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Abstract

At present, little is known about the health effects in the workers processing hanocomposites. In our study,
20 researchers (41.8+11.4 y/o), handling nanocomposites for 17.8+10.0 years were examined pre-shift and
post-shift, together with 21 controls (42.7+11.5 y/o). Biomarkers of oxidative stress derived from lipids,
nucleic acids, proteins and markers of inflammation were analyzed in the exhaled breath condensate (EBC).
Aerosol exposure was monitored during three nanoparticle generation operations: smelting, welding and
nanocomposite machining. Mass concentrations during these operations ranged from 0.120 to 1.840 mg/m3,
and median particle number concentrations from 4.8x10* to 5.4x10° particles/cm3. Nanoparticles accounted
for 40 to 95% of particles, with Fe and Mn prevailing. Significant elevations were already seen in most
oxidative stress markers and in several inflammation markers in the pre-shift samples relative to the controls.
Significant associations were found between working in nanocomposite synthesis and the majority of EBC
biomarkers. Chronic bronchitis was more frequent in researchers. A minor, but significant post-shift decrease
of lung function parameters was found. We conclude that workers in nanocomposite synthesis may be at risk
of developing airway disorders with time. From all the markers analyzed in EBC, the following markers were
most robust and could be recommended for preventive examinations: 8-hydroxy-2-deoxyguanosine (8-
OHdG) and 5-hydroxymethyl uracil (5-OHMeU) from nucleic acids; o-tyrosine (o-Tyr) and 3-nitrotyrosine (3-
NOTYyr) from proteins; and malondialdehyde and aldehydes C6-C13 from lipids. Among the markers of
inflammation, tumor necrosis factor (TNF) and leukotriene B4 appeared to be the most useful.
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1. INTRODUCTION

Thousands of workers are engaged in the research and commercial scale production of nano-enabled
composites. However, among tens of thousands of papers focusing on the research of the toxicity of
nanoparticles found in PubMed, those concerning workers, i.e. the most exposed subjects, is very limited
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and will be mentioned in this study. The safety of nanoparticles for humans is the main goal of all in vitro and
in vivo testing [1-6]. Experimental studies especially highlight respiratory health impairment. A common
feature of many aerosols in the workplace is their ability to generate reactive oxygen species, which induce
oxidative damage to biomolecules, leading to the activation of redox signaling pathways [7, 8]. Elevated
markers of oxidative stress in the biological fluids pro-inflammatory markers, such as tumor necrosis factor
(TNF), pro-inflammatory leukotrienes (LTs), antioxidant enzymes and cardiovascular markers could give a
signal of impairment. Lipid mediators, known to be immediately generated in response to tissue injury, might
be strong candidates for priming this particle-triggered change of the inflammatory balance [9-10]. The
results from the few publications focusing on exposed humans agree with the experimental studies [11-19].
Accordingly, our studies in 2012 and 2013, showed an elevation of markers of oxidative stress and
inflammation in the exhaled breath condensate (EBC) [20] both in the production workers, and office
employees, visiting the workshops for about 15 min a day [21-24]. In this article we focus on workers
producing and handling nanocomposites as new materials with better technical characteristics, especially
hardness and resistance. This study started in September 2015 and continues with a yearly follow-up of the
group of researchers and matched controls.

2. MATERIALS AND METHODS
2.1.Working processes

Researchers usually work in two workshops: welding and smelting of mixtures containing nano-additives in
workshop 1, and machining of the finished nanocomposite in workshop 2. All tasks occur simultaneously in
both workshops and last on average 2.5 hours. On the day of medical examination in September 2016, in
workshop 1, 11 out of a total of 20 researchers performed welding on metal surfaces on mild steel (content in
wt%): Fe, 97.39; Mn, 1.70; C, 0.24; Si, 0.6; P, 0.035; S, 0.035) and smelting at 760°C. In workshop 2, the
remaining 9 researchers performed the machining of surfaces of nanocomposite blocks of geopolymers and
epoxide resins with nanoSiO: fillers. No respiratory protection was used. A detailed description of the
working process was given in our last article [25].

2.2.Subjects

EBC samples were collected in 20 nanocomposite researchers (15 men, 5 women, one smoker, 19 non-
smokers, with mean age 41.8+11.4 years; exposure duration 17.8+10.0 years). For simplicity, we refer to
examinations of the researchers as pre-shift and post-shift, even though they were in fact post-exposure task
measurements. The remainder of their total 8-hr shift was spent in their offices. There were 21 controls (15
men, 6 women; two smokers, 19 non-smokers, mean age 42.7+11.5 years), working as office employees in
the same town.

2.3.Aerosol measurement

Nano-aerosol monitoring was performed with several aerosol spectrometers, including a Scanning Mobility
Particle Sizer (TSI SMPS 3936L, USA), and an Aerodynamic Particle Sizer (TSI APS 3321, USA), covering
the size range of aerosol particles from 6 nm up to 20 um. Additionally, an Ultrafine Condensation Particle
Counter (TSI UCPC 3025, USA) was used to measure the total particle number concentration (3 nm -~1
pm), as well as three Optical Particle Sizers (TSI OPS 3330, USA) used to measure the number size
distribution in the range of 300 nm-10 uym. Area and time integrated samplings were conducted using a
Berner Low Pressure Impactor (BLPI, HAUKE GmbH, Austria) to sample aerosol particles onto 10 stages
corresponding to their aerodynamic diameter covering the 25 nm - 13.6 um size range. These samples were
then analyzed by gravimetry, ion chromatography and Scanning Electron Microscope (SEM) (Tescan
Indusem, Czech Republic) equipped by Energy-Dispersive X-Ray Spectroscopy (EDS) (XFlash detector
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5010, Bruker, Germany) to analyze the elemental composition of size-resolved aerosol fractions, as
previously described in detail [25].

2.4.Biological samples

EBC samples were collected using Ecoscreen Turbo (DECCS, Jaeger, Germany) All samples were
immediately spiked with deuterium labelled standards, immediately frozen and stored at -80°C for
subsequent processing [20]. TNF was analyzed by a matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) and analyses of low-molecular biomarkers LTs were performed using liquid chromatography-
electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS), after solid-phase extraction (SPE), and
MS/MS detection were used [22,25].

2.5.Statistics

Basic descriptive statistics were calculated using Microsoft Excel 2013. Following tests were used for
statistical comparisons of the pre-shift and post-shift markers (both within workers and between workers and
controls): T-test, Mann-Whitney U test, paired sample t-test and the Wilcoxon signed-rank test. The bivariate
relationship between the variables under study was assessed using the Spearman correlation coefficient. A
multiple regression analysis was used to predict the markers in EBC by a set of predictors. All analyses were
conducted using SPSS version 22.0 (SPSS, Inc., Chicago, lllinois, USA).

3 RESULTS AND DISCUSSION

Exposure data concerning aerosol measurements were provided in detail in our previous manuscript [25].
The average total mass concentration in the workshops was 0.120 mg/m3 during smelting, 0.804 mg/m3
during machining, and 1.840 mg/m? during welding. The total median particle number concentration was 1.3
X 10% particles/cm? (particles/cm?) during welding, 4.8 x 10% particles/cm?® during smelting and 5.4 x 10°
particles/cm® during machining. The highest proportion of particles smaller than 100 nm in diameter was
found during smelting (95%), followed by machining (61%), and welding (40%).

The group characteristics did not differ significantly, including smoking (5% smokers among workers with 10
pack-years; 9.5% in controls with average 14 pack-years). Chronic bronchitis and dyspnea, associated with
minor limitations in ordinary physical activity, were only found in the exposed researchers (20.0% and 15%,
respectively). A cough was 5 times more frequent than in the controls. A significant decrease in forced
expiratory volume in 1 s (FEV1) and FEV1/ forced vital capacity (FVC) was found in the researchers post-
shift (p<0.05).

The majority of the pre-shift and post-shift markers of oxidative stress and the three markers of inflammation
were already elevated pre-shift, as shown in Figure 1 and Figure 2. Additionally, all markers of oxidation of
lipids reacted by post-shift elevation (Figure 1, left). However, no difference was seen between the markers
of inflammation and markers of oxidative stress in the subgroups of the 11 researchers working in workshop
1, and 9 researchers from workshop 2. The only exception was 8-isoProstaglandin F2a (8-isoprostane),
produced by free-radical lipid peroxidation of arachidonic acid, which was higher both pre-shift and post-shift
in the researchers from workshop 1 (p<0.05) [25].

Both experimental and epidemiological studies have indicated that chronic inflammation is involved in, and
plays a critical role in, several chronic diseases, including respiratory and cardiovascular diseases, and lung
tumorigenesis.
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Figure 1 Markers of oxidation of lipids (left) and markers of oxidation of nucleic acids and proteins (right)
MDA=malondialdehyde, HNE=4-hydroxy-trans-nonenal, HHE=4-hydroxy-trans-hexenal, C6-13=aldehydes
C6-C13, 8-isoprostane=8-isoProstaglandin F2a, 8-OHdG=8-hydroxy-2-deoxyguanosine, 8-OHG=8-
hydroxyguanosine, 5-OHMeU=5-hydroxymethyl uracil, o-Tyr=o-tyrosine, 3-CITyr=3-chlorotyrosine, 3-
NOTyr=3-nitrotyrosine *p<0.05, **p<0.01, ***p<0.001
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Figure 2 Markers of inflammation
TNF=tumor necrosis factor, LT=leukotriene B4, C4, D4, E4, *p<0.05, **p<0.01, ***p<0.001

3. CONCLUSION

Handling nanocomposites is very complex and may lead to exposure nanopatrticles in the workplace aerosol
during welding, smelting of the metallic products at hot temperatures and machining and grinding of
geopolymers epoxide resins with nanocomponents [26-27]. Since inhalation remains the major exposure
pathway to nanoparticles during nanocomposite manufacturing, the respiratory system is the main portal of
entry and the primary target organ of concern [28-30]. The initial minor effects on the obstructive parameters
of lung function have been observed. EBC markers of oxidative stress and inflammation were already
elevated in the pre-shift samples, therefore they may be useful in monitoring the chronic effect. The markers
of oxidation of lipids may reflect the early effect of the shift. EBC is one of the few means of non-invasive
monitoring of individuals exposed to nanoparticles. These markers could be further tested for their potential
use in preventive examinations of the workers in parallel with spirometry.

ACKNOWLEDGEMENTS: GACR 18-02079S, Progres Q25 and Q29 of the Charles University, and
MEYS CR LO1508.



2018
NAN OCO N © Oct 17t - 19* 2018, Brno, Czech Republic, EU

REFERENCES

[1]

(2]

(3]

[4]

[5]

[6]

[7]
(8]

9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

SCHULTE, Paul A., KUEMPEL, Eileen D., DREW, Nathan M. Characterizing risk assessments for the development

of occupational exposure limits for engineered nanomaterials. Regulatory Toxicology and Pharmacology. 2018,
vol. 95, pp. 207-219.

IAVICOLI, Ivo, LESO, Verucska, SCHULTE, Paul A. Biomarkers of susceptibility. State of the art and implications
for occupational exposure to engineered nanomaterials. Toxicology and Applied Pharmacology. 2016. vol. 299,
pp.112-124.

ROSSNEROVA, Andrea; POKORNA, Michaela, SVECOVA, Vlasta, SRAM, Radim J., TOPINKA, Jan, ZOLZER,
Friedo, ROSSNER, Pavel, Jr. Adaptation of the human population to the environment: Current knowledge, clues
from Czech cytogenetic and "omics" biomonitoring studies and possible mechanisms. Mutation Research. 2017,
vol. 773, pp. 188-203.

LIOU, Saou-Hsing, TSAI, Candace S., PELCLOVA, Daniela, Schubauer-Berigan, Mary K., Schulte, Paul A.
Assessing the first wave of epidemiological studies of nanomaterial workers. Journal of Nanoparticle Research.
2015, vol. 17: 413.

BELLO, Dhimiter, WARDLE, Brian L., ZHANG, Jie, YAMAMOTO, Namiko, SANTEUFEMIO, Christopher,
HALLOCK, Marilyn, VIRJI, M. Abbas. Characterization of exposures to nanoscale particles and fibers during solid
core drilling of hybrid carbon nanotube advanced composites. International Journal of Occupational and
Environmental Health 2010. vol.16, no. 4, pp. 434-450.

BRADNA, Pavel, ONDRACKOVA, Lucie, ZDIMAL, Vladimir, NAVRATIL, Tomas, PELCLOVA, Daniela. Detection
of nanopatrticles released at finishing of dental composite materials. Monatshefte fiir Chemie/Chemical Monthly.
2017, vol. 148, no. 3, pp. 531-537.

RUNA, Sabiha, HUSSEY, Michael, PAYNE, Christine K. Nanoparticle-Cell Interactions: Relevance for Public
Health. Journal of Physical Chemistry B. 2018. vol. 122, no. 3, pp. 1009-1016.

BECK-SPEIER, Ingrid, KARG, Erwin, BEHRENDT, Heidrun, STOEGER, Tobias, ALESSANDRINI, Francesca.
Ultrafine particles affect the balance of endogenous pro- and anti-inflammatory lipid mediators in the lung: in-vitro
and in-vivo studies. Particle and Fibre Toxicology. 2012. vol. 9: 27.

PETERS-GOLDEN, Marc. Expanding roles for leukotrienes in airway inflammation. Current Allergy and Asthma
Reports. 2008, vol. 8, no. 4, pp. 367-373.

BARNES, Peter, J. Targeting cytokines to treat asthma and chronic obstructive pulmonary disease. Nature
Reviews Immunology. 2018, vol. 18, no. 7, pp. 454-466.

LIOU, Saou-Hsing, TSOU, Tsui-Chun, WANG, Shu-Li, LI, Lih-Ann, CHIANG, Hung-Che, LI, Wan-Fen, LIN, Pin-
Pin, LAI, Ching-Huang, LEE, Hui-Ling, LIN, Ming-Hsiu, HSU, Jin-Huei, CHEN, Chiou-Rong, SHIH, Tung-Sheng,
LIAO, Hui-Yi, CHUNG, Yu-The. Epidemiological study of health hazards among workers handling engineered
nanomaterials. Journal of Nanoparticle Research. 2012, vol. 14: pp. 878.

LIAO, Hui-Yi, CHUNG, Yu-Teh, LAI, Ching-Huang, WANG, Shu-Li, CHIANG, Hung-Che, LI, Lih-Ann,TSOU, Tsuli-
Chun, LI, Wan-Fen, LEE, Hui-Ling, WU, Wei-Te, LIN, Ming-Hsiu, HSU, Jin-Huei, HO, Jiune-Jye, CHEN, Chiou-
Jong, SHIH, Tung-Sheng, LIN, Chin-Chi, LIOU, Saou-Hsing. Six-month follow-up study of health markers of
nanomaterials among workers handling engineered nanomaterials. Nanotoxicology. 2014. Suppl 1, pp. 100-110.
LEE, Jong Seong, CHOI, Young Chul, SHIN, Jae Hoon, LEE, Ji Hyun, LEE, Yurim, PARK, So Young, BAEK, Jin
Ee, PARK, Jung Duck, AHN, Kangho, YU, Il Je. Health surveillance study of workers who manufacture multi-
walled carbon nanotubes. Nanotoxicology. 2015. vol. 9, no. 6, pp. 802-811.

LIOU, Saou-Hsing, WU, Wei-Te, LIAO, Hui-Yi, CHEN, Chao-Yu, TSAIl, Cheng-Yen, JUNG, Wei-Ting, LEE, Hui-
Ling. Global DNA methylation and oxidative stress biomarkers in workers exposed to metal oxide nanoparticles.
Journal of Hazardous Materials. 2017. vol. 331, pp. 329-335.

KURJANE, Natalja, ZVAGULE, Tija, RESTE, Jelena, MARTINSONE, Zanna, PAVLOVSKA, llona,
MARTINSONE, Inese, VANADZINS, Ivars. The effect of different workplace nanoparticles on the immune
systems of employees. Journal of Nanoparticle Research. 2017, vol. 19, no. 9, pp. 320.

ZHAO, Lin, ZHU, Yifang, CHEN, Zhangjian, XU, Huadong, ZHOU, Jingwen, TANG, Shichuan, XU, Zhizhen,
KONG, Fanling, LI, Xinwei, ZHANG, Yifei, LI, Xianzuo, ZHANG, Ji, JIA, Guang. Cardiopulmonary effects induced
by occupational exposure to titanium dioxide nanoparticles. Nanotoxicology. 2018, vol. 12, no. 2, pp. 169-184,
FOREST, Valérie, VERGNON, Jean-Michel, GUIBERT, Cyril, BITOUNIS, Dimitrios, LECLERC, Lara, SARRY,
Gwendoline, POURCHEZ, Jérémie. Metal load assessment in patient pulmonary lavages: towards a
comprehensive mineralogical analysis including the nano-sized fraction. Nanotoxicology 2017. vol. 11, no. 9-10,
pp. 1211-1224.



2018
NAN OCO N © Oct 17t - 19* 2018, Brno, Czech Republic, EU

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

PIRELA, Sandra Vanessa, MARTIN, John, BELLO, Dhimiter, DEMOKRITOU, Philip. Nanoparticle exposures from
nano-enabled toner-based printing equipment and human health: State of science and future research needs.
Critical Reviews in Toxicology. 2017, vol. 47, no. 8, pp. 683-709.

BOONRUKSA, Pongsit, BELLO, Dhimiter, ZHANG, Jinde, ISAACS, Jacqueline A., MEAD, Joey L., WOSKIE,
Susan R. Exposures to nanoparticles and fibers during injection molding and recycling of carbon nanotube
reinforced polycarbonate composites. Journal of Exposure Science and Environmental Epidemiology. 2017, vol.
27, pp. 379-390.

KUBAN, Petr, FORET, Franti$ek. Exhaled breath condensate: determination of non-volatile compounds and their
potential for clinical diagnosis and monitoring. Analytica Chimica Acta. 2013. vol. 805, pp. 1-18.

PELCLOVA, Daniela, ZDIMAL, Vladimir, KACER, Petr, FENCLOVA, Zdenka, VLCKOVA, Stepanka, KOMARC,
Martin, NAVRATIL, Tomas, SCHWARZ, Jaroslav, ZIKOVA, Nadezda, MAKES, Otakar, SYSLOVA, Kamila,
BELACEK, Jaroslav, ZAKHAROV, Sergey. Leukotrienes in exhaled breath condensate and fractional exhaled
nitric oxide in workers exposed to TiO2 nanoparticles. Journal of Breath Research. 2016. vol. 10, no. 3: 036004.
PELCLOVA, Daniela, ZDIMAL, Vladimir, FENCLOVA, Zdenka, VLCKOVA, Stepanka, TURCI, Francesco,
CORAZZARI, Ingrid, KACER, Petr, SCHWARZ, Jaroslav, ZIKOVA Nadezda, MAKES Otakar, SYSLOVA, Kamila,
KOMARC, Martin, BELACEK, Jaroslav, NAVRATIL, Tomas, MACHAJOVA, Michaela, ZAKHAROV, Sergey.
Markers of oxidative damage of nucleic acids and proteins among workers exposed to TiO2 (nano) particles.
Occupational and Environmental Medicine. 2016, vol. 73, no. 2, pp.110-8.

PELCLOVA, Daniela, ZDIMAL, Vladimir, KACER, Petr, VLCKOVA, Stepanka, FENCLOVA, Zdenka, NAVRATIL,
Tomas, KOMARC, Martin, SCHWARZ, Jaroslav, ZIKOVA, Nadezda, MAKES, Otakar, ZAKHAROV, Sergey.
Markers of nucleic acids and proteins oxidation among office workers exposed to air pollutants including
(nano)TiO2 particles. Neuroendocrinology Letters. 2016, vol. 37(Suppll), pp. 13-16.

PELCLOVA, Daniela, ZDIMAL, Vladimir, KACER, Petr, ZIKOVA, Nadezda, KOMARC, Martin, FENCLOVA,
Zdenka, VLCKOVA, Stepanka, SCHWARZ, Jaroslav, MAKES, Otakar, SYSLOVA, Kamila, NAVRATIL, Tomas,
TURCI, Francesco, CORAZZARI, Ingrid, ZAKHAROQV, Sergey, BELLO, Dhimiter. Markers of lipid oxidative
damage in the exhaled breath condensate of nano TiO2 production workers. Nanotoxicology. 2017. vol. 11, no. 1,
pp. 52-63.

PELCLOVA, Daniela, ZDIMAL, Vladimir, SCHWARZ, Jaroslav, DVORACKOVA, Stepanka, KOMARC, Martin,
ONDRACEK, Jakub, KOSTEJN, Martin, KACER, Petr, VLCKOVA, Stepanka, FENCLOVA, Zdenka, POPQOV,
Aleksey, LISCHKOVA, Lucie, ZAKHAROV, Sergey, BELLO, Dhimiter. Markers of Oxidative Stress in the Exhaled
Breath Condensate of Workers Handling Nanocomposites. Nanomaterials (Basel). 2018, vol. 8, no. 8.

HUANG, Yue-Wern, CAMBRE, Melissa LEE, Han-Jung. The toxicity of nanoparticles depends on multiple
molecular and physicochemical mechanisms. International Journal of Molecular Sciences. 2017, vol. 18, no. 12:
2702.

KUKA, Stanislav, HURBANKOVA, Marta, DRLICKOVA, Martina, BASKA, Tibor, HUDECKOVA, Henrieta,
TATARKOVA, Zuzana. Nanomaterials - a new and former public health issue. The case of Slovakia. Central
European Journal of Public Health. 2016, vol. 24, no. 4, pp. 308-313.

WOOD, Alice M., TAN, See Ling, STOCKLEY, Robert A. Chronic obstructive pulmonary disease: towards
pharmacogenetics. Genome Medicine. 2009, vol 1, no. 11: 112.

ZHANG, Rong, DAI, Yufei, ZHANG, Xiao, NIU, Yong, MENG, Tao, LI, Yuanyuan, DUAN, Huawei, BIN, Ping, YE,
Meng, JIA, Xiaowei, SHEN, Meili, YU, Shanfa, YANG, Xiaofa, GAO, Weimin, ZHENG, Yuxin. Reduced pulmonary
function and increased pro-inflammatory cytokines in nanoscale carbon black-exposed workers. Particle and
Fibre Toxicology. 2014, vol. 11: 73.

KHATRI, Madhu, BELLO, Dhimiter, MARTIN, John, BELLO, Anila, GORE, Rebecca, DEMOKRITOU, Philip,
GAINES, Peter. Chronic upper airway inflammation and oxidative stress in photocopier operators: Mechanistic
insights. Nanolmpact. 2017. vol. 5, pp. 133-145.



