparticles in the urine would be a 
very important finding. Additionally, this method of 
Raman microspectroscopy does not enable the quan-
titative analysis, as a finding of at least one TiO2 crystal 
was classified as a positive finding.

Another limitation is the low number of exposed 
workers. In the nanoindustries, the number of exposed 
individuals during the production process is usually 
limited, and it is not feasible to have a high homoge-
nous exposure in a large number of subjects. In addi-
tion, commonly, there is no motivation of the plants 
to participate in such studies. Therefore the studies 
performed in vivo with workers exposed to the aerosols 
containing engineered nanosized particles are impor-
tant.

Among the advantages of this study is that there was 
detailed measurement of the aerosol levels at the work-
places. In addition, there was an increase of titanium in 
the EBC samples of workers at a RL4 compared to RL3, 
as well as RL3 to the controls.

In humans, the information about acute TiO2 
toxicity is very limited, and for nanoparticles, this 
information is currently unavailable. Epidemiological 
studies of adverse health effects induced by TiO2 nano-
particles alone are lacking. The relatively short history 
of its production and use may be one of the explana-
tions [2]. There are few cases of inhalational exposure 
in humans, with reports that a high concentration of 
TiO2 may cause metal fume fever [39] or respiratory 
symptoms, accompanied by a reduction in pulmonary 
function [40].

In humans, severe symptoms in workers exposed 
to nanoparticles, including two deaths, were only 
described in one study, and in that study, the mecha-
nism was not completely clear [41]. An inhalational 
exposure to nickel nanoparticles leading to the adult 
respiratory distress syndrome and death has been 
reported recently [42].

At this stage, risk characterisation of TiO2 nanopar-
ticles is hampered by the lack of relevant data on human 
exposure [35].

Due to its apparent simplicity and non-invasive-
ness, the EBC analysis is a promising technique, useful 
especially in subjects exposed to carcinogenic dusts. To 
our knowledge, it has not yet been used to study TiO2 
particles in highly exposed workers, and EBC collection 
appears to be an easy method to enable the detection of 
the particles by Raman microspectroscopy. The EBC 
analysis was shown to be useful in studies of volunteers 
with short-term exposures [43, 44], as well as in one 
recent large study of workers from 14 manufacturing 
plants, exposed to different types of engineered nano-
particles, which found a suppression of antioxidant 
enzymes [45].

5. Conclusions

EBC collection and analysis, combined with Raman 
microspectroscopy, enabled us to prove the presence 
of TiO2 particles/agglomerates in the respiratory 
tract using non-invasive methods, in order to identify 
anatase and rutile crystal phases and measure the 
concentration of titanium in the samples. It was 
shown that during TiO2 white pigment production, 
the workers of all parts of the production process, 
including the research part, were exposed to both 
anatase and rutile. These particles may persist in the 
lungs of exposed workers for at least several hours after 
the previous shift or several shifts. On the other hand, 
urine examination using Raman microspectroscopy 
produced negative results.
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