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Zusammenfassung

Luftverschmutzung ist eines der grofiten Gesundheitsprobleme der Welt. Jedes Jahr werden Tausende
von Todesfdllen auf verschmutzte Luft zuriickgefiihrt. Feinstaub (PM) ist ein sehr wichtiger Bestandteil
der Luftverschmutzung. Es enthélt komplexe anorganische und organische Stoffe wie Metalle und
polyzyklische aromatische Kohlenwasserstoffe (PAK). Toxikologische Studien zeigen, dass PM
Zytotoxizitdt, Entziindung und Genotoxizitit in Zellen induzieren kann. Die Auswirkungen von PM auf
die menschliche Gesundheit sind jedoch sehr komplex und noch nicht vollstindig verstanden. Im Zuge
dieser Arbeit fanden wir zundchst heraus, dass PM verschiedenen Ursprungs unterschiedliche
Zusammensetzungen an PAKs enthielten, die unterschiedliche toxische und mutagene Aquivalente
aufwiesen (Publikation 1). Um zu verstehen, wie sich PM verschiedenen Ursprungs auf Zellen
auswirken, und welche Komponenten bei den biologischen Effekten eine Rolle spielen, wurden in-vitro-

Experimente an verschiedenen Zelltypen durchgefiihrt (Publikation 2 und 3).

Wir untersuchten den Einfluss von drei Referenz-PM, d. h. Feinstaub ERM-CZ100 (CZ100), Urban
Dust SRM1649 (UD 1649), und Diesel PM SRM2975 (Diesel PM 2975), auf humane monozytiare THP-
1-Zellen und A549 Lungenepithelzellen. Sowohl oxidative DNA-Schédden in Form von 8-Hydroxy-2'-
desoxyguanosin (8-OHdG) Léasionen, als auch das Lipidperoxidationsprodukt Malondialdehyd (MDA)
wurden in beiden Zelltypen mittels Fliissigchromatographie-Tandem-Massenspektrometrie (LC-
MS/MS) analysiert, um die oxidative Kapazitit der drei verschiedenen PM. Der Zytokinese-Block-
Mikronukleus-Zytom Assay (CBMN Cyt, OECD 487) wurde durchgefiihrt, um in beiden Zelllinien die
Genotoxizitit (basierend auf Chromosomenschédden) der verschiedenen PM und Oxidationsmittel zu
untersuchen. Kontaminationen durch Metallelemente in den PM Proben wurden unter Verwendung von
Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-MS) analysiert. Die Auswirkungen von
PM auf epigenetische DNA-Modifikationen wie Cytosin-Methylierung, Cytosin-Hydroxymethylierung
und Adenin-Methylierung wurden in menschlichen monozytiren THP-1-Zellen untersucht. Die
Korrelation zwischen verschiedenen toxikologischen Ereignissen und PM-Komponenten wurden

untersucht, um eine potenzielle Verbindung zwishen ihnen herzustellen.

Die drei verschiedenen PM wiesen unterschiedliche Verunreinigungen durch Metallelemente und PAHs
auf und zeigten unterschiedliche schidliche Wirkungen auf beide Zelltypen. Alle PM induzierten
oxidative DNA-Schéden in Form von 8-OHdG. Nur CZ100 zeigte eine oxidative Kapazitit, Lipide zu
oxidieren, was sich in Form erhohter MDA Level wiederspiegelte. In A549 Zellen generierte Diesel PM
2975 die hochste Genotoxizitdt im Vergleich zu den beiden anderen PM. CZ100 und UD 1649
verringerten das Cytosin-Methylierungs Level. Wéhrend alle PM das  Cytosin-Hydroxymethylierungs
Level erhohten, wurde eine erhohte Adenin-Methylierung nur durch CZ100 induziert. Die Ergebnisse
zeigten, dass THP-1 Zellen gegeniiber oxidativen Bedingungen sensitiver waren als A549 Zellen.
Wahrend die persistenten 8-OHdG DNA-Schiden eine potenziell treibende Kraft fiir

Chromosomenschidden darstellen, waren die verringerten Cytosin-Methylierungsniveaus eher auf
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Metallelemente wie As, Cr und Cd in PM zuriickzufiihren. Die erh6hte Cytosin-Hydroxymethylierung
und N6-Methyladenin waren reversibel und hatten potenziell biologische Funktionen als Reaktion auf

die PM-Exposition.
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Abstract

Air pollution has been one of the biggest environmental issues in the world. Every year, polluted air
caused thousands of deaths. Particulate matter (PM) is a very important component of air pollutants. It
contains complex inorganic and organic substances such as metals and polycyclic aromatic
hydrocarbons (PAHs). Toxicological studies show that PM induces cytotoxicity, inflammation, and
genotoxicity. However, the impact of PM on human health is very complex, and the underlying
mechanisms are not yet fully understood. In this thesis, we firstly found PM, collected from different
districts, contained diverse PAHs, and exhibited different toxic and mutagenic equivalent (Publication
1). To understand how PM from different sources impact cells and which components play a key role in
the observed adverse effects, in vitro experiments on distinct cell types were conducted (Publication 2

and 3).

We investigated the impact of three reference PM, encompassing fine dust ERM-CZ100 (CZ100), urban
dust SRM1649 (UD 1649), and diesel PM SRM2975 (diesel PM 2975) on human monocytic THP-1
cells and lung epithelial A549 cells, respectively. 8-Hydroxy-2’-deoxyguanosine (8-OHdG) is used as
the oxidative DNA damage marker and malondialdehyde (MDA) is served as the biomarker of lipid
peroxidation. Liquid chromatography tandem mass spectrometry (LC-MS/MS) was used to evaluate the
mentioned oxidative stress inducing potential, respectively. Additionally, cytokinesis-block
micronucleus cytome (CBMN Cyt, OECD 487) assay was performed to evaluate their genotoxicity (in
terms of chromosomal instability). To know much more about the observed adverse effects, inductively
coupled plasma mass spectrometry (ICP-MS) was used to analyze the metals in the samples. The effects
of PM on epigenetic DNA modifications such as cytosine methylation, cytosine hydroxymethylation,
and adenine methylation were investigated in human monocytic THP-1 cells. The associations between

the different toxicological events and PM components were studied to explore their potential interplay.

Three reference PM, containing different metal elements and PAHs, showed different capacities to
induce adverse effects on the cells. All PM had the oxidative potential to oxidize DNA, which was
demonstrated by the detection of 8-OHdG. Only CZ100 was capable of inducing lipid peroxidation
generating MDA. Diesel PM 2975 induced the highest genotoxicity compared to the other PM on A549
cells, while CZ100 and UD 1649 decreased cytosine methylation levels. All PM increased cytosine
hydroxymethylation levels, increased adenine methylation level was only induced by CZ100. These
results indicated that THP-1 cells were more sensitive towards oxidative conditions than that of A549
cells. The persistent DNA damage, depicted by increased 8-OHdG levels, was a potential driving force
for chromosome damage. The decreased cytosine methylation levels were due to the presence of metals
such as As, Cr, and Cd contained in PM. The increased cytosine hydroxymethylation and N6-

methyladenine were reversible and had potential functions in response to PM exposure.
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1 introduction 1

1 Introduction

Air is polluted by aerosols from both anthropogenic and natural sources, for instance, fossil fuels burning
from transports and industries, biomass burning from agricultural land and households, as well as
volcanic eruptions and forest fires. Particulate matter (PM) is a very important component of air
pollution. It contains harmful inorganic substances (e.g. heavy metals) and toxic organic substances (e.g.
polycyclic aromatic hydrocarbons, PAHs) (Wang et al., 2020; He et al., 2014). Together with the gases
in air (e.g. NOy, SO, and volatile organic compounds), PM severely impacts human health. It is a driving
force for different health impairments such as pulmonary diseases and cardiovascular diseases thus
leading to increased morbidity and mortality (Valavanidis et al., 2008). Toxicological studies show that
PM causes cytotoxicity, genotoxicity, and inflammation in cells (Park et al., 2018; Steenhof et al., 2011).
However, the impact of PM on human health is much more complicated than we know and the
mechanism of how PM induces adverse effects is still not yet fully understood (Anderson et al., 2012).
A better understanding of how PM impacts cells and which components of PM induce the adverse effects

can help to understand how air pollution effects human health.

In this thesis, we studied diverse PM collected from different districts in Nanjing city (Publication 1).
We found that PAH components in collected PM varied in the collected places such as the traffic area
and the industrial area. Based on toxic and mutagenic equivalent calculation, PM;o showed higher toxic
and mutagenic potential than PM, s in all places. To understand how PM from different sources impacts
cells, in vitro studies are necessary. In the following studies (Publication 2 and 3), three standard
reference PM (i.e. fine dust ERM-CZ100, CZ100; urban dust SRM 1649, UD 1649; diesel PM SRM2975,
diesel PM 2975) were used for cell exposure studies. Human monocytic THP-1 cells were used to study
the immune cell-related response. Lung epithelial A549 cells were used to investigate the lung cell-
related activity. The components (e.g. PAHs and metals) of PM were confirmed either from certificates
or by chemical analysis. Different toxicological endpoints (e.g. oxidative DNA damage, lipid oxidation
damage, and genotoxicity) were studied and their associations with PAHs or metals were explored to

reveal their potential interplay.
1.1 Particulate matter and human health

PM can be categorized into PMj (< 10 um), PM>s5 (< 2.5 um), and PMy; (< 0.1 um) based on their
aerodynamic diameters (Colbeck and Lazaridis, 2014). Inhalation of PM impacts human health
(Brunekreef and Forsberg, 2005) and the increased PM in the ambient air is related to different diseases
(Kim et al., 2015). In several countries, an increase of 10 pug/m* PM, s was associated with increased
lung cancer mortality, including the USA with an increase of 8% (Arden Pope III et al., 2002), Japan
with an increase of 24% (Katanoda et al., 2011), and northern China with an increase of 3.4%-6.0%
(Chen et al., 2016). Especially, the older and the chronically ill population are susceptible to the
inhalation of PM (Gouveia and Fletcher, 2000). The Air Pollution on Health: a European approach 1II
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study showed that an increase of 10 ug/m?® PM,, was associated with a 0.8% increase of daily mortality
for the elderly which was 0.2% higher compared to the all ages daily mortality (Aga et al., 2003). The
concentration of ambient PM varies in different regions. The annual PM» 5 concentrations in New Delhi,
Beijing, and Hanoi are higher than that in Lima, Singapore, and Munich with the health protection limit
of 25 pg/m? set by European Union (EU) (Figure 1.1). According to the World Air Quality Report in
2019 (https://www.iqair.cn/cn-en/node/10136), about 90% of the global population breathes unsafe air
without meeting WHO annual PM s target of 10 pg/m?. And particulate matter pollution is an important
risk factor for the global burden of disease (GBD 2019 Risk Factor Collaborators, 2020). So the study

of the impact of particulate matter on human health is very in demand.

160 = New Delhi ~ Beijing  + Hanoi

Lima * Singapore * Munich
140 - EU

120
100
80
60

40

zor_—‘—‘\r——r—‘ﬂm—n—%i:'q—“—-#"“\

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Annual PM, ; Concentration (pug/m?)

Figure 1.1: Annual PM s concentrations in different cities (2008-2020). New Delhi data in 2011 from
a report (Mandal et al., 2014) and in 2012-2016 from a report (Sharma et al., 2018) and in 2017-2020
from https://www.airnow.gov;, Beijing data from http://www.stateair.net (2008-2017) and
https://www.airnow.gov (2018-2020); Hanoi data from https://www.airnow.gov; Lima data from
https://www.airnow.gov; Singapore data from https://smartairfilters.com/en; Munich data from
https://www.lfu.bayern.de/index.htm

1.2 Toxicology of particulate matter

1.2.1 Genotoxicity

Genotoxicity is a broader term and it refers to the capability of substances to damage genetic information
(Boobis et al., 2017). PM is a complex mixture containing inorganic and organic components which can
damage DNA and chromosome leading to genotoxicity such as oxidative DNA damage, DNA adducts,
DNA single- and double-strand breaks, and chromosomal abnormalities (Schins and Knaapen, 2007; Da
Silva et al., 2015) (Figure 1.2).


https://www.iqair.cn/cn-en/node/10136
https://www.lfu.bayern.de/index.htm
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Figure 1.2: lllustration of possible genotoxicity induced by PM. (ROS, reactive oxygen species; HNE,
4-hydroxynoneal; MDA, malondialdehyde; B[a]P, benzo[a]pyrene)

Different components in PM can induce reactive oxygen species (ROS) in cells. Transition metals (e.g.
iron and copper) can act as catalyst in Fenton reactions to produce ROS (Winterbourn, 1995; Vidrio et
al., 2008). Quinones in PM can induce ROS by redox reactions (Chung et al., 2006; Wang et al., 2018).
PAHs can be metabolized by cytochrome P450 family 1 subfamily A (CYP1A) proteins into redox-
active epoxide intermediates producing ROS as well (Harvey, 1996). Free radicals are very reactive and
can destruct cell organelles and components. For instance, ROS can oxidize bases on DNA (e.g. guanine)
inducing hydroxyl or carbonyl groups to guanine forming 8-oxoguanine which is the most commonly
used biomarker for DNA oxidation, or break the molecular structure of guanine generating Fapy-guanine
(Cadet and Wanger, 2013). The produced 8-oxoguanine can further lead to DNA mutation by inducing
G:C to T:A transversion mutations (Kornyushyna et al., 2002).

ROS can also lead to lipid peroxidation, which produces aldehydes such as malondialdehyde (MDA)
and 4-hydroxynoneal (HNE) (Ayala et al., 2014). The produced MDA and HNE can further react with
DNA forming DNA adducts. For example, MDA can react with guanine forming pyrimido[1,2-a]purin-
10(3H)-one adduct which can cause G-T or G-A mutations (Dedon et al., 1998; Fink et al., 1997). HNE
can react with guanine and adenine to produce 1,N2-etheno-guanine and 1,N°®-etheno-adenine adducts
(De Oliveira et al., 2018) which can lead to G-A mutation and A-G mutations, respectively (Marnett and
Plastaras, 2001).

DNA adducts can also be induced by exogenous PAHs from PM (Sevastyanova et al., 2008). Cellular
metabolisms of PAHs can generate highly reactive intermediates such as diol-PAH and epoxide-PAH
(Godschalk et al., 2003) that can form DNA-PAH adducts. For instance, PAHs in urban PM formed
stable bulky DNA adducts in lung embryonic L.132 cells (Abbas et al., 2013) and in lung epithelial A549
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cells (Billet et al., 2008). A comparison in vitro study about the extracted fractions of urban PM showed
that PAHs and nitro-PAHs were the major contributors to DNA adducts compared to bases, acids, and
aliphatic substances in rat hepatocyte cells and hamster lung V79NH cells (Topinka et al., 2000). The
produced DNA-PAH adducts were mutagenic inducing G-T mutation (Barnes et al., 2018; Zhang et al.,
2012).

Furthermore, the excision of DNA adducts or DNA damage (such as §-oxoguanine) can induce gaps on
DNA structures to produce DNA single- and double-strand breaks (Fenech and Neville, 1992; Fenech

et al., 2011). It can contribute to chromosomal abnormalities such as micronuclei.

1.2.2 Epigenetic DNA modifications

Epigenetic DNA modifications refer to heritable changes by affecting gene activities and expressions
but without changing the DNA sequence (Handy et al., 2011). Cytosine methylation and cytosine
hydroxymethylation are two important epigenetic DNA modification processes (Figure 1.3a). They play
an important role in gene regulation (Guibert and Weber, 2013). Cytosine methylation can silence gene
transcriptions to suppress gene expression. Cytosine hydroxymethylation can activate the cytosine
demethylation process (namely, transformation of 5-cytosine to 5-hydroxymethylcytosine which can
further be oxidized into 5-formylcytosine and 5-carboxycytosine) and modulate the binding of
chromatin effectors to influence gene expression. Furthermore, aberrant changes of cytosine methylation
levels (Wilson et al., 2007; Hansen et al., 2011; Ehrlich, 2009) and cytosine hydroxymethylation levels
(Dao et al., 2014) are related to different diseases such as cancer and can be regarded as useful markers.
Adenine methylation (Figure 1.3b) is another important epigenetic modification and was first found in
prokaryotes such as bacteria (Luo et al., 2015). It plays an important role in the restriction-modification
system to remove foreign pathogenic DNA and protect host DNA (Naito et al., 1995). It was also
observed in unicellular eukaryotes such as tetrahymena (Hattman, 2005) and in higher and multicellular
cukaryotes such as plants and mammals (Parashar et al., 2018). The function of adenine methylation in
cukaryotes is not yet fully understood. But adenine methylation is linked to gene expression in

cukaryotes and may be a potential epigenetic marker (Sun et al, 2015a).
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Figure 1.3: (a) Epigenetic cytosine modifications, (b) epigenetic adenine modification. (Cyt, cytosine;
SmC, 5-methylcytosine; S5hmC, 5-hydroxymethylcytosine; 5fC, 5-formylcytosine; 5caC, 5-
carboxycytosine; DNMTs, DNA methyltransferases, TETs, tel-eleven translocations, BER, base excision
repair; Ade, adenine, 6mA, N6-methyladenine; DAMTs, DNA N6 adenine methyltransferases)

The research on epigenetic DNA modifications, induced by PM exposure, only focused on cytosine
methylation and cytosine hydroxymethylation. The published cytosine methylation data are
contradictory. Indoor PM exposure was associated with global cytosine hypomethylation in placental
tissues (Janssen et al., 2013). An increase of global methylation in male C57BL/CBA mice germ-line
DNA was observed after in-situ exposure to PM exhausted by steel mills and highway transportation
(Yauk et al., 2008). A study revealed a reduced DNA Alu methylation (DNA Alu sequences are repetitive
short interspersed DNA elements named after the endonuclease Arthrobacter luteus and encompassing
10% of the primate DNA, Sukapan et al., 2014) in human blood samples after exposure to street PM
(Bellavie et al., 2013). Traffic-related pollutants strongly increased DNA Alu methylation in human
blood samples (Bind et al., 2012). Cytosine hydroxymethylation changes exposed to PM were also
reported with contradictions. For instance, ShmC levels in human blood samples were positively
associated with ambient PM;( but not with PM, s levels (Sanchez-Guerra et al., 2015). In contrast, ShmC
levels in human buccal cells were negatively associated with ambient PM o and PMs (De Nys et al.,
2017). Based on the above research, the effects of PM on cytosine methylation and hydroxymethylation
are still not yet fully understood. Furthermore, the impact of PM on adenine methylation is still not

studied yet.
1.3 Motivation

PM is a central component of air pollution, related to different pulmonary diseases and cardiovascular
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diseases. Understanding how PM interacts with cells can help to elucidate its impacts on human health
and to evaluate the air pollution exposure risk. However, even with large research efforts until now, the

effects of PM on cells are still not yet fully understood.

More work are still needed to study the difference between diverse PM collected from different sources
and which components in PM cause the adverse cytotoxicity and genotoxicity effects in cells. The
impact of PM on epigenetic DNA modifications is still not clear and further studies are in demand to

elucidate their potential associations.

Based on these points, we studied PM collected from different districts in Nanjing city. It was found that
PM from different sources contains diverse PAH components and exhibited different toxic and
mutagenic equivalents. In the following studies, we investigated the impact of three reference PM in
vitro to study their potential adverse effects in human monocytic THP-1 and lung epithelial A549 cells.
Toxicological events such as cytotoxicity, oxidative DNA damage, lipid peroxidation, genotoxicity, and
epigenetic DNA modifications were investigated to compare their different effects. The association

between different toxicological events were also studied to explore their potential interplay.
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2 Methodology

2.1 Reference particulate matter

In this thesis, three different reference PM were used for cell exposure. That is fine dust ERM-CZ100,
urban dust SRM1649, and diesel PM SRM 2975 (Figure 2.1). All three reference PM were collected
from different sources containing different components and are agglomerates without a uniform size
distribution. Information of PAH contents, particle size distribution for three PM, and metal contents in
CZ100 and UD 1649 are from their respective certificates. Information of metal contents in diesel PM

2975 is reported by Ball et al., 2000.

Fine dust ERM-CZ100 Urban dust SRM 1649 Diesel PM SRM2975

Figure 2.1: Three different reference PM.

2.1.1 Fine dust ERM-CZ100

Fine dust ERM CZ-100 is road dust collected in 2010 from the tunnel called Wislostrada in Poland.
Most of the dust is from tunnel walls and small parts are from sidewalks which are inaccessible to the
public. Collected dust was sieved by a 0.5 mm sieve followed by a 0.25 mm sieve. Filtrated dust was
triturated into fine dust by using a jet mill. The final produced PMo-like dust was filled into vials under
an argon atmosphere. CZ100 contains some high amounts of metals such as iron (38 g/kg), magnesium
(13 g/kg), and aluminium (34 g/kg), which could be originated from tire and brake abrasion from

vehicles.

2.1.2 Urban dust SRM 1649

Urban dust SRM1649 are ambient particles collected from an urban area in Washington, D.C. in
1976/1977. The collection period lasted for more than one year. The collected dust was filtrated by a
63 pm sieve and mixed well by using a V-blender before the final bottling. Urban dust SRM 1649 used
in the study was firstly issued in 1982 and the same particles were re-issued in 1999 as SRM1649a and
again in 2009 as SRM1649b. Urban dust SRM 1649 includes PAHs, their derivatives, and metal elements.
The amount of Cd (569 mg/kg) in urban dust SRM1649 is very high, which may be related to the

extensive use of Cd in plastics and vehicle brakes until the late 20th century.

2.1.3 Diesel PM SRM2975

Diesel PM SRM2975 was produced by diesel-powered forklifts from Donaldson Company, Inc in 2000.
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Collected particles were firstly mixed well by using a V-blender for 1 hour and then bottled for
distribution. Diesel PM SRM2975 comprises high amounts of PAHs, their derivatives, and few metals.
High concentrations of nitro-PAHs are certified for diesel PM SRM2975, which is related to freshly
collected particles and without exposure to any atmospheric photo-oxidation reactions. The filtrated
particles originate directly from the exhaust pipe, therefore, the found metals like iron (0.9 mg/kg),
cobalt (0.1 mg/kg), and nickel (0.5 mg/kg) are typical for metal abrasion from the engine. In addition,
different alkylated PAHs are certified for diesel PM SRM2975, which is a typical non-combustion-

related release of lubrication oil.

2.2 Cell culture

Human monocytic THP-1 and lung epithelial A549 cells were cultured in Roswell Park Memorial
Institute (RPMI) 1649 medium with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin solution,
and 2 mM L-glutamine under 37°C in a humid condition with 5% CO,. Cells were seeded in culture
flasks (T25 or T75 or T175) 24 hours prior to substance exposure. The seeding density of monocytic
THP-1 and epithelial A549 cells were 0.12 and 0.06 million cells/cm?, respectively. PM stock solution
(1 mg/mL) was prepared in medium without FBS. Menadione and 3-chloro-1,2-propanediol (3-MCPD)
stock solutions (1 mg/mL) were prepared in dimethyl sulphoxide (DMSO) and water, respectively. 5-
aza-2’-deoxycytidine (5-azadC) and tert-butyl hydroperoxide (TBHP) stock solutions (1 mg/mL) were
prepared in water, respectively. The PM and other substance stock solutions were diluted in the culture
medium (with FBS) to reach the final exposure concentrations. For the epigenetic experiment, 2 mL of
CZ100 or UD 1649 stocking solution were added to T75 flasks containing 8 mL culture medium to reach
200 pg/mL. 0.4 mL of diesel PM 2975 stock solution was added to a T75 flask containing 9.6 mL culture
medium to reach 40 pg/mL. 23 pL of 5-azadC or 90 uL of TBHP stocking solution were added to T75

flasks containing 10 mL culture medium to reach 2.3 pg/mL or 9 pg/mL, respectively.
2.3 Trypan blue exclusion assay

Trypan blue exclusion assay was used to measure cell viability of human monocytic THP-1 and lung
epithelial A549 cells exposed to different concentrations of PM and oxidizers for 24 hours. This assay
is simple and widely used to determine cytotoxicity by counting the number of alive cells and dead cells
in a cell suspension (Strober, 2015). The principle is that trypan blue is a large molecule with negative
charge. Viable cells with intact cell membranes can block the entry of trypan blue through the cell
membrance. On the contrary, trypan blue can penetrate dead cells membrane to color the cell into blue
(Figure 2.2a). The colored cells can be distinguished by a light microscopy. Briefly, a cell suspension
was diluted to an appropriate density (200-2000 cells per mL). Then 20 pL of the cell suspension was
mixed with 20 pL of 0.4% trypan blue solution. An aliquot of 20 puL of the mixture was transferred to a
hemacytometer. The following counting step was operated by using the hemacytometer (Figure 2.2b)

with the cell viability calculation shown in eq. 2.1.
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Cell viability% = (alive cells) / (alive cells + dead cells) - 100% (eq. 2.1)
(a) NHZ OH HO, HZN (b)
NaO,S SO:Na
O
SO Na NaQ,S
CH; CH3
Trypan blue Hemacytometer
/ \ . _ Alive cell

O © -ff)/
i I ' Dead cell

Alive cell Dead celll - | ©

Figure 2.2: (a) The difference between an alive cell and a dead cell stained by trypan blue; (b)

Counting cells by using a hemacytometer.
2.4 Particle deposition analysis

Particle deposition was explored on A549 cells exposed to different PM. After PM exposure, the
epithelial A549 cells were washed by phosphate-buffered saline (PBS). After treatment by trypsin, cells
were centrifugated (144 rcf for 20 mins) to get the pellet. The pellet was hydrolyzed in 4 N KOH:ethanol
(1:1, v/v) solution at room temperature overnight (Rudd and Strom, 1981). The hydrolysate solution was
centrifugated (9390 rcf for 20 mins) again and the pellet was resuspended in water for analysis by using
a photometer with a 748 nm wavelength. For calibration curves, different amounts of standard particles
were hydrolyzed and analyzed according to the sample preparation process. The standard curves for
CZ100 (15-105 pg/mL), UD 1649 (15-105 ug/mL), and diesel PM 2975 (3-21 pg/mL) were set up for
quantification, respectively. In principle, the particles in the solution absorb and scatter part of the
incident light which lead to a lower intensity of the transmitted light, which can be measured
photometrically (Figure 2.3). The intensity difference between the incident and transmitted light
correlates with the concentration of the analyte, the absorption coefficient, and the path distance of light

in the solution, which obey the Lambert-Beer’s law (eq. 2.2).

A=¢elc (eq.2.2)
A is the absorbance. ¢ is the absorption coefficient. 1 is the path distance of light. ¢ is the concentration

of the analyte.
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Figure 2.3: lllustration of the work mechanism of a photometer.
2.5 Sample preparations

After cell exposure, the medium and cells were collected for further sample preparations prior to liquid
chromatography tandem mass spectrometry (LC-MS/MS) system. Different sample preparation
methods were used to either remove impurities, concentrate target molecules, increase the target
retention time on LC, or improve the target sensitivity on MS. For the analysis of oxidative DNA damage
(8-OHdG), solid-phase extraction was used. For the measurement of oxidative lipid damage (MDA),
chemical derivatization and liquid-liquid extraction were applied. For the evaluation of epigenetic DNA

modifications, chemical derivatization methods were developed.

2.5.1 Solid-phase extraction

Solid-phase extraction (SPE) was used to prepare 8-OHdG samples. SPE is widely used in sample
preparation for semivolatile or nonvolatile target analytes. It can effectively remove impurities and
enrich the target analytes especially for low concentrations of analytes. Normally, a cartridge is packaged
with stationary/solid phase such as modified silica particles which have different functional groups on
the surface depending on the desired selectivity. The analytes in the mobile phase which interact with
the solid phase (e.g. via van der Waals force, pi-pi interaction, dipole-dipole interaction, and electrostatic
attraction) can be adsorbed on the solid phase. The typical extraction steps include conditioning,
equilibration, loading, washing, and eluting (Figure 2.4). The conditioning step can remove the trapped
air in the package materials and activate the functional groups on the surface of the stationary phase.
Subsequently, the SPE cartridge is purged with the desired solvent to equilibrate the stationary phase for
the following adsorption process. In the loading step, the sample solution is transferred to the SPE
catridge. Target analytes are selectively adsorbed to the stationary phase, whereas unwanted parts of the
matrix pass through the solid bed. In the following washing step, the cartridge is washed by solutions to
remove the undesired impurities from the stationary phase. Finally, the desired analyte is desorbed by
disrupting the interaction between the analyte and stationary phase with appropriate eluents. In addition
to the purification of the target analytes, the analyte concentration can be increased when re-dissolved

in a small volume solution.
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Figure 2.4: lllustration of the work mechanism of a solid-phase extraction.

Based on different work mechanisms, SPE can be divided into normal-phase SPE, reverse-phase SPE,
and ion-exchange SPE. Normal-phase SPE is used to extract polar analytes dispersed in non-polar or
mid-polar solution. The surface of the stationary phase is normally modified with hydrophilic groups
such as -CN and -NH,. When a sample is loaded on the cartridge, target analytes can retain on the
stationary phase via hydrophilic interaction. In contrast, reverse-phase SPE can separate non-polar or
mid-polar target analytes dissolved in polar or moderately polar solution. The hydrophobic groups (i.e.
C8 and C18) on the stationary phase can interact with the target analytes by hydrophobic interaction.
Ion-exchange SPE is designed to separate target analytes with charge (either positive or negative) via

electrostatic interaction.

In this thesis, LiChrolut-EN cartridge was used for the 8-OHdG sample preparation. The package
material is polymeric sorbent particles (i.e. ethylvinyl benzene-divinylbenzene) which has a huge
surface area of 1200 m*/g. This sorbent has an extra hydrophilic function to adsorb polar organic

compounds.

2.5.2 Liquid-liquid extraction

Liquid-liquid extraction (LLE) was used to prepare MDA adducts in samples after chemical
derivatization. This method is widely used to separate an analyte (Figure 2.5) based on its different
solubility in the aqueous phase and in the immiscible organic solvent. Depending on its partition
coefficient (Kd), the analytes transfer from the aqueous phase into another immiscible organic solvent
(eq. 2.3). A high value of Kd is helpful for the analyte transfer process from water to the organic phase.
LLE can be repeated for several times to reach a good extraction. The collected organic solvent phase

containing the target analyte can be concentrated for the further measurement.
Kd = (Congorg)* Viorg) / (Congg * Viag) (eq. 2.3)

Kd is the partition coefficient. Conrg and Congg) are the concentration of the analyte in the organic
phase and the aqueous phase, respectively. V(o) and Vg are the volumes of the analyte in the organic

phase and the aqueous phase, respectively.
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Figure 2.5: lllustration of the work mechanism of a liquid-liquid extraction.

2.5.3 Chemical derivatization

Chemical derivatization is a very useful technique to convert an analyte into a different species
(Hollénder, 2017). The newly produced compound can show different physico-chemical characteristics
in terms of solubility, boiling point, and reactive ability. In most cases, derivatization is used to adapt
the physical or chemical properties of target analytes in order to improve their analytical accessibility.
This technique is widely used in the sample preparation prior to LC-MS/MS when the original target
analytes are difficult to be analyzed directly because of, for example, the poor ionization efficiency in
MS source, the bad retention time on liquid chromatography, and unsuitable ion fragments on MS. In
this thesis, chemical derivatization is used for MDA (Figure 2.6a), cytosine modifications (Figure 2.6b),

and adenine modifications analysis prior to LC-MS/MS (Figure 2.6c¢).

(a) 2,4-Dinitrophenylhydrazine (DNPH) ( b) 2-Bromo-4'-phenylacetophenone (BPAP)
_NH,
O
NO, \
B
i \he P, B
R R
NO, NO, f* N 0 \(L N
0\_/\/0 s —— /&. /&
MDA ZZHLO N"TO NS0
NO, HO 0 HO 0]
MDA-DNPH -H:O0 -HBr
OH H
R=H dc R=H dC-BPAP
.CH3 5.mdC -CH3 5-mdC-BPAP
_CH20H 5-hmdC -CH20H 5-hmdC-BPAP
(c) 2-Bromo-4'-phenylacetophenone (BPAP)

O R Y

¥ T
% ‘ Br Major product Minor product
N -HBr
R=H Ade R=H Ade-BPAP
R=CH: 6mA O R=CHs 6mA-BPAP

Figure 2.6: lllustration of the chemical derivatization for (a) MDA, (b) cytosine modifications; (c)

Z

adenine modifications (the quantification was based on the major adduct).
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(1) MDA is a small molecule which lacks appropriately visible chromophore for spectrum analysis. It
has poor retention time on LC and is difficult to be analyzed directly on MS without chemical
derivatization. MDA with two aldehyde groups can selectively react with 2,4-dinitrophenylhydrazine
(DNPH) on the hydrazine group forming a five-membered ring (Figure 2.6a). The produced MDA
adduct has an adequate retention time on LC and a good ionization performance on MS, which is widely

used to evaluate MDA levels in biological samples (Chen et al., 2011; Wu et al., 2011).

(2) 2’-Deoxycytidine (dC) and its modifications such as 5-methyl-2’-deoxycytidine (5-mdC) and 5-
hydroxymethyl-2’-deoxycytisine (5-hmdC) are polar molecules showing poor retention time on reverse
phase chromatography. In recent reports, cytosine was found to selectively react with the bromacetone
group forming a robust five-membered ring (Table 2.1). As a result, the retention time of the new
adducts was improved on LC. Significantly increased sensitivity of new adducts on MS was achieved.
In this study 2-bromo-4’-phenylacetophenone (BPAP) including a bromacetone function group was used

to react with cytosine and its modifications for chemical derivatization (Figure 2.6b).

(3) Adenine (Ade) and its modification N6-methyladenine (6mA) have poor retention time on LC and
poor sensitivity on MS. Chemical derivatization for Ade and 6mA is an effective way to increase their
retention time on LC and improve their detection limit on MS. In this study, Ade and 6mA reacted with

BPAP forming new adducts prior to LC-MS/MS for measurement (Figure 2.6c¢).

Table 2.1: Derivative reagents used for cytosine and its modifications.

Targets Derivative reagents Reference

cytidine; Q < (Torres et al.,
dc; @ ' 2011)

5-methylcytidine;
5-mdC;

Br (Tang et al.,
2015)

@]

5-mdC;

5-hmdC;
5-formyl-2’-deoxycytidine;
S-carboxy-2’-deoxycytidine; e O,

5-methylcytidine; Cﬁs Br (Huang et al.,
5-hydroxymethylcytidine; N 2016)
5-formylcytidine; Lo e O

- CHy Br |
5-carboxycytidine; b, N



2 Methodology 14

Table 2.1(continued): Derivative reagents used for cytosine and its modifications.

5-mdC; (Xiong et al.,
5-hmdC; CH, 2017)
5-formyl-2’-deoxycytidine; KN/\CH_‘

S-carboxy-2’-deoxycytidine;
5-methylcytidine;
5-hydroxymethylcytidine; 0
5-formylcytidine;

5-carboxycytidine;

Internal standard method is widely used in MS analysis for the accurate and precious quantification.
Briefly the constant amount of internal standard is spiked in both samples and standard solutions at the
beginning of sample preparation process. The calibration curve is set up by x-axis (the concentration
ratio between the target analyte and internal standard) and y-axis (the area ratio between the target
analyte and internal standard). Based on the detected area ratio between the target analyte and internal
standard in samples, the concentration of the target analyte can be calculated. This method can
compensate the loss of the target analyte during sample preparation such as SPE, LLE, and chemical
derivatization. It can also correct the influence of matrix effect in samples on MS either due to ion-
suppression or ion-promotion. In general, the internal standard should have similar physico-chemical
characteristics to the target analyte, which can be distinguished by MS without effecting the target
analyte. The isotope labeled internal standard is regarded as the gold standard because it has nearly the

same physico-chemical characteristics as its native counterpart.

In this study, isotope labeled internal standard '"Ns-8-OHdG and d>-MDA (Figure 2.7a) were used for
the target analytes quantification. However, the corresponding isotope labeled internal standard is very
expensive and sometimes not available. The suitable internal standard as the substitution of isotope
labeled internal standard is necessary. In cytosine modifications and adenine modifications analysis, 2-
bromo-2’-acetonaphthone (BAN) which has a similar physico-chemical properties to BPAP reacted with
5-mdC, Ade, and 6mA forming new adducts and were used as an internal standards for quantification

(Figure 2.7b,c¢).
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Figure 2.7: lllustration of a chemical derivatization for (a) d>-MDA; (b) 5-mdC; (c) Ade and 6mA.
2.6 Liquid chromatography

For this thesis, liquid chromatography (LC) was used for the analysis of target compounds, such as 2’-
deoxyguanosine (dG), 8-OHdG, MDA, cytosine and adenine modification. The LC was either used with
ultraviolet detection (LC-UV) or mass spectrometry (LC-MS) depending on the target analytes. LC is
an effectively analytical technique to separate and analyze targets which are unstable at high temperature,
nonvolatile, and have high boiling points or high molecular weights. A typical LC mainly includes four
components that is a pump system, an autosampler, a column compartment, and a detector system shown
in Figure 2.8. The pump connected to different solvents can steady supply the flow of mobile phase for
analysis. The function of an autosampler is for automatic sample injection with a constant volume. The
column compartment can contain and keep stable temperature for columns. The detector (eg. UV or MS)

can qualitatively and quantitatively detect the target analytes.
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Figure 2.8: lllustration of the work mechanism of a liquid chromatography and its complementary

connection with either a UV detector or mass spectrometer.

The column is an important part for in LC system. Normally, columns are packaged with small porous
silica particles (regarded as stationary phase) with high surface area and high mechanical strength. The
surface of silica particles can be further modified with different groups for various separation
selectivities. Based on the interaction between molecules and stationary phase, different analytes are
eluted with various retention time according to their physico-chemical characteristics (Figure 2.9). The
interaction mechanisms are same to SPE including via van der Waals force, hydrophobic or hydrophilic

interaction, pi-pi interaction, hydrogen bonding, dipole-dipole interaction, and electrostatic attraction.

Flow — 8% . —_—
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Figure 2.9: lllustration of the work mechanism of a column.

Depending on the physico-chemical characteristics of target analytes, different columns were chosen in
this study. A Kinetex® C18 column (2.6 um, 100 A, 100x2.1 mm i.d., Phenomenex, USA) was used to
separate cytosine modifications and MDA adducts. Reversed phase C18 columns are the most used
column with octadecyl-bonded silica particles as stationary phase (Figure 2.10a). It shows good
separation efficiency, robust reproducibility, and good column lifetime and is widely used in various

analysis including pharmaceuticals, vitamins, fatty acids, and steroids.
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Figure 2.10: lllustration of the stationary phase for (a) C18; (b) F5 ;(c) Eurospher HILIC.

A Kinetex® F5 column (2.6 pm, 100 A, 100x3.0 mm i.d., Phenomenex, USA) was used to separate
adenine modifications. The stationary phase is modified with pentafluorophenyl function group (Figure
2.10b) showing the good separation ability for isomers which have the same molecule weight but
different molecule structure. In our study, the derivatized adenine and N6-methyladeinine products had
two isomers which can not be directly distinguished by MS. F5 column successfully separated the

isomers prior to MS for the accurate quantification.

A Eurospher II 100-3 HILIC column (3 pum, 100 A, 100x3 mm i.d., Knauer, Germany) was selected for
the separation of dG and 8-OHdG. The stationary phase was modified with polar ammonium-sulfonic
acid functional groups (Figure 2.10c¢). This column belongs to hydrophilic interaction columns. During
analysis, a thin water layer forms on the surface of stationary phase. Thus hydrophilic analytes can
partition between the mobile phase and the water layer leading to the increased retention time. The
column is suitable for the analysis of polar and ionic analytes which have poor retention time on reversed

phase columns.
2.7 Hybrid triple quadrupole/linear ion trap mass spectrometry

In this thesis, a hybrid triple quadrupole/linear ion trap mass spectrometry (4000 QTRAP system)
combined with an LC system was used for the analysis of 8-OHdG, MDA, cytosine modifications, and
adenine modifications samples. The 4000 QTRAP system is suitable for the quantitative analysis of
molecules with small weights such as drugs and cell metabolite products. It analyzes ions (either with
positive charge or with negative charge) generated from molecules by measuring their mass to charge
ratio (m/z). It can identify an unknown substance according to its m/z or quantitatively measure a known
substance by detecting the identified m/z. The basic components of a mass spectrometer include an
ionization source, a mass analyzer (working in a high vacuum condition to avoid ion collisions with

molecules from the air), and a detection system (Figure 2.11).
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Figure 2.11: lllustration of the basic components of mass spectrometry.

(1) In the ion source, analytes are transformed to charged species. This process enables the manipulation
of analytes movement in electric fields. In the field of mass spectrometry, several different ionization
techniques are used, depending on physical-chemical properties of analytes or the sample matrix. A
commonly applied technique for the coupling with LC is electrospray ionization (ESI). In our study, a
4000 QTRAP system with a Turbo V™ Ton Source was operated in ESI mode. The sensitivity is related
to target analytes and the flow rate. The mobile phase can be a pure aqueous solution or an organic
solvent. The sensitivity of ESI can be further improved by increasing the source temperature (up to
750°C). The mechanism of ESI in positive mode includes several steps (Ho et al., 2003) (Figure 2.12).
Firstly, the liquid flow containing target analytes sprays from the tip and generates droplets with positive
polarity as the predominant. Secondly, with the evaporation of solvents, droplets become smaller and
smaller. The electrical field in the droplet increases dramatically. Finally, when the electrical field is
high enough, positive ions are ejected from droplets into the gas phase. The ejected ions pass through a
skimmer cone and are transferred into the mass analyzer for further analysis. ESI is a kind of soft
ionization technique since it will not destroy the structure of the target molecules. In general, ESI in
positive mode introduces a positive ion charge (e.g. H', NH4", and Na") to the target molecule (M)
generating a positive precursor ion (e.g. [M+H]*, [M+NH4]", and [M+Na]*). ESI in negative mode

removes a proton from the target molecule (M) generating a negative precursor ion ([M-H]).

@ M
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Figure 2.12: [llustration of the mechanism of the electrospray ionization in positive model.

(2) The mass analyzer of a 4000 QTRAP is a hybrid triple quadrupole/linear ion trap system. It contains
two separation components consisting of a quadrupole (regarded as Q1) and a linear ion trap (LIT,
regarded as Q3) as well as a collision component that is Q2. In this study, the measurement works under
multiple reaction monitoring (MRM) mode. The illustration of MRM is shown in Figure 2.13. When a
sample mixture enters the mass analyzer, different ions firstly pass through QO to reach Q1. Q1 can
generate an electric field to filter target ions based on the specific mass to charge ratio. Only the selected
ions (precursor ions) can enter the Q2. In Q2, precursor ions are collided with nitrogen gas and broken

into fragment ions. Subsequently, the fragment ions enter into Q3. Q3 can generate a radio frequency
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field to filter selected fragment ions and let the selected fragment ions pass through (Zhang et al., 2005).
MRM mode has high sensitivity and selectivity and can efficiently reduce the background noise and
matrix components in samples. Typical precursor ions and fragment ions used in this study for 8-OHdG,
5-mdC-BPAP (a cytosine modification adduct), and 6mA-BPAP (an adenine modification adduct) are

shown in Figure 2.14.
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Figure 2.13: lllustration of the work mechanism of multiple reaction monitoring.
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Figure 2.14: Typical precursor ions and fragment ions from (a) 8-OHdG, (b) 5-hmdC-BPAP; (c) 6mA-
BPAP analyzed in MRM positive mode.

(3) The detector system of the 4000 QTRAP consists a channel electron multiplier (CEM). When an ion
enters and collides the CEM, the inner surface of the CEM emits 1-3 electrons which further collide the
CEM and induce more electrons (Figure 2.15). This process is called secondary emission. So a small
signal intensity can be amplified by several orders of magnitude. The displayed signals can subsequently

be transferred to a computer and used as quantitative signals for data processing.
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Figure 2.15: lllustration of a channel electron multiplier.

2.8 Inductively coupled plasma mass spectrometry

In this study, inductively coupled plasma mass spectrometry (Agilent 7700 Series ICP-MS system) was
used to analyze metal elements in samples. ICP-MS with high sensitivity is a robust method for trace
metals analysis. Samples consisting of either particles or cells were first digested by strong acid
hydrolysis (i.e. a mixture of 69% nitric acid and 30% hydrogen peroxide) and the hydrolysate solution
was diluted and injected into the nebulizer. The nebulized drops were transferred to an ICP torch for

1onization.

(1) The ionization process of the Agilent 7700 ICP-MS is realized in an ICP torch (Leonhard et al., 2002)
(Figure 2.16). A sample mixture is carried by inert Ar gas after the sample nebulization. At the end of
the torch, a radio frequency coil induces a strong radio frequency field in high megahertz. When Ar gas
passes through the radio frequency coil, Ar is ionized into a plasma state (Ar — Ar* + ¢°). The electrons
move with high velocity around the magnetic field and generate high temperatures. Metal elements (M)
in mixtures can be immediately ionized (M + Ar"— M*+ Ar).

Radio frequency coil .
1 S Radio frequency field

o
| geYeYeYe)
Ar —>A1'-*+e'

Carry gas (Ar)

M+ Art — M+ Arh

Ug@@”

Figure 2.16: Illustration of the work mechanism of an inductively coupled plasma torch.

(2) After the ionization process, generated ions (M) pass through an octopole reaction system to remove
the interference. The octopole reaction system can increase the transmissions of ions. It works
effectively with an inert He gas condition and a kinetic energy discrimination voltage to remove the
polyatomic interference. Afterwards, the ions enter a quadrupole mass analyzer which generates an
electric field to filter target ions based on m/z (Figure 2.17). The quadrupole mass analyzer with
hyperbolic rod profile has a high sensitivity and resolution for ions filtration. Finally, the selected ions

pass through the mass analyzer to reach the detector.
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Figure 2.17: [llustration of the work mechanism of an octopole reaction cell and a quadrupole mass

analyzer.

(3) The detector system of the Agilent 7700 ICP-MS consists an electron multiplier system. It acquires
ion signals and makes amplifications. The amplified signals can be further transferred to a computer for

the data processing.

2.9 Cytokinesis-block micronucleus cytome assay

Cytokinesis-block micronucleus cytome assay (CBMN assay) was used in this study to measure
genotoxicity based on chromosome damage (Fenech, 2007; OECD 487, 2016). The illustration of
CBMN assay is shown in Figure 2.18. Cells were seeded 24 hours prior to PM or oxidizer exposure.
Cytochalasin B was added after 44 hours after seeding to make sure cells underwent at least one cell
division (A549 and THP-1 cells have a doubling time of 24 hours and 36 hours, respectively).
Cytochalasin B inhibited cytoplasm division but did not block nuclear division. After fixation of the cell
samples on microscopy slides, cells were stained with Giemsa. Giemsa stain entered cells and attached

to DNA phosphate groups to color the nucleus and chromosomes.

Add Add
PM and cytochalasin B
oxidizers 44 h
¢ l
| | | .'
® | | - (@®
24 h 48 h 72 h

Figure 2.18: Illustration of cytokinesis-block micronucleus cytome assay duration.

Mononucleated cells (MONO, one nuclei), binucleated cells (BN, two nuclei), and Multinucleated cells
(three or more than three nuclei) were distinguished (Figure 2.19). Based on their counts, cytokinesis-

block proliferation index (CBPI) was calculated to evaluate the cell proliferation (eq. 2.4).

CBPI = No.mononucleated cells+2 - No.binucleated cells+3 - No.multinucleaated cells (eq.2.4)

Total number of cells

Apoptosis refers to the programmed cell death. It includes nuclear structure changes such as the nuclear
fragmentation and chromatin condensation (Elmore, 2007). Necrosis is the unprogrammed cell death

and includes alterations such as the loss of cell membrane integrity and uncontrolled release of cell
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organelle (Fink and Cookson, 2005). Analysis of apoptotic and necrotic cells was used to evaluate and

distinguish the cell cytotoxicity (Figure 2.19).
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Figure 2.19: lllustration of cytokinesis-block micronucleus cytome assay procedures.

Genotoxicity events on chromosomes in CBMN assay include the formation of micronuclei (MN) in
MONO or in BN, nucleoplasmic bridge (NPB), or nuclear bud (NBUD) in BN. These chromosomal
aberration are makers of different chromosomal instabilities resulting from different genotoxic

mechanisms (Fenech et al., 2011) (Figure 2.19).

For example, MN can be generated from chromosome fragments or whole chromosomes which are not
appropriately attached to spindles during the mitosis phase. Misrepair of DNA and unrepaired DNA
strand breaks, the excision of 8-oxoguanine from the complementary DNA double-strand, the
dysfunction of the spindle apparatus, and the error of mitosis check points can also lead to MN formation

as well (Fenech et al., 2011; Rosefort et al., 2004; Kirsch-Volders and Fenech, 2001).

NPB can be formed when a dicentric chromosome is pulled by spindles to two directions in a cell during
anaphase. Telomere end fusions and fault repair of chromosome breaks can also lead to dicentric

chromosomes (Fenech et al., 2011; Di Bucchianico et al., 2018).

NBUD can be produced by the elimination of the amplified DNA in the synthesis phase of the cell cycle.
It can also be formed when a NPB breaks between two nuclei and the residue still attach to one nucleus.

(Fenech et al., 2011; Di Bucchianico et al., 2018).
2.10 Calculation of toxic equivalent and mutagenic equivalent

Toxic equivalent (TEQ) and mutagenic equivalent (MEQ) of PAHs were calculate based on the toxic
equivalency factor (TEF) and the mutagenic equivalency factor (MEF) for each PAH shown in Table
2.2 (Nisbet and Lagoy, 1992; Durant et al., 1996; Delistraty, 1997). A toxic equivalency factor represents
the toxicity capacity of a PAH, while different PAHs have their corresponding TEF values. Thus a

mixture of PAHs can be described in a single value (eq. 2.5) to evaluate its total toxic capacity. This
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concept is also applied to MEQ (eq. 2.6). Benzo[a]pyrene (B[a]P) widely exists in environment such as
cigarette smoke and burnt food (Risner, 1988; Lintas and De Matthaeis, 1979) and belongs to Group 1
(i.e. carcinogenic to humans) by International Agency for Research on Cancer (IARC,
https://monographs.iarc.who.int/agents-classified-by-the-iarc/). It is usually used as a surrogate to evaluate
the PAH mixtures, which TEF and MEF are regarded as 1. PAHs showing higher factors than 1 are more
toxic or mutagenic than B[a]P. PAHs showing a smaller factor than 1 are less toxic or mutagenic than
B[a]P. The toxic and mutagenic equivalency values are useful for the risk assessment of PAH mixtures.

> Bla)Preo= Zn:ci -TEF; (¢0-23)

i=l1

n eq. 2.6
Y Bla]Puro=>_Ci- MEF; (q.2.6)
i=1

Ci represents the concentration of a PAH, TEF; is the corresponding toxic equivalency factor for the

PAH, MEF; is the corresponding mutagenic equivalency factor for the PAH.

Table 2.2: Toxic equivalency factor (No. 1-17 from Nisbet and Lagoy, 1992; No. 18-33 from Delistraty,
1997) and mutagenic equivalency factor (Durant et al., 1996) for PAHs and their derivatives.

Number Substance TEF MEF
1 Naphthalene 0.001 -
2 Acenaphthylene 0.001 0.00056
3 Acenaphthene 0.001 -
4 Fluorene 0.001 -
5 Phenanthrene 0.001 -
6 Anthracene 0.01 -
7 Fluoranthene 0.001 -
8 Pyrene 0.001 -
9 Benz[a]anthracene 0.1 0.082
10 Chrysene 0.01 0.017
11 Benzo[b]fluoranthene 0.1 0.25
12 Benzo[k]fluoranthene 0.1 0.11
13 Benzo[a]pyrene 1 1
14 Diben[a,h]anthracene 5 0.29
15 Benzo[ghi]perylene 0.01 0.19
16 Indeno[1,2,3-cd]pyrene 0.1 0.31
17 2-Methylnaphthalene 0.001 -
18 Benzo[j]fluoranthene 0.1 0.26
19 Dibenz[a,j]acridine 0.1 -
20 Dibenz[a,h]acridine 0.1 -
21 Dibenzol[a,e]pyrene 1 2.9

N
\S]

Dibenzo[a,h]pyrene 10 -
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Table 2.2 (continued): Toxic equivalency factor (No. 1-17 from Nisbet and Lagoy, 1992, No.
18-33 from Delistraty, 1997) and mutagenic equivalency factor (Durant et al., 1996) for PAHs

and their derivatives

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Dibenzo[a,i]pyrene
Dibenzo[a,l]pyrene
1,6-Dinitropyrene
1,8-Dinitropyrene
5-Methylchrysene
6-Nitrochrysene
2-Nitrofluorene
1-Nitropyrene
4-Nitropyrene
5-Nitroacenaphthene

7H-Dibenzo[c,g]carbazole

1,3-Dinitropyrene
9-Nitroanthracene
2-Nitrofluoranthene

3-Nitrofluoranthene

10
10
10
1
1
10
0.01
0.1
0.1
0.01
1.0

0.031
0.0032
0.05
0.0026
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3 Results and discussion

3.1 PM analysis from Nanjing city

Different PM were collected in Nanjing city from five districts with different regional setting: an
industrial district, a traffic district, a residential district, a business district, and a background district
(Publication 1). The analyzed total amounts of PAHs in PM» s and PM)o varied in the five places with
the following order: industrial district > residential district > traffic district > business district >
background district (Table 3.1 and Table 3.2). The components of PAHs differed in both PM,s and
PM, in all five districts. Based on TEQ and MEQ calculation, PM, s from an industrial district showed
the highest TEQ (5.21 ng'm™) and MEQ (6.31 ng'm™), respectively (Table 3.1). While PM;, from the
business district and the residential district showed the highest TEQ (9.74 ng-m?) and MEQ (14.08
ng'm>), respectively (Table 3.2). This indicated that the collected PM showed distinct toxic and

mutagenic equivalent values due to their different PAH constitutions.

Table 3.1: Concentrations of PAHs in PM> s and the calculated TEQ and MEQ of PM s.

District PMs (ng'm?)  TEQ (ng'm?) MEQ (ng-m?)
industrial district 50.00 5.21 6.31
residential district 21.11 2.80 2.20
traffic district 17.13 2.38 2.78
business district 16.33 3.33 2.78
background district 14.02 1.94 1.57

Table 3.2: Concentrations of PAHs in PM 9 and the calculated TEQ and MEQ of PM .

District PMo (ng'm>) TEQ (ng'm?®) MEQ (ng'm>)
industrial district 93.08 9.44 13.53
residential district 61.03 8.64 14.08

traffic district 48.31 6.11 8.78

business district 44.13 9.74 11.49

background district 38.45 7.01 8.11
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3.2 Cell viability assay

Cytotoxicity was assessed in THP-1 and A549 cells after exposure to different concentrations of PM and
oxidizers (Publication 2). All compounds decreased cell viability with dose-dependent effects in both
cell lines (Figure 3.1). Cell viability decreased moderately with increasing doses of PM and there was

no big difference in two cell types.

Diesel PM 2975 showed higher cytotoxicity than other PM. Diesel PM 2975 decreased cell viability to
80% at about 80 pg/mL, while CZ100 or UD 1649 decreased cell viability to 80% at about 400 pg/mL
(Figure 3.1a-c). It would have been interesting to look at the impact of higher concentrations of PM on
cell viability, but this was not possible due to the limited solubility. Therefore, exposure concentrations
(200 pg/mL of CZ100 or UD 1649, 40 ng/mL of diesel PM 2975) which had 90% cell viability were
used for the cell exposure experiments. Compared to the other PM, diesel PM 2975 contains much less
metal elements but has higher PAHs and nitro-PAHs. The observed stronger cytotoxicity induced by
diesel PM 2975 could be attributed to its highly toxic organic components i.e. PAHs and nitro-PAHs.
Especially, nitro-PAHs are more toxic than PAHs (Bandowe and Meusel, 2017). Rossner compared the
cytotoxicity of benzo[a]pyrene, 1-nitropyrene, and 3-nitrofluoranthene in A549 cells. Both nitro-PAHs
showed higher cytotoxicity than benzo[a]pyrene (Rossner et al., 2016). 1-nitropyrene also promoted
inflammation and cause apoptosis and necrosis in BEAS-2B cells (Ovrevik et al., 2010). Furthermore,
the TEQ (in terms of PAHs and nitro-PAHs, based on pg/mL in medium) of diesel PM 2975 was 2.379
pg/mL higher than CZ100 and UD 1649 (0.43 and 1.123 pg/mL), which also indicated the cytotoxicity
of diesel PM 2975 was higher than CZ100 and UD 1649.

Two oxidizers severely reduced cell viability in THP-1 cells than A549 cells (Figure 3.1d,e). The cell
viability of THP-1 decreased to 80% after exposure to about 2.5 pg/mL of menadione and 3 pg/mL of
3-MCPD. A549 cells viability reduced to 80% after treatment with 6.5 pg/mL of menadione and 10
ug/mL of 3-MCPD. In order to gain comparable results to the PM exposure and avoid strong cytotoxicity,
2 pg/mL of menadione or 3-MCPD which had 90% cell viability were selected for further exposure

experiments.
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Figure 3.1: Cell viability of THP-1 and A549 cells after 24 hours exposure to (a) CZ100; (b) UD
1649; (c) diesel PM 2975; (d) menadione, (e) 3-MCPD. (mean * standard error of mean, n=3)

3.3 Particle deposition analysis

Particle deposition was explored on A549 cells exposed to three reference PM at the selected
concentrations. All particles are agglomerates with different sizes (based on 90% of volume distribution)
of 17.57 um, 43.2 pum, and 70 pm for CZ100, UD 1649, and diesel PM 2975, respectively. Three PM
showed different particle deposition. Even though the exposure concentrations of CZ100 and UD 1649

were the same, their particle deposition differed a lot.

Table 3.3: Particle deposition values for A549 cells exposed to different PM. (mean =+ standard error
of mean, n=3)

Target Exposure Nominal Precipitate % Deposition
concentration  concentration concentration
CZ100 200 pg/mL 40 pg/cm? 25.9 £+ 2.2 pg/em? 64.7%
UD 1649 200 pg/mL 40 pg/em* 339 + 1.7 pg/em? 84.7%
Diesel PM 2975 40 pg/mL 8 ng/cm? 6.1 £ 0.3 pg/cm? 76.3%

3.4 Quantification of 8-hydroxy-2’-deoxyguanosine and malondialdehyde

The base levels of 8-OHdAG in THP-1 and A549 cells are about five oxidized bases per one million
normal bases (namely, 8-OHdG/10° dG). Both PM and oxidizers increased 8-OHdG productions in two
cell types. After exposure to PM for 4 h in THP-1 cells, the 8-OHdG levels increased 11-, 13-, and 15-
fold in CZ100, UD 1649, and diesel PM 2975 groups, respectively, compared to the negative control
group (Figure 3.2a). In contrast, A549 cells showed a 12-, 8-, and 15-fold increase in 8-OHdG levels
upon treatment with CZ100, UD1549, and diesel PM 2975 groups, respectively, compared to the
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negative group (Figure 3.2b). Persistently increased 8-OHdG in cells were observed after exposure to
PM for 72 h. For THP-1 cells, 8-OHdG increased 3-, 2-, and 3-fold in CZ100, UD 1649, and diesel PM
2975 groups, respectively (Figure 3.2a). In A549 cells, 8-OHdG increased 1-, 2-, and 3-fold in CZ100,
UD 1649, and diesel PM 2975 groups, respectively (Figure 3.2b). The results indicated that persistent
DNA oxidation condition existed in both cell types during the short and long PM exposures.

In previous studies based on cell free experiments, UD 1649 oxidized dG to produce 8-OHdG in buffer
solution but ion chelators did not reduce the oxidation process (Prahalad et al., 2001), which indicated
that the oxidation capacity of UD 1649 could be due to its aqueous extraction fractions. 8-OHdG levels
did not increase in isolated calf thymus DNA treated together with diesel PM 2975 and H,O, (Danielsen
et al., 2008), which indicated the aqueous extraction fractions in diesel PM 2975 were neglectful in the
oxidation of dG. In this study, we observed that UD 1649 and diesel PM 2975 increased 8-OHdG
induction in both cell types, which could be explained by their organic components such as PAHs. Since
PAHSs can be metabolized into epoxide intermediates via CYP1A1 cellular metabolism (Harvey, 1996)
and the metabolized epoxide products can further induce reactive oxygen species (ROS). This
assumption is supported by the following studies. UD 1649 was shown to cause CYP1A1 expression in
murine embryonic fibroblasts (Dumax-Vorzet et al., 2015). Diesel PM 2975 induced CYPIA1

expression in Sprague Dawley rats alveolar macrophages (Zhao et al., 2006).

The background of MDA levels in THP-1 and A549 was about 0.3 ng/mL per a million cells. After
exposure to CZ100 for 4, 48, and 72 hours, the MDA increased 2.2-, 1.6-, and 1.5-fold, respectively,
compared to the negative control group (Figure 3.2¢). In A549 cells, increased MDA was only observed
in the CZ100 group for 4 hours which was about 2-fold of the background level (Figure 3.2d). THP-1
cells generated higher 8-OHdG and MDA levels than A549 cells, which indicated that THP-1 cells were
more sensitive to oxidative condition induced by PM and oxidizers. CZ100 induced comparable 8-
OHAG and higher MDA than the other PM, which indicated that the oxidative capacity of CZ100 was
higher than UD 1649 and diesel PM 2975.
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Figure 3.2: (a) 8-OHdG in THP-1 cells; (b) 8-OHdG in A549 cells, (c) MDA in THP-1 cells, (d) MDA
in A549 cells. (exposed to 200 ug/mL of CZ100 or UD 1649, or 40 ug/mL of diesel PM 2975, or 2 ug/mL
of menadione or 3-MCPD) mean + standard error of mean, n=3. Analysis of variance was used, *= p-

value < 0.05, **= p-value < 0.01, ***= p-value < 0.001.

3.5 Cytokinesis-block micronucleus cytome assay

A microscopic image of THP-1 cells shows mononucleated, binucleated, and polynucleated cells in
Figure 3.3a used for cytokinesis-block proliferation index (CBPI) calculation. Mitotic cells were used
for the cell cycle activity assessment to evaluate the cellular proliferation (Figure 3.3b). Apoptotic cells
and necrotic cells were used to evaluate cytotoxicity (Figure 3.3¢,d). The production of micronuclei
(MN) in mononucleated (MONO) and binucleated (BN) cells (Figure 3.3e,f) are markers for
aneuploidogenic and clastogenic events (Rosefort et al., 2004; Kirsch-Volder and Fenech, 2001).
Nucleoplasmic bridges (NPB) and nuclear buds (NBUD) in Figure 3.3g,h are markers for DNA
misrepair or telomere end-fusion and the elimination of amplified DNA, respectively (Di Bucchianico

et al., 2018).
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Figure. 3.3: Typical microscope graphic of THP-1 cells (a) mononucleated, binucleated and

polynucleated cells; (b) a mitotic cell; (c) an apoptotic cell; (d) a necrotic cell; (e) a micronucleus in a
mononucleated cell; (f) a micronucleus in a binucleated cell; (g) a nucleoplasmic bridge in a binucleated

cell; (h) a nuclear bud in a binucleated cell.

The background CBPI was about 1.7% in both cell types, and no significant changes were observed in
both cell types after exposure to PM (Figure 3.4a). All three PM reduced the mitotic capacity in THP-
1 cells from 4.7% to about 2.8% (Figure 3.4b). Cytotoxic effects (apoptosis and necrosis) were not

observed in both cell types (Figure 3.4¢,d).

Diesel PM 2975, menadione, and 3-MCPD induced the similar increase of MN in MONO A549 cells
(from 4 to 26) and in BN A549 cells (from 5 to 20), while this phenomenon was not observed in the
other PM or in THP-1 cells (Figure 3.4e,f). NPB increased in THP-1 cells (from 2 to 7) and A549 cells
(from 4 to 15) after exposure to CZ100, menadione, and 3-MCPD, respectively. An increase of NPB
was also observed in A549 cells induced by diesel PM 2975 but not for UD 1649 (Figure 3.4g). No
changes of NBUD frequency in both cell types after exposure to PM and oxidizers were observed
(Figure 3.4h). Based on the above results, different PM and oxidizers showed different genotoxic effects
in two cell lines. In general, diesel PM 2975 showed stronger mutagenicity (based on chromosome
instabilities) compared to CZ100 and UD 1649.
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Figure 3.4: (a) cytokinesis-block proliferation index (CBPI); (b) mitotic%, (c) apoptotic%, (d)
necrotic%, (e) MN in MONO; (f) MN in BN; (g) NPB in BN, (h) NBUD in BN. Exposed to 200 ug/mL
of CZ100 or UD 1649, or 40 ug/mL of diesel PM 2975, 2 ug/mL of menadione or 3-MCPD, mean +
standard error of mean, n=3. Solvent control = 0.2% DMSO, positive control = 300 ug/mlL of ethyl-
methanesulfonate (EMS). Analysis of variance was used, * p < 0.05; ** p < 0.01; *** p < 0.001.

Previous reports studied the genotoxicity of PM and oxidizers mainly by using the comet assay to

evaluate single- double-strand breaks in DNA. UD 1649 showed dose-dependent effects on DNA
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damage in murine embryonic fibroblast cells (Dumax-Vorzet et al., 2015). Diesel PM 2975 induced
DNA damage in various different cell lines, including hamster lung fibroblasts V79 cells, lung epithelial
A549 cells, macrophages, bronchial epithelial HBEC3 cells, respectively (Shi et al., 2009; Danielsen et
al., 2008; Jantzen et al., 2012; Rynning et al., 2018). 3-MCPD was reported to cause DNA damage in
embryonic kindy HEK293 cells (Sun et al., 2015b; Ji etal., 2017). Increased DNA damage in neuroblast-
like SH-SYSY cells was also observed upon treatment with menadione (Luukkonen et al., 2011). These
studies indicated that both PM and oxidizers induced DNA damage in different cell types. Additionally,
an increased MN frequency was observed after exposure to organic extraction of diesel PM 2975 but
not to the washed particles alone in V79 fibroblasts (Shi et al., 2009) indicating that the genotoxicity
induced by diesel PM 2975 was mainly due to its organic components. In our experiments, diesel PM
2975 induced stronger genotoxicity compared to CZ100 and UD 1649. This could be attributed to its
high concentrations of PAHs and especially nitro-PAHs. A comparison study between the effects of 1-
nitropyrene, 3-nitrobenzanthrone, and benzo[a]pyrene on bronchial epithelial BEAS-2B cells showed
that both nitro-PAHs caused stronger genotoxicity than benzo[a]pyrene (Cervena et al., 2017). 1-
Nitropyrene and 3-nitrofluoranthene (two important components in diesel PM 2975) were very
genotoxic and induced strong ROS generation and DNA damage in A549 cells (Shang et al., 2017; Hu
et al., 2020).

3.6 Correlation between 8-OHdG persistency and chromosomal instabilities

Production and excision of 8-OHdG that occurred on DNA strands may be a factor in chromosomal
instabilities such as MN, NPB, and BUND. To explore their potential associations, correlations were
made between 8-OHdG persistency and chromosomal instabilities. 8-OHdG persistency was evaluated
based on the ratio between 72 hours and 4 hours values of 8-OHdG. Small ratios refer to the weak DNA
oxidation persistency, while high ratios refer to strong DNA oxidation persistency. PM and oxidizers
showed different 8-OHdG persistency in Table 3.4. The ratios of the 8-OHdG persistency were 0.22,
0.42, and 0.29 (in A549 cells) as well as 0.33, 0.22, and 0.24 (in THP-1 cells) in CZ100, UD 1649, and
diesel PM 2975, respectively.

Table 3.4: The 8-OHdG persistency in A549 and THP-1 cells.

Cells Oxidizer PM
Menadione 3-MCPD CZ100 UD 1649 Diesel PM 2975
A549 0.23+0.03 0.18+0.07 0.22+0.07 0.42+0.10 0.29 + 0.08
THP-1 0.39+0.12 0.21 £0.03 0.33+0.07 0.22=+0.03 0.24 £ 0.06

Significantly positive correlations between 8-OHdG persistency and chromosomal instabilities (MN BN
and NPB) were observed in A549 cells exposed to diesel PM 2975 and 3-MCPD. Significantly positive
correlations between 8-OHdAG persistency and NPB were found in THP-1 cells exposed to diesel PM
2975 and menadione (Figure 3.5). This indicated that 8-OHdG persistency was an important driving
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factor for chromosomal damage, and the induction of genotoxicity by PM may have similar mechanisms
to oxidizers. A possible explanation is that the simultaneous removal of multiple 8-OHdG from the DNA
helix backbone can cause DNA double-strand breaks leading to MN formation (Fenech et al., 2011).
However, the 8-OHdG persistency was negatively correlated with MN MONO in A549 cells exposed to
CZ100 and oxidizers as well as in THP-1 cells exposed to menadione. This indicated that 8-OHdG
persistency was not the only driving force for chromosomal damage, other factors such as PAHs may
also contributed to the detected chromosomal damage. Benzo[a]|pyrene is known to cause the formation
of DNA-PAH adducts (Zhang et al., 2012) which can be excised from the DNA duplex leading to DNA
strand breaks and further induce MN formation as well (Fenech and Neville, 1992; Godschalk et al.,
2003). In previous reports, exposure to PAHs caused the increase frequency of MN and NPB in human

lymphocytes, respectively (Ada et al., 2013; Duan et al., 2009).
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Figure 3.5: Pearson correlation coefficients between the 8-OHAG persistency and MN MONO, MN BN,
NPB, and NBUD results in A549 cells exposed to (a) CZ100; (b) diesel PM 2975, (c) menadione, (d) 3-
MCPD as well as in THP-1 cells exposed to (e) CZ100; (f) diesel PM 2975, (g)menadione; (h) 3-MCPD.
* p<0.05 ** p<0.0l

3.7 Epigenetic DNA modifications analysis methods development

Since the concentration levels of 5-hmdC and 6mA in eukaryote cell DNA are very low, a sensitive and
reliable analytical method (namely, LC-MS/MS; Publication 3) for their quantification is indispensable.
Due to the polarity of the target molecules (cytosine, adenine, and their modifications), they presented
poor retention time on reverse phase chromatography. In addition, the MS sensitivity for 5-hmdC and
6mA on MS were not high enough for the detection. Thus, chemical derivatization methods were used
in this study to improve the target analyte retention time on LC and their ionization performance on MS.
BPAP reacted with the target molecules (i.e. dC, 5-mdC, and 5-hmdC, Ade, and 6mA) forming

derivatives for measurement.
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Table 3.5: The comparison about the retention time and limit of detection (LOD) of target analytes with

and without chemical derivatization (n.d., not detected).

Analyte Without derivatization derivatization
Retention LOD Retention LOD
(mins) (fmol) (mins) (fmol)
dC 1.97 1.32 4.47 0.22
5-mdC 2.88 0.83 5.46 0.33
5-hmdC 1.89 1.17 3.70 0.23
Ade 2.00 n.d 13.58 1.48
6mA 2.13 n.d. 15.10 0.67

After derivatization, the retention time behavior of target analytes on LC and the ionization efficiency
of target analytes in the MS-source were significantly increased (Table 3.5). Until now, different
derivative reagents were used for cytosine-related modifications analysis (Table 2.1). The limit of
detection (LOD) of 5-mdC was at 0.04, 0.1, or 22.7 fmol, respectively, (Xiong et al., 2017; Tang et al.,
2015; Torres et al., 2011). The LOD of 5-hmdC was at 0.06 fmol (Xiong et al., 2017; Tang et al., 2015).
In this study, the LOD of 5-mdC and 5-hmdC were at 0.33 and 0.23 fmol, respectively. The difference
was due to different derivative reagents as well as different instruments. In previous reports,
measurements of adenine methylation were conducted by analyzing N6-methyl-2'-deoxyadenosine via
LC-MS/MS method. The LOD of N6-methyl-2'-deoxyadenosine were at 0.42, 1.88, or 20 fmol,
respectively, (Huang et al., 2015; Liang et al., 2016; Ratel et al., 2006). However, a suitable internal
standard for reliable N6-methyl-2'-deoxyadenosine quantification was not included in the above reports
and N6-methyl-2'-deoxyadenosine is expensive. Therefore, the determination of 6mA is a good
alternative way to measure adenine methylation and 6mA has an additional cost advantage. In our study,

the LOD of 6mA is at 0.67 fmol after chemical derivatization.
3.8 Epigenetic DNA modifications measurement

The base level of cytosine methylation in the negative control group was about 6.3%. After exposure to
CZ100 and UD 1649 for 24 hours, cytosine methylation decreased to 4.8% and 5.2%, respectively
(Figure 3.6a). After 48 hours, the decreased cytosine methylation was restored to the base level. No
cytosine methylation changes were observed upon exposure to diesel PM 2975. After exposure for 24
hours, cytosine hydroxymethylation increased 3.0-, 2.3-, and 1.4-fold in CZ100, UD 1649, and diesel
PM 2975, respectively, compared to the negative control group (Figure 3.6b). In contrast to cytosine
methylation, the increased cytosine hydroxymethylation (2.7 and 2.5-fold of background level) was still
observed 48 hours after exposure to UD 1649 and diesel PM 2975. Adenine methylation increased after
exposure for 24 hours to CZ100 but not to other PM (Figure 3.6c¢). Taken together, a significantly
negative correlation between cytosine methylation and cytosine hydroxymethylation (p-value < 0.001
and R?=0.1776) was observed (Figure 3.6d) . No significant correlation was found between cytosine

methylation and adenine methylation (Figure 3.6e).
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Figure 3.6: (a) cytosine methylation; (b) cytosine hydroxymethylation, (c) adenine methylation, (d,e)
two-dimensional scatters between different epigenetic modifications. Exposed to 200 ug/mL of CZ100
or UD 1649, or 40 ug/mL of diesel PM 2975. (mean * standard error of mean ,n=6). 5-azadC = 2.3
ug/mkL of 5-aza-2’-deoxycytidine used as positive control for cytosine methylation. TBHP = 9 ug/mL
of tert-butyl hydroperoxide used as positive control for cytosine hydroxymethylation. Analysis of

variance was used , *= p-value < 0.05, **= p-value < 0.01,***= p-value < 0.001.

Table 3.6: Metal elements for each PM, information from certificates (CZ100 and UD1649) or from a
literature (diesel PM2975, Ball et al., 2000), or from the ICP-MS analysis. (* means data from

certificates; " means data from a literature; * means data from ICP-MS)

Metal element  CZ100 (mg/kg) UD1649 (mg/kg) Diesel PM 2975 (mg/kg)

As* 8.58 +0.17 78.07 +£1.42 1.24 £0.02
Cd* 1.24 +£0.02 27.52+0.14 0.08 £0.01
Cr* 238.13 £6.03 145.02 + 1.57 422 +£0.01
Co 14.3% 16.4 £ 0.4° 0.1£0.1°
Cu 462* 223+ 7° 0.9+0.6°
Ni 58+ 7° 166 £ 7¢ 0.5+£0.7°
Zn 1240° 1680 + 40° 16 +£4°

Fe 38144* 29800 = 7007 0.9°

Sum up 40200 32200 24
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In the present study, we found that CZ100 and UD 1649 caused cytosine hypomethylation in cells after
exposure to 24 hours but not the case for diesel PM 2975. Both CZ100 and UD 1649 contain higher
heavy metal contents (e.g. arsenic, cadmium, and chromium) compared to diesel PM 2975 but have less
PAHs and nitro-PAHs compared to diesel PM 2975. In previous reports, arsenic depleted the level of S-
adenosylmethionine (SAM) and reduced DNA methyltransferase genes (DNMT1 and DNMT3A)
expressions in keratinocyte HaCaT cells, which was responsible for the decreased cytosine methylation
level (Reichard et al., 2007). Arsenic also reduced DNA methyltransferase enzymatic activity and caused
DNA hypomethylation in rat liver epithelial TRL 1215 cells (Zhao et al., 1997). Cadmium was reported
to reduce the DNA methyltransferase activity leading to DNA hypomethylation in liver epithelial TRL
125 cells after a 24 hours treatment period (Takiguchi et al., 2003) and decreased DNA methylation in
chronic myelogenous leukemia K562 cells (Huang et al., 2008). Chromium, nickel, and cadmium
mixtures in soil caused the reduction of cytosine methylation in plants such as hemp and clover (Aina
et al., 2004). On the other hand, DNA oxidation products like 8-oxoguanine located at 5’-C-phosphate-
G-3’ (CpQ) sites can weaken the activities of DNMT3A and DNMT]1 proteins (Maltseva et al., 2009;
Turk et al., 1995). This mechanism may result in potential hypomethylation as well. We found a
significantly negative correlation between cytosine methylation and cytosine hydroxymethylation. The
observed decrease of cytosine methylation and increase of cytosine hydroxymethylation may potentially
play an important role in gene regulation upon PM exposure. 5-Methylcytosine levels were more than
three magnitudes of orders higher than 5-hydroxymethylcytosine levels. The decreased 5-
methylcytosine was not likely because of the transformation of 5-methylcytosine to 5-
hydroxymethylcytosine, but due to an early aberrant recruitment stage during methylation such as the
insufficient S-adenosylmethionine or the deficient DNMTs activities. Taking the above findings and our
results into consideration, we assumed that cytosine hypomethylation induced by CZ100 and UD 1649
was due to the heavy metal components such as As, Cr, and Cd (Table 3.6) as well as cellular DNA

oxidative damage 8-oxoguanine (Figure 3.7).

In this study, all PM significantly increased 5-hmdC levels in cells after 24 hours of exposure. Normally,
ten-eleven translocation (TET) proteins contribute to the function to transfer 5-mdC into 5-hmdC
(Klungland and Roberson, 2017). However, heavy metal components in PM such as As, Cd, and Cr may
inhibit the activity of TET proteins (Xiong et al., 2017), which reduced cytosine hydroxymethylation.
In addition, stepwise TET oxidation can transfer 5-hmdC into 5-formyl-2’-deoxycytidine (5-fodC) to
decrease cytosine hydroxymethylation as well (Klungland and Robertson, 2017). Reductions of 5-hmdC
in lung and liver tissues were obtained from a recent in vivo study in AJ mice exposed to traffic-related
PM (1 hour daily for 3 months) (De Oliveira et al., 2018). Hence, the observed increased cytosine
hydroxymethylation may be due to other different mechanisms. One possible explanation for the
generation of 5-hmdC could be due to ROS generation (e.g. hydroxyl radical). Hydroxyl radicals can
oxidize 5-methylcytosine into 5-hydroxymethylcytosine (Wagner and Cadet, 2010). ROS can be

induced by PM via different pathways such as Fenton reaction, metabolism of PAHs, disturbance of
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dihydronicotinamide adenine dinucleotide phosphate (NADPH) oxidase-mediated activities, and
damage of mitochondria (Winterbourn, 1995; Moller et al., 2010; Lee et al., 2020; Li et al., 2003). An
increased amount of 5-hmdC in vitro after exposure to PM was mediated by oxidative stress in
neuroblast-like SH-SYSY cells exposed to traffic-related PM (Wei et al., 2017). Considering the above
results and previous reports, we assumed that antagonistic effects existed between the generation and
reduction of 5-hmdC in vivo and in vitro systems (Figure 3.7). Even the level of 5-hmdC depends on
many factors, reported studies show that 5-hmdC is a stable epigenetic modification. And aberrant
changes of 5-hmdC are associated with various diseases (Bachmann et al., 2014; Wang et al., 2014). An
increase of 5-hmdC was found in prostatic diseases (Grelus et al., 2017).While reductions of 5-hmdC
were observed in carcinogenic tissues such as colorectal carcinoma and hepatocellular carcinoma (Tang

et al., 2015; Tian et al., 2017; Chen et al., 2013).

The impact of PM on adenine methylation in cells was able to be investigated for the first time in this
study. An increased adenine methylation after exposure to CZ100 was documented for the first time.
The mechanism of adenine methylation by PM is not yet clear although some studies investigated the
associations between adenine methylation and different exogenous factors. Mice brains under stress
conditions showed increased DNA N6-methyladenine which may be a response to the environmental
stress (Yao et al., 2017). The presence of N6-methyladenine in mice brains was an epigenetic marker
which was associated with the development of stress-induced neuropathology (Kigar et al., 2017). The
increase of N6-methyladenine levels had positive correlations with special stress-related gene
expressions in plants (Zhang et al., 2018). With respect to these reported findings, the increased 6mA in
THP-1 cells in this study may be related to the stress condition induced by CZ100.

In addition, we did not see a correlation between cytosine methylation and adenine methylation in cells
exposed to PM. This indicated that the two methylation processes were controlled by different
mechanisms (Beaulaurier et al., 2019). Cytosine methylation depends on DNMTs enzymes (Lyko, 2018).
Adenine methylation requires DNA N6 adenine methyltransferases (DAMTs) enzymes (Li et al., 2019).
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Figure 3.7: lllustration of possible mechanisms for cytosine modification exposed to particulate matter.
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4 Conclusion and outlook

In this work, we analyzed PM, s and PM;, collected from different districts in Nanjing city. The results
showed that PM from different sources containing diverse PAHs and showing different toxic and
mutagenic equivalents. To investigate how different PM impact on cells, in vitro experiments were
operated on human monocytic THP-1 and lung epithelial A549 cells by using three reference PM (i.e.
CZ100, UD 1649, and diesel PM 2975) for exposure.

These results showed that diesel PM 2975 was more cytotoxic and genotoxic compared to the other PM,
which could be due to its high organic components (e.g. PAHs and nitro-PAHs). All PM induced
oxidative DNA damage to a similar level compared to oxidizers. Only CZ100 caused the strong lipid
peroxidation which indicated CZ100 had a higher oxidation capacity than the other PM. The persistent
DNA oxidation damage was an important driving force for chromosome instability and other factors
such as PAHs could also contributed to this process. CZ100 and UD 1649 decreased cytosine
methylation which could be due to their high contents of heavy metals. All PM increased cytosine
hydroxymethylation which may have relations with the induced oxidative condition. A significant
negative correlation between cytosine methylation and cytosine hydroxymethylation suggested potential
intracellular interactions affected by PM. The mechanism of increased adenine methylation upon CZ100

exposure was not clarified but we assumed a connection with the stress condition induced by CZ100.

In general, different PM from diverse sources showed different toxicological effects on cells considering
the cytotoxicity, genotoxicity, oxidative DNA and lipid damage, and epigenetic DNA modifications.
Each toxicological event could be linked to the corresponding components in PM such as PAHs or
metals. To further understand how different PM impact human health, more works are still in demand
to elucidate the complex intracellular mechanisms. In this thesis, we studied the impact of three PM on
THP-1 cells and A549 cells. In the future, we suggest to explore: (1) how other types of PM such as
biomass burning PM, residential/indoor PM, or smoking PM impact different cell types; (2) which
components in PM contribute to the observed toxicological events (3) and to improve the physiological

relevance of the exposure experiments by using the air-liquid interface exposure system.
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6.1 List of abbreviations

3-MCPD

5caC
5-carboxycytosine
ShmC

5mC 5-methylcytosine

51C 5-formylcytosine

5-azadC 5-aza-2’-deoxycytidine

5-fodC 5-formyl-2’-deoxycytidine

5-hmdC 5-hydroxymethyl-2’-deoxycytidine
5-mdC 5-methyl-2’-deoxycytidine

6mA N6-methyladenine

8-OHdG 8-hydroxy-2'-deoxyguanosine

ACN acetonitrile

Ade adenine

Alu arthrobacter luteus

BAN 2-bromo-2’-acetonaphthone

B[a]P benzo[a]pyrene

BER base excision repair

BN binucleated cells

BPAP 2-bromo-4’-phenylacetophenone
CBMN Cyt assay cytokinesis-block micronucleus cytome assay
CBPI cytokinesis-block proliferation index
CEM channel electron multiplier

CpG 5’-C-phosphate-G-3’

CYPs cytochromes P450

CYP1Al cytochrome P450 family 1 subfamily A polypeptide 1
Cyt cytosine

CZ100 fine dust ERM-CZ100

DAMTs DNA N6 adenine methyltransferases
dC 2’-deoxycytidine

dG 2'-deoxyguanosine

diesel PM 2975 diesel PM SRM2975

DMSO dimethyl sulfoxide

DNMTs DNA methyltransferases

DNPH 2,4-dinitrophenylhydrazine

EMS ethyl methanesulfonate
ERM-CZ100 European reference material-CZ100
ESI electrospray ionization

3-chloro-1,2-propanediol
5-carboxycytosine
5-formylcytosine

5-hydroxymethylcytosine
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EU

FBS
Gua
HNE
IARC
ICP-MS
Kd

LC
LC-MS/MS
LC-UV
LINE-1
LIT
LLE
LOD
MDA
MEF
MEQ
MI

MN
MONO
MRM
NADPH
NBUD
NPB
PAHs
PBS

PM
ROS
RPMI
SAM
SEM
SPE
SRM2975
TBHP
TEA
TEF
TEQ
TET
Thy

UD 1649

European Union

fetal bovine serum

guanine

4-hydroxynoneal

International Agency for Research on Cancer
inductively coupled plasma mass spectrometry
partition coefficient

liquid chromatography

liquid chromatography tandem mass spectrometry
liquid chromatography ultraviolet/visual
long interspersed element-1

linear ion trap

liquid-liquid extraction

limit of detection

malondialdehyde

mutagenic equivalency factor

mutagenic equivalent

mitotic index

micronuclei

mononucleated cells

multiple reaction monitoring
dihydronicotinamide adenine dinucleotide phosphate
nuclear bud

nucleoplasmic bridge

polycyclic aromatic hydrocarbons

phosphate buffered saline

particulate matter

reactive oxygen species

Roswell Park Memorial Institute
S-adenosylmethionine

standard error of mean

solid phase extraction

Standard reference material 2975

tert-butyl hydroperoxide

triethylamine

toxic equivalency factor

Toxic equivalent

ten-eleven translocation

thymine

urban dust SRM 1649
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6.2 List of figures

Figure 1.1: Annual PM2.5 concentrations in different cities (2008-2020). New Delhi data in 2011 from
a report (Mandal et al., 2014) and in 2012-2016 from a report (Sharma et al., 2018) and in 2017-2020
from https://www.airnow.gov; Beijing data from http://www.stateair.net (2008-2017) and
https://www.airnow.gov (2018-2020); Hanoi data from https://www.airnow.gov; Lima data from
https://www.airnow.gov; Singapore data from https://smartairfilters.com/en; Munich data from
https://www.lfu.bayern.de/index.htm

Figure 1.2: Illustration of possible genotoxicity induced by PM. (ROS, reactive oxygen species; HNE,
4-hydroxynoneal; MDA, malondialdehyde; B[a]P, benzo[a]pyrene)

Figure 1.3: (a) Epigenetic cytosine modifications; (b) epigenetic adenine modification. (Cyt, cytosine;
5SmC, 5-methylcytosine; ShmC, 5-hydroxymethylcytosine; 5fC, 5-formylcytosine; 5-caC, 5-
carboxycytosine; DNMTs, DNA methyltransferases; TETs, tel-eleven translocations; BER, base
excision repair; Ade, adenine, 6mA, N6-methyladenine; DAMTs, DNA N6 adenine methyltransferases)

Figure 2.1: Three different reference PM.

Figure 2.2: (a) The difference between an alive cell and a dead cell stained by trypan blue; (b) Counting
cells by using a hemacytometer.

Figure 2.3: Illustration of the work mechanism of a photometer.

Figure 2.4: Illustration of the work mechanism of a solid-phase extraction.
Figure 2.5: Illustration of the work mechanism of a liquid-liquid extraction.

Figure 2.6: Illustration of the chemical derivatization for (a) MDA; (b) cytosine modifications; (c)
adenine modifications (the quantification was based on the major adduct).

Figure 2.7: Illustration of chemical derivatization for (a) d2-MDA; (b) 5-mdC; (c) Ade and 6mA.

Figure 2.8: Illustration of the work mechanism of a liquid chromatography and its complementary
connection with a UV detector or mass spectrometry.

Figure 2.9: Illustration of the work mechanism of a column.

Figure 2.10: Figure 2.10: Illustration of the stationary phase for (a) C18; (b) F5 ;(c) Eurospher HILIC.
Figure 2.11: Illustration of the basic components of mass spectrometry.

Figure 2.12: Illustration of the mechanism of the electrospray ionization.

Figure 2.13: Illustration of the work mechanism of multiple reaction monitoring.

Figure 2.14: Typical precursor ions and fragment ions from (a) 8-OHdG; (b) 5-hmdC-BPAP; (¢) 6m-
Ade-BPAP analyzed in MRM positive mode.

Figure 2.15: Illustration of a channel electron multiplier.
Figure 2.16: Illustration of the work mechanism of an inductively coupled plasma torch.

Figure 2.17: Illustration of the work mechanism of an octopole reaction cell and a quadrupole mass
analyzer.

Figure 2.18: Illustration of cytokinesis-block micronucleus cytome assay duration.
Figure 2.19: Illustration of cytokinesis-block micronucleus cytome assay procedures.

Figure 3.1: Cell viability of THP-1 and A549 cells after 24 hours exposure to (a) CZ100; (b) UD 1649;
(c) diesel PM 2975; (d) menadione; (e¢) 3-MCPD. (mean + standard error of mean, n=3)

Figure 3.2: (a) 8-OHdG in THP-1 cells; (b) 8-OHdG in A549 cells; (¢) MDA in THP-1 cells; (d) MDA
in A549 cells. (exposed to 200 pg/mL of CZ100 or UD 1649, or 40 pg/mL of diesel PM 2975, or 2
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ug/mL of menadione or 3-MCPD) mean + standard error of mean, n=3. Analysis of variance was used,
*=p-value < 0.05, **= p-value < 0.01, ***= p-value < 0.001.

Figure. 3.3: Typical microscope graphic of THP-1 cells (a) mononucleated, binucleated and
polynucleated cells; (b) a mitotic cell; (¢) an apoptotic cell; (d) a necrotic cell; (e) a micronucleus in a
mononucleated cell; (f) a micronucleus in a binucleated cell; (g) a nucleoplasmic bridge in a binucleated
cell; (h) a nuclear bud in a binucleated cell.

Figure 3.4: (a) cytokinesis-block proliferation index (CBPI); (b) mitotic%; (c) apoptotic%; (d)
necrotic%; (e) MN in MONO; (f) MN in BN; (g) NPB in BN; (h) NBUD in BN. Exposed to 200 pg/mL
of CZ100 or UD 1649, or 40 pg/mL of diesel PM 2975, 2 ng/mL of menadione or 3-MCPD, mean +
standard error of mean, n=3. Solvent control = 0.2% DMSO, positive control = 300 pg/mL of ethyl-
methanesulfonate (EMS). Analysis of variance was used, *, p <0.05; **, p <0.01; *** p <0.001.

Figure 3.5: Pearson correlation coefficients between the 8-OHdG persistency and MN MONO, MN BN,
NPB, and NBUD results in A549 cells exposed to (a) CZ100; (b) diesel PM 2975; (¢) menadione; (d) 3-
MCPD as well as in THP-1 cells exposed to (e¢) CZ100; (f) diesel PM 2975; (g)menadione; (h) 3-MCPD.
* p<0.05 ** p<0.0l.

Figure 3.6: (a) cytosine methylation; (b) cytosine hydroxymethylation; (c) adenine methylation; (d,e)
two-dimensional scatters between different epigenetic modifications. Exposed to 200 pg/mL of CZ100
or UD 1649, or 40 pg/mL of diesel PM 2975. (mean + standard error of mean ,n=6). 5-azadC = 2.3
pg/mL of 5-aza-2’-deoxycytidine used as positive control for cytosine methylation. TBHP = 9 pg/mL
of tert-butyl hydroperoxide used as positive control for cytosine hydroxymethylation. Analysis of
variance was used , *= p-value < 0.05, **= p-value < 0.01,***= p-value < 0.001.

Figure 3.7: Illustration of possible mechanisms for cytosine modification exposed to particulate matter.
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6.3 List of tables

Table 2.1: Derivative reagents used for cytosine and its modifications.

Table 2.2: Toxic equivalency factor (No. 1-17 from Nisbet and Lagoy, 1992; No. 18-33 from Delistraty,
1997) and mutagenic equivalency factor (Durant et al., 1996) for PAHs and their derivatives.

Table 3.1: Concentrations of PAHs in PM; 5 and the calculated TEQ and MEQ of PM:s.
Table 3.2: Concentrations of PAHs in PM and the calculated TEQ and MEQ of PM .

Table 3.3: Particle deposition values for A549 cells exposed to different PM (mean + standard error of
mean, n=3)

Table 3.4: The 8-OHdG persistency in A549 and THP-1 cells.

Table 3.5: The comparison about retention time and limit of detection (LOD) of target analytes with
and without chemical derivatization (n.d., not detected).

Table 3.6: Metal elements for PM, information from certificates (CZ100 and UD1649) or from literature
(diesel PM2975, Ball et al., 2000), or from the ICP-MS analysis. (superscript a means from certificates;
superscript b means from a literature;* means from ICP-MS)
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ABSTRACT

Nanjing has areas with different degrees of pollution and is therefore predestined for the analysis of particle phase
polycyelic aromatic hydrocarbons (P-PAHSs) in different functional areas and their correlation with the latter. The functional
sites include a background area (BGA), an industrial area (IDA), a traffic area (TFA), a business area (BNA) and a residential
area (RDA), where parameters such as PAH composition, content, carcinogenic and mutagenic potencies were analyzed.
The results revealed increasing P-PAH contents (PM s, PM,) in the following order: BGA (14.02 ng m~, 38.45 ng m™) <
BNA (16.33 ng m, 44.13 ng m~) < TFA (17.13 ng m~, 4831 ng m~) < RDA (21.11 ng m~, 61.03 ng m~) < IDA
(50.00 ng m™, 93.08 ng m™). Thereby, the P-PAH content in the industrial area was significantly higher than in the other
functional zones (P < 0.01). Furthermore, the gas phase PAH concentrations were also estimated by the G/P partitioning
model and the total PAH toxicity was assessed applying toxicity equivalent factors (3 BaPrer) and mutagenicity equivalent
factors (3 BaPMgg). Finally, the incremental lifetime cancer risk (ILCR) value of children and adolescents in Nanjing was

higher than that of adults.

Keywords: Particle phase PAHs; Different functional areas; Toxicity assessment; Incremental lifetime cancer risk.

INTRODUCTION

It is well-known, that the primary particles are emitted
directly as liquids or solids from sources such as biomass
burning, incomplete combustion of fossil fuels, volcanic
eruptions, and wind-driven or traffic-related suspension of
road, soil, and mineral dust, sea salt, and biological materials
(Abdel-Shafy ef al., 2016; Du et al., 201 7). Ambient particulate
matter (PM) is a growing concern worldwide due to its
associations between elevated concentrations and increased
incidences of cardiopulmonary disease (Ning et al., 2010),
including chronic obstructive pulmonary disease (Zhang et
al.,2017). According to the Global Burden of Disease study,
fine particulate matter (PM, 5) is the seventh largest important
death risk factor in the world and the fourth largest important
death risk factor in China (Cohen er al., 2005; Lim ef al.,

* Corresponding author.
Tel.: +49 15237060510
E-mail address: malifeng19830615@126.com

2012).

Many studies suggest that organic carbon constituents
may play a significant role in PM-induced health effects (Li
et al., 2003). Recently, polycyclic aromatic hydrocarbons
(PAHs) have brought great environmental concerns as they
are ubiquitous in the ambient air and the presence of PAH
directly affects humans, especially to vulnerable groups
such as the elderly and children (Brook et al., 2010; Beelen
et al., 2014; Wang et al., 2017a; Wright et al., 2018). In
addition, some PAH-compounds, such as benzo[a]pyrene
and benz[a]anthracene, are well known carcinogens (Nisbet
et al., 1992; Goldstein, 2001; Li et al, 2009). So it is
important to investigate the PAHs in the atmosphere and
reduce human exposure to these toxic chemicals.

EPA Carcinogenicity Risk Assessment Endeavor Work
Group has verified the carcinogenicity classifications in
1994 (U.S. EPA, 1994), indicateing that BaA, BbF, BKF,
BaP, Chr, DahA and IcdP are considered to be probable
human carcinogens. It has been found that the PAHs are
carcinogenic and that BaP is the most serious (Garban ef al.,
2002y among the listed carcinogens. Moreover, some special
PAHs are mutagenic (Durant et al., 1996) associated with
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some health effects, i.e., pulmonary diseases (DeMarini et
al.,, 2004). Many studies have attempted to estimate the
carcinogenic potency of PAHs using BaP equivalent
concentration, but less attention was given to mutagenicity.
Therefore, in the studies, mutagenicity should be given similar
attention when attempting to estimate the carcinogenic
potency of PAHs.

In recent decades, with the rapid increase in energy
consumption, public health has been a matter of great
concern to scientists and policy makers in China. The PAHs
occur in the atmosphere as complex mixtures of congeners
with different molecular weights: Lighter PAHs (2-3
aromatic rings) are almost exclusively present in the vapor
phase, whereas PAHs with higher molecular weights
(= 4 rings) are almost completely adsorbed to the particulate
matter (Cheruiyot ef al., 2015; Manoli et al., 2016). Meanwhile,
the carcinogenic contributions of particle phase PAHs is
much higher than those of gas phase PAHs. The current
research focuses mainly on particulate matter. Nevertheless,
in order to take the concentration of PAHs fully into account,
this study estimated the concentration of PAHs in the gas
phase by using the gas/particle partitioning model (Xie et
al., 2013; Gao et al., 2015) and focused primarily on the
higher molecuar weight PAHs (4—6 rings). Due to the fact
that the atmospheric pollution is a persistent problem in
Nanjing (Wang ef al., 2006), numerous studies were conducted
in the Nanjing area, such as sources of PAHs in the
atmosphere, analysis of concentration distribution of particulate
matter, meteorological factors and the seasonal trends of
indoor fine particulate matter (Wang et al., 2006; He et al.,
2014; Shao et al., 2017; Wang et al., 2017b). However, very
few studies have considered the different functional areas
(Jiang et al., 2018; Simayi ef al., 2018) and the distribution
characteristics of PAHs in the atmospheric particulate
matter for a comprehensive comparison and analysis, one
example for PAHs is the study of Manoli e al. (2016), who
compared the PAH levels between traffic and urban
background. Anotherpurpose of the study was to support
future epidemiology and health impact research. Therefore,
the carcinogenic and mutagenic potencies were assessed as
well to estimate their potential impact on human health. In
addition, a lifetime lung cancer risk assessment in relation to
different groups was carried out.

2295

EXPERIMENTAL

Sampling Area and Site Description

The sampling sites were located in Nanjing in eastern
China in the heartland of the drainage area of the lower
reaches of the Yangtze River, with longitudes and latitudes
of 118°22'-119°14" and 31°14'-32°36', respectively. Its area
is 4,736 km* with 140 km in length (west—east direction) and
80 km in width (north—south direction). The mean annual
temperature and precipitation are 15.7 °C and 1106.5 mm,
respectively (Xu et al., 2007). The four seasons are distinct,
with damp conditions throughout the year, very hot and
muggy summers, cold and damp winters, and in between,
spring and autumn are of reasonable length. A detailed
description of the sampling areas is listed in Table 1.

Sampling Collection

Sampling was carried out in Nanjing at five sites during
47 days. High volume air samplers (KC-1000, flow rate
1.05 m? min™") with glass fiber filters (GFF) were used to
collect particle phase PAHs in PM,o and PMa s, respectively.
All filters have been baked at 450°C for 4 h in a muftle
furnace (MF-2.5-10A, Shanghai) and stabilized for 24 h
under constant temperature (21°C) using a dryer. Samples
were collected in triplicate every 24 h. All filters were
weighed before and after sampling and finally stored at—1°C
until analysis.

Analytical Procedure

For the PAH analysis, brown glass tubes were cleaned
three times with tap water and ethyl alcohol prior to use.
Impurities were removed with a clean brush used only for
this study. Each filter was cut into small pieces and extracted
by Soxhlet with 200 mL dichloromethane at 46°C for 16 h.
Rotary evaporator (R-201, Shanghai, China) was adopted to
purify the concentrated solution with water at 37°C. In order
to reduce the loss, the extraction was concentrated altogether
three times with dichloromethane in a flat bottom flask. The
total extracts were subsequently transferred to alumina silica
gel columns for purification, consisting of 3 em alumina,
6 cm silica gel and 1 em anhydrous sodium sulfate. Prior to
purification, the alumina silica gel column has been washed
for two times using a 20 mL 1:1 mixture of n-hexane and
acetone. After the sample transfer, the bottom flasks have

Table 1. Characteristic of the sampling sites in Nanjing.

Functional area Sampling site

Regional characteristics

Background area (BGA)  Nanjing Sport Institute
32°2'36.72"N; 118°52'1.04"E

Residential area (RDA) Ruijin Country of Nanjng

32°1'54.55"N; 118°48'44.34"E

Nanjing Institute of Airspace Management
32°1I'1L72"N; 118°47'10.96"E

Nanjing Normal University of Suiyuan Campus
32°3'12.55"N; 118°45'58.94"E

Nanjing Yangzi Vocational Training Co. Ltd.
32°14'35.76"N; 118°45'46.83"E

Business area (BNA)
Traffic area (TFA)

Industrial area (IDA)

Scenic tourist area; few vehicles; many
trees

Densely populated; many vehicles; city
center

Commercial network intensive area;
large flow of people

city center, many vehicles, convenient
transportation

Chemical plant gathering area
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been cleaned three times with dichloromethane. The eluted
mixture from the column was brought to approximately 1 mL
by rotary evaporator at 37°C. Finally, they were diluted with
n-hexane to exactly 1 mL, sealed in vials and stored at —18°C
before PAH analysis.

Determination of PAHs

PAH levels were determined by GC/MS according to
previous studies (Xia et al., 2013; Wu et al., 2014) using the
Agilent 7890A/5975MSD (Agilent, USA) with a J&W
Scientific column DB-5MS (30 m = 0.25 mm ID x 0.25 pm
film, Agilent, USA). The GC was running under following
conditions: 1 min at 40°C, heated from 40°C to 200°C at a
rate of 10°C min~' and heated from 200°C to 310°C at
5°C min', then held at 310°C for 5 min. The sample was
injected on a splitless mode at the injector temperature of
280°C. The EI-MS conditions were as follows: ion-source
temperature, 230°C; ionizing voltage, 70 eV; scan range,
m/z 40~350 amu; cycle time, 0.5 5. 10 PAHs were determined
listed by the IARC as class 1, class 2A, 2B and class 3
(fluoranthene, pyrene, benz[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
benzo[g,h,i]perylene, indeno( 1,2,3-cd]pyrene and
dibenz|a.h]anthracene), mainly associated to the particle-
phase.

Prediction of Gas-phase PAH Concentrations

The semi-volatile organic compounds of PAHs encounter
gas-particle phase distribution when transported in the
atmosphere. In order to fully understand the concentration
of PAHs in Nanjing, the concentration of PAHs in the gas
phase was calculated by the gas/particle (G/P) partitioning
theory (Pankow, 1994a, b). The theory was described in
detail elsewhere (Xie ef al., 2013; Gao ef al., 20153; Xie et
al., 2015), which was defined as follows:

K, _ F/Mo
Koou= Ko _ | Mo (1)
Sfous 4
RT
K S (2)
M 1 06 MW ou é:{l&f Ff
— 0
A= 10 MWo.uéo.wﬂFx ! v

RT M o

where Kpom represents the absorptive G/P partitioning
coefficient of each PAH. K, is the G/P partitioning coefficient
and foy is the weight fraction of the absorptive OM phase in
the total PM phase. F and A are a concentration of each PAH
in the particle phase (ng m*) and a concentration of each
PAH in the gas phase (ng m™). Mgy and MW ou are the
concentrations of the particle-phase OM (pg m™) and the
average molecular weight (MW) of the absorbing OM phase
(2 mol™). Referring to Xie et al., (2013), MW ax is 200 g mol-
!and referring to Zhai et al., (2016), this work estimated that
the Mowm concentration was equal to the 50% of the PM
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concentration. R is the ideal gas constant (m* atm K-' mol)
and T is the ambient temperature (K). Eom and P are the
mole fraction scale activity coefficient of each compound in
the absorbing OM phase and vapor pressure of each pure
compound.

Quality Control and Analysis

All procedures were strictly quality-controlled, with quality
control and blank control samples added into the sequence
in order to assess the data repeatability, and no significant
contamination was found. Quantification of PAHs was
standardized by the retention times and peak areas of the
calibration standards. It was performed by the internal standard
method using 2-fluoro-1,10-biphenyl and p-terphenyl-d14
(2.0 mg mL~"; J&K Chemical, Beijing, China). The instruments
were calculated using at least five standard concentrations
covering the concentration of interest for ambient air work
and the analytical precision, measured as the relative standard
deviation, was < 10% (Liu er al., 2017a).

Data analysis was performed using the Statistical Package of
the Social Sciences 18.0 (SPSS 18.0) Software for Windows
(SPCC Co., 2001). For the mathematical statistics analysis,
the one-way analysis of variance (ANOVA) and correlation
analysis with Bivariate Correlations Analysis were completed.
The relationships between the concentrations of compounds
were subsequently explored by linear correlation analysis.

Data Processing
Coefficient of Divergence (CDj)

Recent research shows that the intraurban spatial
distributions of PM concentrations in some study areas are
heterogeneous. Therefore, a coefficient of variation (CV) ora
coefficient of divergence (CD) is used for the heterogeneous
distributions of particulates to describe relative intra urban
concentration heterogeneity (Wilson, et al., 2005). The CDj;.
method for identifying the differences of PAH composition
profiles was described in detail elsewhere (Wongphatarakul,
1998), which was defined as follows:

1 X, -X. )
CD, = -0 | —+ (@)
p Xﬁ+X&

where x; represents the average concentration for a chemical
component 7 at site j, j and k represent two sampling sites,
and p is the number of chemical components. If the value of
CDy. approaches zero, the PAH composition in j and k is
similar, and if it approaches one, it is significantly different
(Wongphatarakul, 1998). Kong et al. (2012) found that if the
value of CDy is lower than 0.2, the source of the two sites is
the same.

Diagnostic Ratios of PAH

The binary ratio method for PAH source identification
was described in detail elsewhere (Ravindra er al., 2008),
which involves comparing ratios of pairs of frequently found
PAH emissions. The diagnostic ratio method can also
characterize the diversity in PAH sources and distinguishing
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emissions (Venkataraman ef al., 1994; Harrison ef al., 1996;
Ravindra et al., 2008).

Toxic and Mutagenic Equivalent Factors

The carcinogenic risk of a PAH mixture is often expressed
by its BaP equivalent concentration (BaPrgg) (Han ef al.,
2011). To normalize the toxicity of different PAHs in PM, s
and PMio, it has been calculated by the equivalent mass
concentration based on BaP and the value of toxic equivalency
factors, TEFs (Table 2). Similarly, just with the replacement
of TEF with MEF (Mutagenic Equivalency Factors), the
mutagenicity related to BaP (BaPMgg) was calculated as
well.

And the BaPreg and BaPMeq of the air were calculated
according to Egs. (5) and (6):

> BaPy, = ic; x TEF, (5)
i=1

S BaPyy = 3 C,x MEF, (6)
i=1

where C; = concentration of PAH congener i; TEF; = the
toxic equivalency factors (TEFs) of PAH congener i; MEF; =
the mutagenic equivalency factors (MEFs) of PAH congener
i. The toxicity assessment of PAHs was determined by
benzo(a)pyrene, an equivalent for carcinogenicity (3 BaPrer)
and mutagenicity (¥ BaPMer).
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In urban areas, the citizens were divided into three
population groups according to the age and gender: children
and adolescents (1-18 years), male (19-71.95 years) and
female (19-77.06 years). Daily inhalation exposure level (E)
for each population group was calculated as follows in Eq. (7):

E= ZB""F}EQ. < IR =T, (7)

i=l

where T; = daily exposure time span in the ith area (for all
groups of the urban area on one day: they spend the whole
day in the urban area, thus n =1, i = 1 refers to urban area,
T1 = 1); BaPregi = B(a)P equivalent concentration of 10
PAHs in the ith area (ng m™) (for all groups of urban area:
n=1,i= 1 refers to urban area); IR = inhalation rate (m* day™)
(Table 3) (Xia er al., 2013; Lin, 2016; Zhang ef al., 2019).

Cancer Risk Estimates

The incremental lifetime cancer risk (ILCR) of population
groups in Nanjing caused by PAHs inhalation exposure was
calculated based on Eqs. (8) and (9):

LADD = C, xEF % IR iy X ED 1 + IR juse * ED ()
AT BW,., BW,,,

ILCR =g x LADD ()

where LADD = Lifetime Average Daily Doses; C; =

Table 2. Abbreviations used for PAHs in this paper and carcinogenic and mutagenic potencies of PAHs (Nisbet and LaGoy,

1992; Malcom and Dobson, 1994; Durant et al., 1996).

PAH PAH abbreviation IARC class TEFs MEFs
Fluoranthene Flu 3 0.001 /
Pyrene Pyr 3 0.001 /
Benz[a]anthrancene BaA 2B 0.1 0.082
Chrysene Chr 2B 0.01 0.017
Benzo[b]fluoranthene BbF 2B 0.1 0.25
Benzo[k]fluoranthene BkF 2B 0.1 0.11
Benzo[a]pyrene BaP 1 1 1
Dibenz[a,h]anthracene Daha 2A 1 0.29
Benzo[ghi]perylene BghiP 3 0.01 0.19
Indeno[1,2,3-cd]pyrene IedP 2B 0.1 0.31

a Agents Classified by the IARC Monographs, Volumes 1e100 (IARC, 2012): 1, Carcinogenic to humans; 2A, Probably
carcinogenic to humans; 2B, Possibly carcinogenic to humans; 3, Not classifiable as to its carcinogenicity to humans.

Table 3. Exposure parameters for different age and gender groups of Nanjing city.

Parameter Children and adolescents Male Female Units
T, | 1 1

G / / / mg m
IR 8.6 18 14.5 m’d™!
EF 365 365 365 da™!
ED I—I18 19—71.95 19—=77.06 a

AT 365-18 365+71.95 36577.06 d

BW 16 65 56.8 kg

q 3.14 3.14 314
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3 BaPygg (mg m); EF = the exposure frequency (day year');
ED = exposure duration (year); BW = body weight (kg); AT
= average lifespan for carcinogens (day).

ILCR = the incremental cancer risk of the inhalation
exposure (dimensionless); q = the cancer slope factor for
BaP inhalation exposure [a lognormal distribution with a
geometric mean of 3.14 (mg kg day™')”! and a geometric
standard deviation of 1.80] (Chen and Liao 2006).

RESULTS AND DISCUSSION
Pollution Level of Particle PAHs (P-PAHS) in PM:.s and

PMi
Descriptive statistics for all valid observations of P-PAH
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concentration-ratios in PMa s and PM,, from 5 sites in Nanjing
are summarized in Fig. 1. The average 24-h total P-PAH
concentrations of PMas and PMio were in the ranges of
10.95-59.10 ng m~ and 35.38-97.33 ng m~, respectively.
Among the 5 sites, the average mass of carcinogenic PAHs
(C-PAHs) including BaA, Bbf, Bkf, Bap, Iedp and Daha, at
the Business area reached the highest proportion (61.19%
for PMas and 53.57% for PMa, respectively), apparently
affected by many area emission sources distributed around
the business district. However, the highest average 24-h
C-PAH concentrations appeared in the industrial area, with
20.13 = 5.39 ng m™ for PMjsand 36.31 £+ 5.35 ng m™ for
PM . The results suggest that C-PAHs may be related with
the coal combustion and coal processing industries.
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Fig. 1. The proportion of each P-PAH in different functional areas in PM, s and PM;j.
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Among the 10 P-PAHs analyzed, the average concentrations
of middle molecular weight PAHs (Flu, Pyr, BaA, Chr), and
high molecular weight PAHs (BbF, BKF, BaP, Icdp, Bghip,
Daha) (Yang et al., 1998) ranged from 4.72 to 24.91 ng m™
and 5.07 to 23.08 ng m~, respectively, for PMas. The
corresponding values were 14.63 to 54.77 ng m™, and 21.49
to 44.95 ng m~, respectively, for PM;.

A one-way ANOVA was also used to test the significant
differences using the BaP and total P-PAH data. This
analysis suggests that the BaP levels were not statistically
different for each site (ANOVA, p = 0.05) while clear
regional trends were observed for the total P-PAH levels (p
< 0.01). Meanwhile, there was a significant correlation
between BaP and total P-PAHs in PMzs (R = 0.713, p <
0.01) and the correlation of total P-PAH in PMa2s and PM o
was also significant (R = 0.783, p < 0.01).

Spatial Variation

Fig. 2 shows the box plot of the Spearman rank
correlation coefficients of each P-PAH and the total P-PAHs
between five sites. In general, the medians of the correlation
coefTicients for all P-PAHs in PMz s and PMq, respectively,
were approximately below 0.50 and 0.55. This means that
the spatial correlations between all sites are not strong in
Nanjing, especially for TFA in terms of PM, s and BGA in
terms of PMq. In order to measure the spread of the data
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points for two datasets, mass concentrations characterized
between different sites for j against k are also presented in
Fig. 2 Low CDj values (< 0.2) have been shown to indicate
a high level of homogeneity between sites, while CDj;
values larger than 0.2 indicate heterogeneous sites (Wilson
et al., 2005). As can be seen, the median PM, s - CDji values
ranged from 0.41 to 0.53 and PM,, - CDj; values ranged
from 0.27 to 0.37 suggesting a heterogeneous distribution of
PM:z s and PM o in the 5 sites, indicating significant differences
in PAH composition.

For the comparison of P-PAHs between PM- s and PM,j,
the diagrams characterized by scatter plots of P-PAHs
component mass concentrations between PM, s and PM,, for
j against k are also presented in Fig. 3. The CDjx values of
BGA, RDA, BNA, TFA and IDA were 0.523, 0.566, 0.603,
0.584, and 0.426, being also higher than 0.2. It can be
concluded that the P-PAHs compositions at the sites in PMa s
and PM,, are different, indicating the influence of different
sources.

Source Identification and Source Contribution
Assessment

Molecular diagnostic ratios, firstly used in organic
geochemistry, have been a convenient approach to help
identifying possible emission sources. Yunker et al. (1996)
has used fluoranthene/pyrene and phenanthrene/anthracene
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Fig. 2. Box plots of Spearman rank correlation coefficients (left) and coefficient of divergence (CDj, right) based on
individual P-PAHs and the total P-PAHs concentrations between five different measurement sites. The box plots indicate the
maximum, 75" percentile, the median, 25" percentile, and the minimum of all the data, respectively.
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Fig. 3. Comparison of average concentrations of P-PAHs

to ascertain emission sources in sediment samples. Simoneit
et al. (2004) and Andreou et al. (2008) have used this method
to investigate the origin of organic species in the atmosphere.

Studies have revealed that the ratio of Flu/(Flu + Pyr) is
lower than 0.40 for the petroleum source, and higher than
0.50 for biomass and coal combustion, and between 0.4 and
0.5 for fuel emissions caused by the exhaust (Li et al.,
2006a; Ravindra and Grieken, 2008). Kavouras ef al. (2001)
has found the value of Icdp/(ledp + BghiP) ratio is between
0.35 and 0.7 for diesel emissions. For both PM1 s and PM,
the ratios of P-PAHs values for the background site and
other sites are shown in Fig. 4.

As shown in Fig. 4, different ratios of compounds indicate
different sources. However, the main source of pollution is
the combustion of fossil fuels for PM: s and PMy,. It is clear
that the main sources are diesel emissions in BGA and
pyrolytic sources in RDA, BNA, TFA and IDA. However,
there is some difference between PMa:s and PM . It can be
found that the main source is focusing on traffic emissions
for PM . And several sources of ambient PM (Laden et al.,
2000; Hoek et al., 2002) are under investigation, especially
of interest are emissions from combustion sources with
focus on traffic emissions (Mudway et al., 2004; Peters et
al., 2004).

between PM, s and PM,, for different sites in Nanjing.

Meanwhile, the isomer ratio of a more reactive PAH to a
stable PAH, such as BaA/Chr, can be employed to illustrate
whether the air masses collected are fresh or aged (Ding er
al., 2007). The values of the BaA/Chr were 1.32, 0.67,
10.74, 2.22 and 4.03 for BGA, RDA, BNA, TFA and IDA
in PMy s, respectively. The high values were found in BNA,
TFA and IDA, indicating relatively little photochemical
reaction and a major impact from local sources. However,
the low values were found in BGA and RDA, meaning more
degradation happened in situ or during the process of air
transport (He ef al., 2014).

Predicted Gas-phase PAH Concentrations

The total PAH concentration data is the sum of the
concentration of P-PAHs and gaseous PAHs (G-PAHs). The
calculation of G-PAHs is presented in detail in Section 1.5.
According to Zhai et al. (2016), the average gas-phase
fraction of each PAH was calculated and listed in Table 4.
By comparison, the total predicted PAH concentrations
found in this study are consistent with those reported by Li
et al. (2006b) and Gao et al. (2015), who found that the total
PAH concentrations in PM; s ranged from 10 to 40 ng m™ in
December 2001 in Guangzhou, and 7.1 to 72.6 ng m™ in
November-December 2009, respectively.
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in Nanjing.
Health Risk of PAHs

Carcinogenic and Mutagenic Potencies

As shown in Fig. 5, the BaPrgg and BaPMgq values were
computed applying the modified lists of TEFs and MEFs
(Table 2) in all five investigated sites. There were higher
carcinogenic risks of total PAHs in Nanjing, with average
values of 3.14 = 1.27 ng m for PMzs and 823 + 1.55 ngm™
for PMyq, respectively. European countries have been
established the target annual mean values of BaP to range
between 0.7 and 1.3 ng m™ (Ballesta, et al., 1999) and it has
been suggested a concentration of 0.1 ng m~ of BaP as a
health-based guideline in ambient air (Bostrom et al., 2002).
The value of the yBaPreq in Nanjing has exceeded the
standard value of 1 ng m~, indicating that many of the more
toxic compounds are threatening human health in the urban
city, nowadays. For mutagenic potencies, the average
concentrations of ¥ BaPMgg were 3.14 + 1.85 ng m~ for PMa 5
and 11.23 + 2.70 ng m~ for PMuo, being higher than those at
the Chinese background sites (1.26 = 1.75 ng m™ for PMas
and 1.41 + 1.98 ng m™ for PMyp) (Wang et al., 2015).

As PAHs can be classified on different standard levels,
this study has classified the total PAHs according to their
number of aromatic rings to quantify the BaPgg and
BaPMgg. It can be found that the BaPreq of total PAHs with
4, 5 and 6 rings are dominant in both PMz s and PMis Among

all functional sites, 5-rings account for absolutely high
ratios, up to nearly 80% or more. This may indicate that the
high-numbered ring PAHs are the predominant compounds
in PM.

Regarding the different functional areas, the values of
¥ BaPreg and Y BaPMeg in the backgrond area (BGA) were
the lowest. Meanwhile, the high molecular weight compounds
(6-ring compounds) have not been detected as frequently in
the background site, TEF values of low-numbered ring
compounds are lower than the high-numbered rings, and
MEFs only belong to special PAHs. Certainly, this is also
related to inconspicuous anthropogenic sources and more
plants in the background site. For IDA and BNA, it should
be noticed that 5-ring and 4-ring PAHs exhibit the highest
mass percentages when compared with other sites. Ravindra
et al. (2006) indicated that the major sources for BaP, BbF,
BghiP and Icdp are gasoline vehicles.

Lung Cancer Risk of Assessment

With the average equivalent BaP concentration of total
PAHs in PM;s and PM, (Fig. 5) and the variables of
exposure parameters (Table 3), the value of the lifetime
carcinogenic risk for children and adolescents, males and
females in Nanjing has been calculated (Table 5).

As shown in Table 3, the LADD of children and adolescents
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Table 4. Average predicted g-PAH profile based on the P-PAH data sets of the five sampling sites in Nanjing (unit: ng m™).

Industrial area (IDA)
G-PAH-PM3s G-PAH-PMp

0.1

Traffic area (TFA)
1-PAH-PMzs G-PAH-PMy

Business arca (BNA)
1-PAH-PM:zs G-PAH-PM;

0.03
0.02
0.01
0.001
0.01
0.01

Residential area (RDA)
G-PAH-PM3:s G-PAH-PM

0.2

Background area (BGA)
G-PAH-PM3zs G-PAH-PMpp

0.1

PAHs

0.1

0.04
0.08
0.01
0.01
0.02

0.03
0.02

0.03
0.07
0.01
0.01
0.03

0.04

0.2

0.1

Flu

0.3

0.1

0.1

0.1

0.1

Pyr

0.03
0.0

0.02

0.004
0.001

0.004
0.0

0.02
0.02
0.04

0.02
0.0

0.01
0.01
0.02
0.03

0.003
0.01
0.02
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0.02

0.005
0.005
0.01
0.02
0.03

0.007
0.004
0.01
0.02
0.01

0.005

0.002
0.02
0.02
0.02

001
0.01
0.0

0.008

0.02

001

0.02

0.001

0.002
0.03

0.01

BaA
Chr

0.005
0.01
0.01

BbF
BkF

BaP

0.002

0.02

0.03
0.04

0.09

03

0.

DBA

0.008
0.01

0.001
0.01

0.02
0.03

0.003

0.01

BghiP
IND

0.003

0.008

were approximately 1.6 times and 1.7 times higher than that
of males and females. This may be due to the fact that
children’s and adolescents' breathing rate is greater than that
of adults, while their bodyweight is lower. Furthermore, the
ranking of ILCR in decreasing order basically was children
and adolescents, males and females, indicating children and
adolescents being a population group sensitive to health risks
by pollutants (Marti-Cid et al., 2008). So, there are security
risks for humans, especially children and adolescents, although
the values are within an acceptable range (107-10"* made
by U.S. EPA (1989)).

Comparison with Other Studies

According to previous study (Wang et al., 2006), there
has been a decrease in P-PAH concentration in Nanjin since
2001, based on the average between the five study sites
(Table 6). The P-PAHs concentrations in PM3 s were similar
to those analyzed by Ningbo (Mo et al., 2018) in winter and
in spring in Shanghai (Liu et al., 2017b). In comparison, the
total P-PAH concentrations found in this study are lower
than those reported by Simayi et al. (2018), who also analyzed
the P-PAHs in different functional areas. However, the
average concentrations of ¥, P-PAHs in PM; s and PM,, were
approximately 7 and 14 times higher than those in the
background of China (Wang et al., 2015) and in Hong Kong
(Guo et al., 2003). When comparing the P+G PAHs, values
are significantly lower in Nanjing than in Guangzhou (Yang
et al., 2010), indicating that the G-PAHs are also noteworthy.
Therefore, in the future, gas-phase samples should be
collected for the analysis. It is worth noting that the values
were higher as compared to those of the urban centre at the
same sampling period in Taiwan (Fang ef al, 2005) and
much higher than those of Nanjing in summer (Sun ef al.,
2016).

Similarly, compared to the study by Wang et al., (2006),
the average concentrations of ¥ BaPrgq for PM, s and PM,g
decreased, similar to Jinhua (Mo et al., 2018) and Shanghai
(Liu et al., 2017b). However, they were approximately 4 and
9 times higher than those in the backgrounds of China
(Wang et al., 2015) and much higher than those of Nanjing
in summer (Sun et al., 2016). The average concentrations of
¥ BaPMgg for PM, s and PM,;, were approximately 2 and 8
times higher than those in the backgrounds of China. In
PM, s, the ¥ BaPMgg concentration was similar to that in
Venice-Mestre (Masiol et al., 2012). The calculated ILCR
average values for PMzs and PMig in Nanjing were also higher
than those in Thessaloniki (Northehern Greece) (Manoli et al.,
2016) but lower than those in Xiamen (Zhang et al., 2018).

SUMMARY AND CONCLUSIONS

In this manusecript, daily ambient samples of particle
PAHs were collected in Nanjing to examine chemical
characteristics, regional variation, emission sources and the
related carcinogenicity, mutagenicity and risks for human
health. Total P-PAH concentrations ranged from 14.02 to
50.00 ng m~ and from 38.45 to 93.08 ng m™ in PMz s and
PMyq, respectively. Thereby, the main source of pollution
was the combustion of fossil fuels. Furthermore, the gas
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Fig. 5. ¥ BaPrig and ¥ BaPuer concentrations of PAHs in PM, s and PM,, at the five sites.

Table 5. LADD and ILCR for different groups of Nanjing city.

Groups Children and adolescents Males Females

PM PMys PMu PMss PMio PM, s PMio

E (ng) 26.93 70.39 56.38 147.34 4542 118.69
LADD/mg (kg d)™! 1.68-10-% 4.39-10-° 1.07-10-¢ 2.80-10¢ 1.01-10-¢ 2.63-10°¢
ILCR 5.29-10° 1.38-107° 336-10°° 8.79-10°° 3.16-10¢ 8.25-10°

Table 6. Comparison of the four factors analysed in the present study and with values reported in the literature.

Mean concentrations Mean concentrations

Area and Time Source

Compounds .

mn PMg_s in PM'HJ
P-PAHs  62.6ngm™ 86.0 ng m~ Nanjing in 2001-2002 Wang et al., 2006
P-PAHs  29.5ngm™ - Shanghai in Spring 2012 Liuet al, 2017b
P-PAHs 2534 ngm™ 34.2 ng m™ Hong Kong in 2000-2001 Guo et al., 2003
P-PAHs 430 ngm™ 4.73 ng m Four background sites of China in 2013 Wang ef al., 2015
P-PAHs  1635ngm™ 3747 ng m™ Tunghai University in Mar—Apr. 2002 Fang et al., 2005
P-PAHs 128.10 ng m™ 173.08 ng m™ Urumgi in Nov. 2015-Mar. 2016 Simayi et al., 2018
P-PAHs 2556 ngm> - Ningbo in winter 2015 Mo et al., 2018
P-PAHs - 7.49 ng m™ Nanjing in Summer, 2015 Sun et al., 2016
P-PAHs  2331ngm3 57.01 ng m™? Nanjing in Mar.—Apr, 2017 This study
P+G-PAHs 129 ng m~ Guangzhou in Apr. 2005-Mar. 2006 Yang et al., 2010
P+G-PAHs 23.34 ng m™ 57.34 ng m~ Nanjing in Mar.—Apr. 2017 This study
BaPreg 7.10 ng m™ 9.3 ng m™ Nanjing in 2001-2002 Wang et al., 2006
BaPyeq 1.5ngm™ 1.5 ng m™ Urban traffic site in Feb.—Mar. 2012 Manoli ef al., 2016
BaPrig 3.6ngm™ / Shanghai in Spring 2012 Liu et al, 2017b
BaPreg 0.82 ng m™ 0.91 ng m™ Four background sites of China in Spring 2013 Wang er al., 2015
BaPreg 3.1ngm> - Jinhua in winter 2015 Mo et al., 2018
BaPrig 3.14 ngm™ 823ngm™ Nanjing in Mar.—Apr. 2017 This study
BaPueog 3.10 ng m~ / Venice-Mestre in Mar. 2009 Masiol ef al., 2012
BaPuyeo 1.26 ng m™ 1.41 ng m™ Four background sites of China in Spring 2013 Wang er al., 2015
BaPyg  3.13ngm™ 11.20 ng m™ Nanjing in Mar.—Apr. 2017 This study
ILCR 1.7-10% 1.6:10° Urban traffic site in Feb.—Mar. 2012 Manoli ef al., 2016
ILCR 1.1-10% - Xiamen in Winter Zhang et al., 2018
ILCR 4.0-10% 1.0-10* Nanjing in Mar.—Apr. 2017 This study

PAHs were also estimated by the G/P partitioning model.
The annual average concentrations of BaPrgo was larger
than both the Chinese national standard and the WHO
guideline. Similarly, the annual average concentrations of

BaPMEgq have exceeded the background sites of China many
times. ILCR values caused by particle phase PAHs for
humans were all greater than the significant level (10-%),
indicating a high potential lung cancer risk. Moreover, it is
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necessary to pay more attention to children and adolescents,
whose ILCR values were higher than those of adults.
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Abstract

Adverse health effects driven by airborne particulate matter (PM) are mainly associated with reactive
oxygen species formation, pro-inflammatory effects, and genome instability. Therefore, a better
understanding of the underlying mechanisms is needed to evaluate health risks caused by exposure to
PM. The aim of this study was to compare the genotoxic effects of two oxidizing agents (menadione
and 3-chloro-1,2-propanediol) with three different reference PM (fine dust ERM-CZ100, urban dust
SRM 1649, and diesel PM SRM2975) on monocytic THP-1 and alveolar epithelial A549 cells. We
assessed DNA oxidation by measuring the oxidized derivative 8-hydroxy-2'-deoxyguanosine (8-
OHJG) following short and long exposure times to evaluate the persistency of oxidative DNA
damage. Cytokinesis-block micronucleus cytome assay was performed to assess chromosomal
instability, cytostasis, and cytotoxicity. Particles were characterized by inductively coupled plasma
mass spectrometry in terms of selected elemental content, the release of ions in cell medium and the
cellular uptake of metals. PM deposition and cellular dose were investigated by a spectrophotometric
method on adherent A549 cells. The level of lipid peroxidation was evaluated via malondialdehyde
concentration measurement. Despite differences in the tested concentrations, deposition efficiency,
and lipid peroxidation levels, all reference PM samples caused oxidative DNA damage to a similar
extent as the two oxidizers in terms of magnitude but with different oxidative DNA damage
persistence. Diesel particles were more effective in inducing chromosomal instability with respect to
fine and urban dust highlighting the role of polycyclic aromatic hydrocarbons derivatives on
chromosomal instability. The persistence of 8-OHdG lesions strongly correlated with different types
of chromosomal damage and revealed distinguishing sensitivity of cell types as well as specific
features of particles versus oxidizing agent effects. In conclusion, this study revealed that an interplay
between DNA oxidation persistence and chromosomal damage is driving particulate matter-induced
genome instability.
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Keywards
Oxidative DNA damage; Genotoxicity; Micronuclei; Reference particulate matter; Oxidizing agents.
Abbreviations

PM, particulate matter; CZ100, fine dust ERM-CZ100; UD 1649, urban dust SRM1649; diesel
PM2975, diesel PM SRM2975; 3-MCPD, 3-chloro-1,2-propanediol; 8-OHdG, 8-hydroxy-2'-
deoxyguanosine; PAHSs, polycyclic aromatic hydrocarbons; MAPK, mitogen-activated protein kinase;
MDA malondialdehyde; NF-kB, nuclear factor kB; AP-1, activator protein 1; MN, micronuclei; NPB,
nucleoplasmic bridge; NBUD, nuclear bud; ROS, reactive oxygen species; EMS, ethyl
methanesulfonate; FBS, fetal bovine serum; PBS, phosphate buffered saline; DMSQO, dimethyl
sulfoxide; dG, 2'-deoxyguanosine; TE buffer, tris-EDTA buffer; SPE, solid phase extraction; LC-
MS/MS, liquid chromatography tandem mass spectrometry; MRM, multiple reaction monitoring; LC-
UV, liquid chromatography ultraviolet detection; CBMN Cyt assay, cytokinesis-block micronucleus
cytome assay; SEM, standard error of mean; CBPI, cytokinesis-block proliferation index; MI, mitotic
index; mono, mononucleated cells; BN, binucleated cells; CYPLAL, cytochrome P450 family 1
subfamily A polypeptide 1.

1. Introduction

A number of studies have linked airborne particulate matter (PM) exposure with a wide range of
human diseases including cardiopulmonary failure, type 11 diabetes mellitus, neurological disorders
and cancer [1,2,3]. PM-induced adverse effects involve oxidative stress and inflammation, which in
turn may lead to different genetic alterations [4]. DNA damage and repair play a pivotal role in the
pathogenesis of asthma and the telomeric erosion caused by oxidative stress was proven as a
mechanism underlying PM related cardiovascular disease [5,6]. Particularly in susceptible
populations, PM is an important environmental factor that exacerbates inflammatory processes by
cellular responses to PM-induced oxidative stress [7]. It is widely recognized that the adverse health
effects of PM exposure are mediated by oxidative stress and the induction of inflammation is mediated
by signaling pathways (e.g. MAPK) and transcription factors (e.g. NF-kB, AP-1) [8]. Airborne PM
contains a complex mixture of toxic compounds — including polycyclic aromatic hydrocarbons
(PAHSs), their derivatives such as nitrated PAHs (nitro-PAHSs) and transition metals — and it is
composed of different size fractions that may induce diverse toxic mechanisms of action and effects.
While the PAHs compounds in PM can form stable bulky DNA adducts, which inhibit DNA
replication and transcription, metals primarily act as oxidizing agents inducing 8-hydroxy-2'-
deoxyguanosine (8-OHdG) formation as well as DNA single and double strand breaks [9,10,11].

Chromatin is a dynamic entity that responds to environmental cues in terms of structure and function
and its organization may be disrupted inter alia by, for example, the formation of DNA strand breaks.
Failure of subsequent repairing processes and cell cycle checkpoints may lead to mutations and
chromosomal rearrangements that result in phenotypic changes or ultimately result in cell death
[12,13]. In particular, DNA double strand breaks are considered as a critical primary lesion for the
formation of chromosomal aberrations [14]. In this context, the present study aimed at investigating
the correlation between PM-induced persistent oxidative DNA damage, evaluated via measurements
of 8-OHdG formation, and chromosomal instability as determined in terms of micronuclei (MN),
nucleoplasmic bridges (NPB), and nuclear buds (NBUD) induction as well as mitotic dysfunction and

2
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cell death. Oxidative stress, considered as the underlying mechanism of PM-induced genotoxicity, was
detected by measuring one of the end product of lipid peroxidation, malondialdehyde (MDA). This
study also focused on the role of bioavailable metals in PM induced toxic effects versus the total PM
metal content. For this scope, nine elements, namely vanadium, chromium, manganese, iron, nickel,
copper, zinc, arsenic, cadmium, and lead were determined by inductively coupled plasma mass
spectrometry (ICP-MS) in PM samples. Additionally, relative levels of those metals were determined
intra- and extracellularly following cell exposures to reference PM.

To address the role of different PAHs and metals in driving persistent oxidative DNA damage and
subsequent chromosomal instability on different functional levels, two cell models were used: human
monocytes THP-1 and alveolar epithelial A549 cell lines. Monocyte-like THP-1 cells represent an
immune-competent cell model to elucidate the influence of immunological mechanisms on particles
induced toxicity [13]. The widely used A549 type 11 pulmonary epithelial cells may give rise to a
better understanding of particle-induced mutagenicity/carcinogenicity on lung cells, which is
associated with oxidative stress and chromosomal instability. To study the variability of biomarkers
for genetic toxicology, which are potentially induced by different ambient PM with diverse chemical
identity and similar size distribution, three standard reference materials (SRM) were chosen: 1) fine
dust ERM-CZ100 (referred to as CZ100 in this paper); i1) urban dust SRM 1649 (UD 1649); 1ii) diesel
PM SRM 2975 (diesel PM). CZ100 consisted of road dust collected in a tunnel in Poland and was
released in 2010. It is rich in metals with a similar PAH distribution as UD 1649, an airborne dust
from the Washington urban area collected in the late “70s. The NIST-certified diesel PM consists of
diesel combustion emissions from diesel-powered forklifts and was distributed as diesel reference
material since the year 2000. The diesel PM can be characterized as nitro- and alkyl-PAH rich PM
mixture. Typically, these diesel particles contain less amount of PAH with five or more condensed
aromatic rings (e.g. Benz[a]pyrene). Certified values of certain PAHs and their derivatives are shown
in table S§1 and the certified elements composition are presented in table S2 of supplementary material.

We compared the effects of the three reference PM with two oxidative and genotoxic substances:
menadione and 3-chloro-1,2-propanediol (3-MCPD). Both compounds are known to promote the
generation of reactive oxygen species and to induce cellular oxidative stress [16,17]. Possible
correlations between the persistence of DNA oxidation and genotoxic endpoints were analyzed by
Pearson correlation coefficients.

2. Material and methods
2.1 Materials and reagents

8-OHdG, 2'-deoxyadenosine, 2'-deoxyguanosine monohydrate, thymidine, malondialdehyde tetra
butylammonium salt, 2.4-dinitrophenylhydrazine, ammonium acetate, formic acid, 3-chloro-1,2-
propanediol, ethyl methanesulfonate, dimethyl sulfoxide, and fine dust ERM-CZ100 were purchased
from Sigma (Taufkirchen, Germany). 2'-Deoxycytidine was obtained from Alfa Aesar (Kandel,
Germany). Internal standard *Ns-8-OHdG and 1,1,3,3-Tetracthoxypropane (1,3-d2) were purchased
from Cambridge Isotope Laboratories, Inc. (Massachusetts, USA). Menadione was purchased from
AppliChem (Damstadt, Germany). LC-MS grade acetonitrile and methanol were obtained from
ChemSolute (Munich, Germany). LC-MS grade water was generated by a Milli-Q Reference System
from Merck (Darmstadt, Germany). THP-1 cells were bought from ECACC (No. 88081201). A549
cells were from Leibniz Institute DSMZ (Braunschweig, Germany, ACC 107). LiChrolut® EN 200MG
3 mL cartridges were purchased from Merck (Darmstadt, Germany). Acrodisc® Syringe Filters 13
mm, 0.2 um GHP were obtained from Waters (New York, USA). Degradase Plus™ were from Zymo
Research (Freiburg, Germany). Urban dust SRM1649 and diesel PM SRM2975 were from the
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National Institute of Standards and Technology (Gaithersburg, USA). N-hexane (GC-grade) was
obtained from VWR (Darmstadt, Germany).

2.2 Cell culture, particle exposures, and cell viability

THP-1 and A549 cells were cultured in Roswell Park Memorial Institute medium (supplemented with
10% Fetal Bovine Serum, 2 mM L-glutamine, and 1 % penicillin/streptomycin solution) and incubated
at 37 °C, 5% COs in a humidified atmosphere and sub-cultured at 80% confluency. Particulate matter
suspension (1 mg/mL) in cell culture medium without FBS were prepared freshly before exposure and
dispersed using an ultrasonic bath for 20 min. Menadione and 3-MCPD stock solutions (10 mg/mL)
were prepared in DMSO and water, respectively, and diluted in culture medium with FBS before
exposure. Concentration-response curves of the tested compounds were made to find the concentration
which results in approximately 90% cell viability for subsequent endpoints in order to avoid cytotoxic
conditions. THP-1 and A549 cell viability was evaluated using trypan blue dye exclusion after
exposure to different concentrations of the test substances for 24 h. Briefly, A549 and THP-1 cells
(0.06 and 0.12 million cells/cm? in T25 flasks 24 h prior to exposure) were exposed to different
concentrations of menadione (0.1-10 pg/mlL, 0.2 % DMSO (v/v) final concentration), 3-MCPD (0.1-
10 pg/mL), CZ100 (1-1000 pg/mL), UD 1649 (1-1000 pg/mL) and diesel PM (1-100 pg/mL). For the
following experiments, 2 pg/mL menadione or 3-MCPD, 200 pg/mL (40 pg/em?) of CZ100 or
UD1649, and 40 pg/mL (8 pgfem?) of diesel PM were chosen as the concentrations giving rise to
approx. 90% cell viability.

2.3 Particle deposition analysis

Particle deposition analysis was performed in adherent A549 cells according to a previous report by
Rudd with minor modifications [18]. Briefly, A549 cells (0.06 million cells/cm? in T-25 flasks) were
seeded 24h prior the exposure to different PM (200 pg/mL CZ100 or UD 1649 or 40 png/mL diesel
PM) for 48h in three independent experiments. Cells were washed twice with PBS and collected by
centrifugation after trypsinization. The cell pellet was resuspended in 1 mL of 4N KOH: ethanol (1:1,
v/v) by using an ultrasonic bath for 20 min. The suspension was kept in a Thermomixer C
(Eppendorf , Germany) at room temperature overnight at 1000 rpm for cell digestion. Afterwards, the
suspension was centrifuged at 9390 rcf for 20 min (in 2 mL eppendorf tube). The supernatant was
discarded and the pellet was resuspended in 1| mL of water in an ultrasonic bath for 20 min. Finally,
the sample absorbance was measured at 748 nm in a Multiskan™ FC Microplate Photometer (Thermo
Scientific™, Germany) and the deposited dose was calculated by using standard curves.

2.4 Elemental composition analysis by inductively coupled plasma mass spectrometry (ICP-MS)

Following 48h exposure to 200 pg/mL of CZ100 or UD 1649, and 40 pg/mL of diesel PM, the cellular
uptake of the elements arsenic, cadmium, chromium, vanadium, manganese, copper, nickel, zinc and
lead and the release of their respective ions from the particles into cell culture medium was quantified
by ICP-MS. At the end of the exposure, cell culture supernatants were collected and A549 and THP-1
cells were harvested and counted. Then, A549 and THP-1 supernatants as well as the collected cells
were acidified with a mixture of nitric acid (69%) and hydrogen peroxide (35%). Subsequently, they
were digested by a Microwave speedwave ENTRY (Berghof, Germany) and diluted to a final
concentration of 5% of HNO,. All samples were filtered through a 0.2 um syringe filter and analyzed
by an Agilent 7700 Series ICP-MS. Calibration standard curves of 0.1, 1, 10, 100 and 300 pg/L for all
measured elements except iron were used for the quantification. For iron, a calibration standard curve
of 10, 100, 1000, 10000 and 30000 pg/L was used. The calibration curves were prepared from the
initial calibration verification standard (Agilent, USA): 10 ppm for arsenic, cadmium, chromium,
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vanadium, manganese, copper, nickel, zinc, lead and 100 ppm for iron in a matrix of 5% of nitric acid.
All samples were spiked with 20 pg/L of scandium and rhodium and used as internal standards. For
each sample 3 technical repetitions were performed. The Detection Limit (DL) for V, Cr, Mn, Ni, Cu,
As, Cd and Pb was lower than 0.01 pg/L both in the supernatants and in the cell fractions. For Fe and
Zn the DL it was lower than 0.4 pL in both phases. All samples were measured above the detection
limits.

2.5 Membrane lipid peroxidation estimation

The formation of malondialdehyde (MDA) was used to evaluate membrane lipid peroxidation as a
biomarker of oxidative stress. MDA derivatization was performed according to a published method
developed by our group with minor modifications [19]. Briefly, after 4h, 48h or 72h exposures 20 pL
of cell culture medium was mixed with 25 pL of 100 ng/mL d2-MDA (internal standard solution in
water) and 500 pL of 0.5 mM DNPH (in 1% formic acid solution). The mixture was kept at 37 °C and
300 rpm for 70 min in a Thermomixer C (Eppendorf, Germany). After derivatization, 700 pL of n-
hexane was added and the mixture was vigorously shaken and centrifuged at 9390 rcf for 5 min in a
Heraeus™ Biofuge Pico® Centrifuge (Thermo scientific, Germany). The n-hexane supernatant was
transferred to a new 2 mL tube and 700 pL of fresh n-hexane was added to the mixture. Then the
extraction procedure was repeated and both n-hexane supernatants were combined and dried by
nitrogen in a Vapotherm basis mobil I (Barkey, Germany) at room temperature. The dried residue was
re-dissolved in 50 pl. of methanol:0.1% formic acid (80:20, v/v).

The MDA adduct (MDA-DNPH) was analyzed using a triple quadrupole mass spectrometer Qtrap
4000 (AB Sciex, USA) equipped with a Turbo V™ Source (Sciex, USA) enabling electrospray
ionization and coupled to an HPLC system (Agilent 1290 HPLC, Agilent Technologies, USA)
including a degasser, a binary pump, an autosampler, and a column compartment. The used mass
spectrometer parameters were a capillary voltage of 4.5 kV, a source temperature of 350 °C, a
nebulizer gas at 40 psi, heater gas 50 psi, curtain gas 20 psi, and collision gas 11 psi. The column
compartment was set to 20 °C. The autosampler was set to 10 °C. The measurement was performed
using multiple reaction monitoring in positive ion mode. Two transitions were selected (Table S3,
supplement information). The first transition was used for quantification and the second transition was
used for qualification. The separation column was a Kinetex C18 (2.6 um, 100 A, 100%3 mm i.d.,
Phenomenex, Germany). The mobile phase was methanol:0.1% formic acid (80:20, v/v) with a
constant flow of 200 pL/min. Ten pl of each sample were injected twice into the HPLC column, and
the solvent fraction eluting from 1.5 to 3.5 min from the analytical column was infused into the MS for
measurement. A standard calibration curve was set up for quantification (0.4, 0.8, 2, 4, 8, 20 ng/ml).
The MDA background in the blank medium without cells was subtracted from the concentration in the
sample with cells and further normalized by using the respective cell number.

2.6 DNA extraction, and DNA hydrolysis

A549 and THP-1 cells were seeded and treated as described in the subsection 2.2 for 4h and 72h with
2 pg/mL of menadione or 3-MCPD, 200 pg/mL of CZ100 or UD 1649, or 40 ng/mL of diesel PM.
DNA extraction was performed according to a salting out procedure [20]. Quantity and purity of DNA
were measured spectrophotometrically (Nanodrop, Thermo Fisher, Germany). For DNA hydrolysis,
200 pg of DNA (dissolved in 400 pl of TE buffer) was mixed with 2 pl of DNA degradase plus™
according to the manufacturer’s protocol and kept on an Eppendorf Thermo Mixer C with 850 rpm at
37 °C for 24 h. After DNA hydrolysis, the mixture was heated to 70 °C for 20 min to deactivate the
enzyme. An aliquot of the hydrolysate was processed by solid phase extraction (using LiChrolut® EN
200MG 3 mL cartridges) and analyzed by LC-MS/MS for 8-OHdG. A second aliquot of the
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hydrolysate was filtered (using Acrodisc® Syringe filters) and analyzed by LC-UV for 2'-
deoxyguanosine.

2.6.1 Solid phase extraction

The DNA hydrolysate (350 pL) was mixed with 50 pL of water and 100 pL of internal standard
solution ("*Ns-8-OHdG, 10 ng/mL). The mixture was diluted to a total volume of 3 mL with water and
the pH was adjusted to 5.0 for SPE. Firstly, 3 mL of acetonitrile, 3 mL of methanol, and 3 mL of water
were used for conditioning and equilibration of the SPE cartridge. Secondly, the sample was loaded.
Thirdly, 3 mL of water and 2 mL of acetonitrile were used for washing. Finally, 3 mL of methanol was
applied for elution of 8-OHdG. The eluate was dried under a gentle nitrogen flow at room temperature
and re-dissolved in 60 pL of the mobile phase (acetonitrile:water, 80:20, v/v) for LC-MS/MS analysis.

2.6.2 Determination of 8-OHdG levels

The LC-MS/MS-system used for the determination of 8-OHdG consisted of an HPLC coupled with a
QTrap 4000 triple quadrupole mass spectrometer. The HPLC (Agilent 1290 HPLC, Agilent
Technologies, USA) included a degasser, a binary pump, an autosampler, and a column compartment.
The Qtrap 4000 was equipped with a Turbo V™ Source (Sciex, USA) enabling electrospray
ionization. The following instrumental parameters were used for the mass spectrometric detection:
capillary voltage, 5 kV; source temperature, 500 °C; nebulizer gas, 40 psi; heater gas, 50 psi; curtain
gas, 20 psi. The measurements were carried out using multiple reaction monitoring in positive ion
mode. Further parameters and the transition used are shown in Table 83. Analyst 1.6.2 software was
used for instrumental control, data acquisition, and data analysis. A Eurospher II 100-3 HILIC column
(3 um, 100 A, 100%3 mm i.d., Knauer, Germany) was utilized for chromatographic separation. The
mobile phase consisted of a mixture of acetonitrile and water (80:20, v/v) with ammonium acetate (2
mM) at a constant flow rate of 300 pl/min. Both column oven and autosampler were set to 20 °C
during analysis. The injection volume was 10 pL. Each sample was injected three times. The
quantification of 8-OHdG in cells was done using a calibration curve based on relations between peak
areas of the internal standard and 8-OHAG (0.16, 0.4, 1.0, 1.6, 4.0, 10, 16, 40, 100 ng/mL). For the
separation and guantification of dG, an HPLC-UV system (UltiMate 3000, ThermoFisher, USA) was
used. It consisted a degasser, a pump, an autosampler, a column compartment, and a UV-Vis detector.
A Eurospher I1 100-3 HILIC column (3 pm, 100 A, 100x3 mm i.d., Knauer, Germany) was applied for
the separation. The eluent was a mixture of acetonitrile and water (90:10, v/v) with ammonium acetate
(20 mM) at a constant flow rate of 600 pL/min. The column oven and the autosampler were kept at 20
°C, and the detection wavelength for dG was 260 nm. The quantification of dG was performed using
external calibration (dG, 0.5, 1, 2, 5, 10, 20 pg/mL).

2.7 Cytokinesis-block Micronucleus Cytome Assay

CBMN Cyt assay was performed according to Di Bucchianico et al. [21]. Briefly, A549 and THP-1
cells were seeded, as described in the subsection 2.2, 24h prior to exposure to different compounds (2
pg/mL of menadione or 3-MCPD, 200 pg/mL of CZ100 or UD 1649, or 40 pg/mL of diesel PM).
Twenty hours after exposure, a final concentration of 5 pg/mL cytochalasin-B (Sigma-Aldrich) was
used to block cytokinesis. Cells were harvested after an additional 28h culture for a total of 48h
exposure to the tested compounds. 300 pg/mL ethyl methanesulfonate (EMS) was used as positive
control while 0.2 % DMSO (v/v) was used as solvent control for menadione exposures. Two slides per
condition were examined in three independent experiments. The cytokinesis-block proliferation index
(CBPI) indicates the average number of cell cycles during the exposure and was evaluated as a
measure of cytostasis. The number of apoptotic (APO), necrotic (NEC) and mitotic (MI) cells were
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scored to evaluate the induced cytotoxicity. Micronuclei were evaluated in both binucleated (MN BN)
and mononucleated (MN mono) cells to distinguishing between aneuploidogenic and clastogenic
effects [22]. Additionally, nucleoplasmic bridges (NPB) and nuclear buds (NBUD) were also scored
as biomarkers of chromosomal rearrangements and DNA repair, respectively [21].

2.8 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.1.2. One-way analysis of variance
followed by multiple comparison versus control group (Dunnett’s method) was used to test the
statistical significance of results expressed as mean + standard error of mean of three independent
experiments (n=3). Pearson correlation coefficients were used for the correlation studies between
MDA levels ratio, genotoxic effects and 8-OHdG persistence.

3. Results
3.1 ICP-MS elemental particles analysis

The elemental composition is available in the material certificates for few selected elements in UD
1649 and CZ100, or in Ball et al. for diesel PM [23]. Recently we published the mass fraction values
of epigenetically active elements like As, Cd and Cr for the investigated reference materials [24]. For
the present study, we conducted new ICP-MS analysis to evaluate the elemental concentration of V,
Cr, Mn, Fe, Ni, Cu, Zn, and Pb, which could play an important role in inducing geno-toxicological
effects. As shown in Table 1, UD 1649 contains the highest amount of metals, notably V, As, and Pb,
with respect to CZ100 which in contrast contains higher fractions of Cr, Mn, Fe and Cu. Overall the
mass fraction of metals in diesel PM was low compared to the other two PM samples, however, we
detected considerable amounts of Fe and Zn.

Table 1. Determination of elemental concentrations (mg/kg) in the reference particles CZ100, UD 1649, and
diesel PM as evaluated by ICP-MS. Data are shown as mean + standard deviation of three measurements. *,
measured in our previous study [24].

Elements (mg/kg)

CZ100 UD 1649 diesel PM

Vanadium (V) 60+ 1 349+ 4 =0.1
Chromium (Cr)* 238 +6 1452 =4
Manganese (Mn) 580t 16 282 +2 =4
Iron (Fe) 38251+920 28705+335 602+2
Nickel (Ni) 105+3 177+4 =3
Copper (Cu) 434 £ 12 273+£2 =90
Zinc (Zn) 1335 £ 28 2089 = 16 737+5
Arsenic (As)* =9 T8+ 1 =]
Cadmium (Cd)* =1 =28 =0.1
Lead (Pb) 117+1 13393110 =10
Total (g/Kg) =41 = 46 =14

3.2 Cell viability assay

All tested compounds decreased cell viability in both epithelial A549 and monocytic THP-1 cells with
increasing mass concentrations following 24h exposure (Fig. 1). Interestingly, the oxidizers
menadione and 3-MCPD caused a severe decrease of cell viability in THP-1 cells, but not in A549
cells, starting from concentrations above 2 pg/mL (Fig. 1a and 1b). 6 pg/mL of menadione and 8
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pg/mL of 3-MCPD treatments caused a decrease of A549 cell viability to 90%. In contrast, THP-1 cell
viability was reduced to 90 % with 2 pg/mL of menadione and 3-MCPD exposures. These cell-type
specific effects were not observed in exposures to PM (Fig. 1c-e). The cell viability of A549 and THP-
1 cells decreased to 90% when treated with 200 pg/mL of CZ100 or UD 1649 compared to 40 pg/mL
of diesel PM. To avoid cytotoxic conditions and the resulting confounding effects, we chose 2 pg/mL
of menadione or 3-MCPD, 200 pg/mL of CZ100 or UD 1649, and 40 pg/mL of diesel PM in the
subsequent exposure experiments.
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Fig. 1. Concentration-response curves for determining the concentrations of tested compounds for subsequent
cell exposures. % cell viability of A549 and THP-1 cells is shown as mean + standard error from three
independent experiments following 24h exposures to (a) menadione (b) 3-MCPD (c) fine dust CZ100 (d) urban
dust UD 1649 (e) diesel PM.

3.3 Particle deposition analysis

UV-Vis spectrophotometric analysis of PM deposition on adherent A549 exposures was based on the
detected amount of particles per surface area. In this study, 200 pg/mL of CZ100 or UD 1649, or 40
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pg/mL of diesel PM were used with nominal concentrations in terms of mass per surface of 40
uglem?, 40 pgfem?, and 8 pg/em?, respectively. Spectrophotometric deposition analysis revealed
different deposition efficiencies among tested PM and the deposited mass were calculated as 26 + 2
pgfem?, 34 + 2 pg/em?, and 6 + 0.3 pg/cm? for CZ100, UD 1649, and diesel PM, corresponding to a
percentages of deposited particles of approximately 65 %, 85 %, and 76 %, respectively. Due to
difficulties in removing particles not interacting with cells, UV-Vis spectrophotometric evaluation was
not possible in suspension cultures performed with THP-1 cells.

3.4 ICP-MS ion release in cell culture medium and cellular uptake

In order to characterize the dissolution/ion release of selected elements in cell culture medium and
their cellular uptake, ICP-MS analysis was conducted in both cell culture supernatants and cell pellets
following 48h exposure to 200 pg/mL of CZ100 or UD 1649, and 40 pg/mL of diesel PM, of both
A549 (Fig. 2a-c) and THP-1 cells (Fig. 2d-f). A similar distribution trend for V, Cr, Mn, Fe and Ni
between the supernatant and the cells was observed following both A549 and THP-1 exposure to
CZ100, where these elements are mostly taken up by cells. In comparison, the cellular content of Cu,
As, Cd and Pb was equal or lower with respect to the supernatant content (Fig. 2a and 2d). However,
for CZ100 exposure a different Zn distribution between supernatants and cells was noticed in the two
used cell models, and THP-1 cells showed higher Zn uptake efficacy (ca. 85%) with respect to A549
cells (ca. 30%). This clear difference could not be observed following UD 1649 exposures where
approx. 46% of Zn was taken up by A549 cells and approx. 36% by THP-1 cells (Fig. 2b and 2e).
After exposure to diesel PM, A549 cells were taking up Fe more efficiently than monocytic THP-1
while the opposite effect was observed for V and Zn (Fig. 2c and 2f).
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Fig. 2. The amount of selected elements was analyzed by ICP-MS following 48h exposure of A549 cells to
CZ100 (a), UD 1649 (b), Diesel PM (c), and THP-1 cells to CZ100 (d), UD 1649 (e), and Diesel PM (f). Data
are expressed as mean % distribution of elements in supernatant (black) and cells (gray) + SD.

The cellular associated elemental content was measured as pg/L and calculated as ng per 10° cells in
both THP-1 (Fig. 3a) and A549 cells (Fig. 3b). The most abundant elements, which might differentiate
between cell types and reference particles exposures, were Mn, Fe, Ni, Cu, Zn and Pb. However, both
THP-1 and A549 cells took up considerable amount of V and Cr following exposures to CZ100 or UD
1649. No differences on Mn uptake were observed between the cell types and the higher cellular
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content of Mn after CZ100 treatments was in line with the higher Mn content of CZ100 particle
compared to that of UD 1649. Interestingly this coherency was not observed for Fe uptake, since no
clear differences on iron cellular content could be shown after CZ100 or UD 1649 exposures despite
the diverse particles content of Fe. This was especially the case in monocytic THP-1 exposure.
Furthermore, the cellular Fe content was ten times higher, ca. 0.7 ng/10° cells, following A549
exposure to Diesel PM compared to THP-1 treatments. Clear differences between cell types as well as
among reference particle treatments could be seen for Zn cellular content. Untreated A549 cells
contained a larger amount of Zn compared to monocytic THP-1, ca. 52 ng/10° A549 cells versus ca.
28 ng/10® THP-1 cells. Following exposures to PM, the cellular content of Zn was decreasing in A549
cells regardless of the particle types and their relative Zn content, while after THP-1 exposures to PM,
up to 6-fold and 4-fold increase of Zn uptake was observed for CZ100 and Diesel PM treatments,
respectively, regardless the relative Zn particles content. As expected, Pb uptake significantly
increased following exposure to UD 1649 due to the significantly higher Pb content of these reference
particles. However, considerable cellular content of Pb was observed following CZ100 and Diesel PM
exposures.
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Fig. 3. Cellular content of selected elements was analyzed by ICP-MS following 48h exposure of THP-1 (a) and
A549 cells (b) to CZ100, UD 1649, or Diesel PM. Data are expressed as mean + SD.

3.5 CZ100 is more effective in inducing lipid peroxidation

To assess oxidative stress induced by PM and oxidizers we evaluated MDA levels following 4, 48, and
72h exposures (Fig. 4). The fine dust CZ100 particles significantly increased MDA levels with a
decreasing trend from 4h to 72h exposure in THP-1 cells while the oxidizer 3-MCPD showed a
significant MDA release only after the shorter exposure time (Fig. 4a). A slight increase of MDA level
was observed following 4h exposure of THP-1 cells to Diesel PM (Fig. 4a). Following A549
treatments with CZ100 the released amount of MDA was approximately doubled and similar over the
exposure times, but a statistical significant increase was only observed following 4h treatment (Fig.
4b). A slight increase of MDA was noticed after both 4h and 72h exposures of A549 to UD 1649. The
oxidizer 3-MCPD induced a significant MDA release on 4h treated A549 to a similar extent found for
THP-1 while menadione was inducing a double amount of MDA production with respect to untreated
A549 without statistical significance (Fig. 4b).
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Fig. 4. MDA levels expressed as ng per million of cells in monocytic THP-1 cells (a) and A549 (b) following 4h,
48h and 72h exposures. Data are shown as mean + standard error from three independent experiments. *= p-
value < 0.05 compared to the relative untreated control (ctrl).

3.6 Reference PM induce persistent 8-OHdG lesions

The basal amount of oxidative 8-OHdG lesions in both THP-1 and A549 cells equaled approximately
five lesions per 10° nucleobases (Fig. 5). Representative mass spectra for the analysis of 8-OHdG is
shown in Fig. §1. Elevated oxidative stress levels were accompanied by an increase in the levels of 8-
OHJG lesions in both THP-1 (Fig. 5a) and A549 cells (Figure 5b) following both short and long
exposure times, indicating a persistent DNA oxidation. In THP-1 cells both reference particles and
oxidizers induced significant DNA oxidation in a similar extent, but differences were observed in
terms of DNA oxidation persistence measured as the ratio between the effects detected following 72h
and 4h exposures. In fact, DNA oxidation induced by CZ100 decreased by 3.3 fold during time with a
ratio of 0.33, similar to the 3.8 fold decrease observed upon menadione treatments (ratio of 0.39). The
effects induced by UD 1649 and diesel PM decreased by 4.7 and 4.9 fold, with a ratio of 0.22 and 0.24
respectively, indicating a lower persistency of DNA oxidation with respect to both CZ100 and
menadione treatments (Table 2). All exposures induced significant DNA oxidation in A549 cells after
both 4h and 72h exposures (Fig. 5b) whereas diesel PM was more effective than UD 1649 and the
oxidizer menadione after the shorter exposure time. Also following 72h exposure diesel PM treatments
were more effective than CZ100 and the two oxidizers in inducing DNA oxidation. However, the
effects induced by UD 1649 were more persistent over the exposure time as indicated by a 2.6 fold
changes between 4h and 72h exposures corresponding to a ratio of 0.42 (Table 2). In general,
considering the lower exposure concentration and deposition, diesel PM showed the highest DNA
oxidative capacity with respect to both UD 1649 and CZ100. After treatments, THP-1 cells generally
showed higher DNA oxidation levels compared to those of A549 cells.
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Fig. 5. 8-OHdG levels in THP-1 (a) and A549 (b) cells unexposed (ctrl) and exposed for 4h or 72h to 200
pg/mL of CZ100 or UD 1649, or 40 pg/mL of diesel PM, or 2 pg/mL of menadione or 3-MCPD,. Results are
shown as mean + standard error of three independent experiments and p-values indicate statistical significance
differences.

Table 2. Mean values (+ standard error) of 8-OHdG persistency in THP-1 and A549 cells exposed to different
substance calculated as the ratio between the effects observed following 72h and 4h treatments.

Cells Ctrl Particles . . Oxidizers

CZ100 UD 1649 Diesel PM  Menadione 3-MCPD
THP-1 0.79+0.25 033007 022+£0.03 024£0.06 039x0.12 0.21£0.03
A549 1.0+£0.1 0224007 042£0.10 029+0.08 0.23+£0.03 0.18x0.07

3.7 CBMN cyt assay

A representative distribution of mononucleated, binucleated, and polynucleated cells used to calculate
the CBPI is shown in Fig. 6a while a typical mitotic cell used to evaluate the mitotic index is shown in
Fig. 6b. Apoptotic and necrotic cells are shown in Fig. 6¢ and 6d, respectively, and were used to assess
the cytotoxic potential of oxidizers and PM. Micronuclei formation in both mononucleated (Fig. 6e)
and binucleated cells (Fig. 6f) was analyzed as a hallmark of aneuploidogenic and clastogenic effects,
respectively [22,25]. Nucleoplasmic bridges (Fig. 6g) as well as nuclear buds (Fig. 6h) were scored as
biomarkers of chromosome rearrangements or telomere end-fusion and as biomarker of amplified
DNA elimination, respectively [21].
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Figure 6. (a) Exemplary distribution of mononucleated, binucleated and polynucleated THP-1 cells (b) mitotic
cell (c) apoptotic cell (d) necrotic cell used to assess cytostasis and cytotoxicity by CBMN Cyt assay (e)
micronueleus in mononucleated THP-1 cell (f) micronucleus in binucleated THP-1 cell (g) nucleoplasmic bridge
(NPB) (h) and nuclear bud (NBUD) were evaluated in order to comprehensively detect induced genotoxic
mechanisms.

Besides menadione, which reduced cell proliferation in THP-1 cells, none of the tested compounds
showed anti-proliferative effects (Fig. 7a). While all PM samples and oxidizers significantly reduced
the mitotic index in THP-1 cells from 4.8 % in control cells to approximately 3 % (Fig. 7b), only
minor cytotoxic changes in terms of apoptotic and necrotic effects were noticed (Fig. 7c and 7d).
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Fig. 7. CBMN Cyt assay, cytostasis and cytotoxicity. The cytokinesis-block proliferation index (CBPL, a), the %
of mitotic (b), apoptotic (c) and necrotic cells (d) are presented as mean + standard error from three independent
experiments (2 pg/mL of menadione or 3-MCPD, 200 pg/mL of CZ100 or UD 1649, or 40 pg/mL of Diesel

PM). *, p < 0.05; ** p < 0.01; *** p < 0.001. Underlined asterisks denote statistical significance for both cell
types with respect to their relative controls.

In terms of genotoxic potential, a significant induction of MN in mono- and binucleated cells was
observed in A549 exposed to diesel PM and oxidizers (Fig. 8a and 8b). Only after exposure to
menadione a significant increase of MN in binucleated cells was observed in THP-1 cells (Fig. 7b). In
contrast, a significant induction of NPB formation occurred in both cell types following exposure to
CZ100 and oxidizers (Fig. 8c). Diesel PM exposure significantly induced NPB formation on A549
cells. On the other hand, NBUD slightly increased in both THP-1 and A549 cells (Fig. 8d). Generally,

diesel PM and oxidizers were more effective in inducing chromosomal damage compared to CZ100
and UD 1649 particles.
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Fig. 8. CBMN Cyt assay, chromosomal damage and rearrangements. Micronuclei in mononucleated cells (a) and
in binucleated cells (b), nucleoplasmic bridges (c) and nuclear buds (d) frequencies are presented as mean £
SEM from three independent experiments (2 pg/mL of menadione or 3-MCPD, 200 pg/mL of CZ100 or UD
1649, or 40 pg/mL of diesel PM). 300 pg/mL ethyl methanesulfonate (EMS) was used as positive control. *, p <
0.05; ** p < 0.01; %, p < 0.001, **** p < 0.0001 with respect to the relative controls (ctrl).

3.8 Correlations between 8-OHdG persistency, chromosomal instability and oxidative stress

8-OHdG persistence was evaluated based on the ratio between 72h and 4h exposures of 8-OHdG/10°
dG values (Table 2) in order to depict possible correlations among 8-OHdG formation dynamics and
the genotoxic biomarkers as well as with MDA levels ratio between 72h and 4h exposures. Pearson
correlation data are shown for CZ100, diesel PM, menadione and 3-MCPD treatments on A549 (Fig.
9a, 9b. 9¢. 9d) and THP-1 cells (Fig. 9e, 9f, 9g, 9h). Correlations following exposure to UD 1649 were
due to the lack of significantly increased chromosomal instability and therefore considered as not
relevant and are not displayed. There was a significant positive correlation between 8-OHdG
persistence and MN in binucleated cells (MN BN) following A549 exposures to diesel PM (R?=0.998,
p=0.021; Fig. 9b) and the oxidizer 3-MCPD (R*=0.984, p=0.05; Fig. 9d). A strong positive correlation
was observed between the DNA oxidation persistency and NPB formation after A549 exposures to
diesel PM (R?=1.0, p=0.001; Fig. 9b) and to 3-MCPD (R>=0.988, p=0.05; Fig. 9d), as well as after
THP-1 treatments with diesel PM (R>=1.0, p=0.005; Fig. 9f) and menadione (R*=1.0, p=0.017; Fig.
9g). We also observed that the induction of NPB had a strong positive correlation with MN induction
in binucleated A549 cells after exposure to CZ100 (R’=1.0, p=0.018; Fig. 9a), diesel PM (R’=0.998,
p=0.021; Fig. 9b), and the oxidizer 3-MCPD (R>=1.0, p=0.009; Fig. 9d). The lipid peroxidation
biomarker MDA was positively correlated with MN BN after A549 treatments with CZ100 (R?>=0.994,
p=0.05; Fig. 9a) and menadione (R=1.0, p=0.017; Fig. 9¢), and negatively correlated with MN mono
in A549 cells following 3-MCPD treatment (R*=1.0, p=0.013; Fig. 9d).
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Fig. 9. Pearson’s correlation coefficients of 8-OHdG persistency (ratio between 72h and 4h effects), MN in
mononucleated cells (MN mono), MN in binucleated cells (MN BN), nucleoplasmic bridges (NPB), nuclear
buds (NBUD), and the ratio of malondialdehyde (MDA) production between 72h and 4h exposures of A549 to
CZ100 (a), diesel PM (b), menadione (c), 3-MCPD (d), and following monocytic THP-1 exposures to CZ100 (e),
diesel PM (f), menadione (g), and 3-MCPD (h).

4. Discussion

Recently we showed that the content of metals and PAHs of reference particulate matter differently
shapes epigenetic DNA modifications on monocytic THP-1 cells and that CZ100 was more effective
than UD 1649, diesel SRM2975, and the oxidizer tert-butyl hydroxiperoxide in inducing cytosine
demethylation, cytosine hydroxymethylation, and adenine methylation [24]. CZ100 is characterized by
a similar distribution of PAHs with respect to UD 1649, but with a lower amount of toxic compounds
such as benzo(a)pyrene and benzo(a)anthracene among others (Table S1). CZ100 is also the applied
PM with the highest content of metals with a total elemental content 3.4 times higher than UD 1649 as
reported in the respective material certificates, and particularly rich in Cr, Mn, Fe, and Cu as
confirmed by the present study (Table 1 and S2). On the other hand, UD 1649 is particularly abundant
in toxic elements like V, Ni, Zn, As, Cd and Pb, while having a lower total metal content compared to
CZ100. Diesel PM is characterized by a lower amount of PAHs compared to CZ100 and UD 1649, but
it contains larger amount of nitro-PAHs, e.g. the high toxic 1,6-dinitropyrene, and considerable
amounts of Zn and Fe (Table 1 and S1). Despite the different metal content of the particles, we have
shown that the ion release into cell culture media can vary among particle types as well as among cell
model systems. For instance, this behavior was translated into a similar Fe cellular uptake in epithelial
AS549 cells following CZ100 and UD 1649 exposures despite the particle iron content, which is 1.4
times higher in CZ100 compared to UD 1649. Furthermore, even though UD 1649 contained the
highest amount of Zn, the cellular content of Zn in monocytic THP-1 was much higher following
exposures to CZ100 and diesel PM compared to the Zn content after exposure to UD 1649. Such
observations call for more in-depth studies on physico-chemical, structural, and electronic properties
of PM that can regulate metal bioaccessibility. Recently, the importance of bioaccessible metal
fractions versus the total metal content was highlighted as an important aspect for calculating the
carcinogenic and non-carcinogenic risk indexes of several airborne PM sources, demonstrating that
health risks can be accurately predicted by the fraction of bioaccessible metals rather than the total
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metal content [26]. However, the variety of inorganic and organic compounds of PM samples could be
specifically responsible for different PM-induced genotoxic mechanisms of action. For instance,
transition metals can induce intracellular ROS via Fenton-like reactions while the metabolization of
PAHs can produce reactive intermediates able to undergo redox cycling mechanisms, which are
subsequently responsible for oxidative stress conditions, or generating highly reactive molecules that
are directly reacting with biomolecules including DNA.

In the present study we have shown that CZ100 and the oxidizer 3-MCPD significantly induced lipid
peroxidation in both cell types with 4h exposure more effective than 72h, while all other tested
materials slightly increased MDA levels following the shorter exposure time. Neutral aqueous extracts
of UD 1649 and diesel SRM2975 were previously used to evaluate ROS induction via the formation of
MDA from 2-deoxyribose [23]. This study showed that UD 1649 was more effective than diesel
SRM2975 in generating MDA and that this effect was inhibited by the chelating agent deferoxamine,
therefore suggesting that transition metals are catalyzing the formation of ROS [23]. Accordingly,
lipid peroxidation observed in our study might be explained by the higher metal content of CZ100 and
the subsequent higher elemental cellular uptake observed in both cell types. However, the efficacy of
CZ100 in inducing lipid peroxidation, as well as its more pronounced effects with respect to UD 1649
and diesel PM treatments, was more evident in monocytic THP-1 compared to alveolar epithelial
AS549 cells. Recently, further research has shown that organic extracts from airborne PM reduce lipid
peroxidation, as evaluated by 15-F2t-Isoprostane, via aryl hydrocarbon receptor inhibition of
prostaglandin endoperoxide synthase 2 expression in A549 cells. This effect was not observed in
normal human embryonic lung fibroblasts HEL 12469, suggesting that processes related to lipid
peroxidation are highly specific for different cell lines [27,28]. These observations also suggest a
complex interplay between metal and organic particle content induced effects and their pro-oxidant
potential. For instance, the observed 8-OHdG formation could not be exclusively attributed to the
particles metal content since Diesel PM was the most effective in inducing DNA oxidation in both cell
types. Indeed, we have shown that all tested reference particles and oxidizers promoted the generation
of 8-OHdG in both monocytic THP-1 and epithelial A549 cells with a DNA oxidation persistence
varying among particles and cell types in sub-cytotoxic conditions.

The organic content of PM samples and its pro-oxidant activity could also constitute a driving factor
for DNA oxidation and chromosomal instability. For instance, we observed a significant induction of
MN in A549 cells after exposure to diesel PM and both tested oxidizers (menadione and 3-MCPD)
which were positively correlated with 8-OHdG lesions persistency. Moreover, in both cell lines, we
found significantly increased NPB formation after CZ100 and oxidizer treatments showing that both
fine dust and the oxidizers might share similar mechanisms of genotoxicity. NPB formation was
positively correlated with 8-OHdAG persistence in both cell types, with a significant correlation
following diesel PM and oxidizers. NPB originating from dicentric chromosomes and centric ring
chromosomes are a sensitive measure of chromosomal damage induced by ROS, and positive
correlations of NPB with MN and NBUD were shown in previous studies on oxidative stress and
genotoxicity in human lymphoblastoid WIL2-NS cell line [29,30]. However, we found conflicting
correlations between NPB and NBUD with varying treatments and cell type, and no significant
increase of NBUD was noticed.

In particular for UD 1649 treatments, the increase of 8-OHdG levels in THP-1 cells was higher than in
AS549, in terms of absolute frequencies, asking for a better understanding of the role of cell-specific
metabolism with regards to the different PAHs and metal content of tested particles. In fact, besides
CZ100, which showed a similar DNA oxidation capacity between the two distinct cell models, UD
1649 induced DNA oxidation was more persistent in A549 than monocytic THP-1 cells. Prahalad et
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al. reported that the level of 8-OHAG in bronchial BEAS-2B cells treated for 2h with urban dust
particles (UD 1649) increased 1.7-fold compared to untreated controls [31]. However, the oxidative
capacity of UD 1649 could not be attributed to the total metal content but to its water-soluble fraction
since both metal ion chelators and hydroxyl radical scavenger particle pretreatments were ineffective
in inhibiting the induced DNA hydroxylation in cell-free systems [31]. Similarly, diesel SRM2975
generated oxidative DNA damage in A549 cells in a dose-dependent manner but was not able to
induce 8-0x0dG in calf thymus DNA even following co-exposure with H,O», indicating the lack of
metal-catalyzed reactions in the solvent because of low levels of transition metals in SRM2975 [32].

Coherently, in the current study all PM samples increased 8-OHdG levels in both cell types, which
could be explained by their PAHs and nitro-PAHs content due to the low amount of metals in diesel
particles and its slightly higher effectiveness in inducing DNA oxidation. This assumption is supported
by the role played by CYP1Al enzymes, mainly responsible for metabolization or oxidation of PAHs,
as previously shown in murine embryonic fibroblasts and alveolar macrophages, where UD 1649 and
diesel SRM2975 caused an increased CYP1 A1 expression [33,34]. Moreover, Shi and co-authors
investigated diesel SRM2975 induced chromosomal damage mechanisms on V79 fibroblasts and
found that the particle organic solvent extracts significantly increased MN frequency, while no effects
were observed after particle washing [35]. This indicates that the genotoxicity of diesel SRM2975 can
be attributed to its organic components PAHs and nitro-PAHs. Specifically, nitro-PAHs are more toxic
than PAHs [36]. For instance, by comparing the cytoxicity of benzo[a]pyrene, 1-nitropyrene, and 3-
nitrofluoranthene it was shown that both nitro-PAHs induced higher cytotoxicity than benzo[a]pyrene
[37]. One of the most abundant nitro-PAHs in diesel SRM2975, 1-nitropyrene, induced strong DNA
damage and oxidative stress in vive, and greatly promoted inflammation, apoptosis and necrosis in
human bronchial epithelial BEAS-2B cells in vitro [38,39]. A direct comparison of PAHs and nitro-
PAHs was conducted on BEAS-2B cells showing that 1-nitropyrene and 3-nitrobenzanthrone were
more effective than benzo(a)pyrene in inducing micronuclei formation [40]. Furthermore, 1-
nitropyrene and 3-nitrofluoranthene were shown to be genotoxic and cause ROS generation and
inflammatory processes by activating PI3K/Akt signaling in A549 cells [41,42].

Chromosomal instability can results from persistent DNA oxidation since the simultaneous removal of
multiple 8-OHdG can cause DNA double-strand breaks leading to MN formation [43]. It is important
to note that persistent activation of DNA damage-related signaling was found in response to complex
mixtures of air PM extract fractions containing PAHs with more than four aromatic rings but without
polar compounds [44]. However, the relative PAHs composition of PM is not conserved in the
atmosphere but is subjected to dynamic atmospheric aging processes, which in turn induce changes on
the bioaccessibility of PAHs. Whereas UD 1649 particles could be affected mainly by the photo-
oxidation reactions during daytime, CZ100 could be a result of accumulation of nitro-PAHs by diesel
engine emissions and the fresh formation of nitro-PAHs, since mainly dark reactions are taking place
in a tunnel and the exclusion of ozone and UV light prevents fast degradation of nitro-PAH. For
instance, precursor PAH can react with nitrate radicals and further with NO, to form nitro-PAH [36].
The atmospheric ageing of particles collected for UD 1649 surely included similar dark reactions
during nighttime but photo-oxidation during daytime can lead to both the formation and the decay of
nitro-PAH. The formation of nitro-PAH is due to reaction with hydroxyl radicals and subsequent
reaction with NO; [45]. However, a concurrent pathway of precursor PAH leads to the formation of
oxygenated PAH by reaction with ozone or hydroxyl radicals which are responsible for the decay
reactions [46] possibly explaining the lower genotoxic potential of UD 1649 with respect to CZ100
and diesel PM.
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5. Conclusions

In this study, we investigated the oxidative capacity and persistency of reference PM fine dust CZ100,
urban dust UD 1649, and Diesel PM compared to the oxidizers menadione, and 3-MCPD on epithelial
A549 and monocytic THP-1 cells. Despite differences in PM tested concentrations and cellular metal
uptake, all reference PM samples induced oxidative DNA damage in a comparable magnitude of order
compared to the two tested oxidizers but with different persistence. Diesel particles are more
genotoxic compared to fine and urban dust highlighting the role of PAH derivatives on chromosomal
instability, Furthermore, we explored the correlation between 8-OHdG lesion persistency and
biomarkers of chromosomal damage showing that the NPB measure is a sensitive indicator of
genotoxicity induced by airborne particles and oxidative stress, and that a connection between DNA
oxidation and chromosomal instability is associated with PM exposure. Additionally, a complex
interplay between bioaccessible metals and PAHs particle content was shown pointing out the
importance of PAH derivatives in driving reference airborne particle induced genotoxicity.
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ARTICLE INFO ABSTRACT

Keywords:

Cytosine methylation
Cytosine hydroxymethylation
Adenine methylation
Particulate matter
LC-MS/MS

Chemical derivatization

The aim of this study was to explore the impact of three different standard reference particulate matter (ERM-
CZ100, SRM-1649, and SRM-2975) on epigenetic DNA modifications including cytosine methylation, cytosine
hydroxymethylation, and adenine methylation. For the determination of low levels of adenine methylation, we
developed and applied a novel DNA nucleobase chemical derivatization and combined it with liquid chroma-
tography tandem mass spectrometry. The developed method was applied for the analysis of epigenetic modifi-
cations in monocytic THP-1 cells exposed to the three different reference particulate matter for 24 h and 48 h.
The mass fraction of epigenetic active elements As, Cd, and Cr was analyzed by inductively coupled plasma mass
spectrometry. The exposure to fine dust ERM-CZ100 and wrban dust SRM-1649 decreased cytosine methylation
after 24 h exposure, whereas all 3 p.m. increased cytosine hydoxymethylation following 24 h exposure, and the
epigenetic effects induced by SRM-1649 and diesel SRM-2975 were persistent up to 48 h exposure. The road
tunnel dust ERM-CZ100 significantly increased adenine methylation following the shorter exposure time. Two-
dimensional scatters analysis between different epigenetic DNA modifications were used to depict a significantly
negative correlation between cytosine methylation and cytosine hydroxymethylation supporting their possible
functional relationship. Metals and polycyclic aromatic hydrocarbons differently shapes epigenetic DNA
modifications.

1. Introduction

Exposure to particulate matter (PM) is associated with an increasing
prevalence and exacerbation of respiratory diseases and cardiovascular
risks [1,2]. The cellular damages induced by PM include the generation
of reactive oxygen species (ROS), which ean severely disturb the balance
between antioxidants and free radicals, which can oxidize macromole-
cules, namely DNA, lipids, and proteins. PM itself can cause many
adverse effects, and additionally, numerous chemicals that are adsorbed
on the surface of the particles can act as harmful pollutants. A very
prominent class of such pollutants are polycyelic aromatic hydrocarbons
(PAHs), such as benzo[alpyrene (B[alP), pyrene, fluoranthene and
others. PAHs can be metabolized by cytochromes p450 (CYPs) enzymes
resulting in dione-derivates or diol epoxide-derivates. These chemically

* Corresponding author.
** Corresponding author.

activated substances can then form PAH-glutathione (PAH-GSH) ad-
ducts or PAH-DNA adducts which can cause G-T transversion [3,4].
Investigations of fine PM from different combustion and
non-combustion sources showed that diesel exhaust particles had the
highest toxicological potential compared with other PM such as biomass
and coal combustion or gasoline exhaust PM [5]. A comparison between
particles of different size collected in traffic area showed that fine par-
ticles (<2.5 pm) were more cytotoxic than coarse particles (2.5-10 pm)
[6]. The results of the mentioned studies show that the PM toxicity
depends on multiple physico-chemical characteristies like particle size
and chemical identity.

Previous studies on PM induced-effects mainly focused on cytotox-
icity, genotoxicity, and oxidative-stress in vive or in vitro. In contrast, the
impact of PM exposure on epigenetic DNA modifications is studied to a
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much lesser extent. Cytosine methylation (5 mC) and cytosine hydrox-
ymethylation (5 hmC) are widely known as two important epigenetic
DNA markers because they have a significant impact on gene regulation
[7]1. The abnermal alterations of 5 mC and 5 hmC levels are linked to
different pathologies, e.g. cancer, and can be used as diagnostic or
prognostic indicators [3-10]. However, much less knowledge is avail-
able for other epigenetic changes of nucleobases like adenine. Recently,
Sun et al. reported that N6-methyladenine may be a potential epigenetic
marker associated with gene expression in eukaryotes [11]. Until now,
the research about epigenetic DNA modifications caused by PM expo-
sure has mainly focused on cytosine methylation and eytosine hydrox-
ymethylation. For instance, Janssen et al. found that global cytosine
hypomethylation levels in placental tissues were associated with resi-
dential PM exposure [12]. Bellavia and co-workers compared the effects
of different sizes of PM collected from downtown streets (fine <2.5 pm;
coarse 2.5-10 pm) on blood DNA cytosine methylation and found
decreased levels of 5 mC level after exposure to fine PM [13]. Nys et al.
showed that both ambient PM;; and PM, s had negative associations
with 5-hmdcC levels in human bueeal cells [14].

The impact of PM on adenine methylation is still unknown and un-
derstanding the effects of PM exposure on complex epigenetic DNA
modifications and their endogenous relations will help to understand
how PM affects cell metabolism and functions. Since the expected con-
centration levels of methylated adenine in eukaryote cell DNA are very
low, a sensitive and reliable analytical method for their quantification is
an indispensable tool. One possibility to improve the detection sensi-
tivity is the chemical derivatization prior to chromatographic separation
and mass spectrometric detection. This was shown in recent works
where chemical derivatization combined with LC-MS/MS was applied
for the analysis of cytosine derivatives including 5-methyleytosine and
5-hydroxymethyleytosine. For instance, those methods used derivatives
containing a bromoacetone functional group, which specifically reacts
with cytosine on the 4-N and 3-N position forming penta-cylic de-
rivatives [15-17]. Guo et al. used a different derivative containing an
anhydride group, which reacts with the primary amine group on the 4-N
position of cytosine [18]. After derivatization both the retention
behavior of the derivatives during liquid chromatography and the
ionization efficiency of derivatives in the MS-source were significantly
improved. The mentioned methods did not use internal standards, even
though it is widely accepted that the use of intemnal standards with
similar physical and chemical properties as the target analytes is indis-
pensable for a reliable quantification in LC-MS/MS. We used 2-bro-
mo-4'-phenylacetophenone (BPAP) as reagent for the derivatization of
2'-deoxycytidine  (dC), 5-methyl-2'-dexoyeytidine (5-mdC), and
5-hydroxymethyl-2'-deoxyeytidine (5-hmdC). BPAP also reacts with
adenine (Ade) and N6-methyladenine (6 mA) forming 3-N derivatives
(minor product) and 9-N derivatives (major product, used for quantifi-
cation) [19]. To further improve the reliability of the method,
substituted internal standards were synthesized by using 2-bromo-2-
'-acetonaphthone (BAN) reagent for the derivatization of 5-mdcC, Ade,
and 6 mAde. The LC-MS methods were validated and used for the
analysis of epigenetic DNA modifications in THP-1 cells. THP-1 cells
were chosen because they are human monocytic cells and they offer a
very broad application range for example as a cancer cell model in in
vitro studies [20], to study the macrophage differentiation processes
[21], or to explore the macrophage physiological-related activities in
vitro [22].

Aimed to comprehensively analyze epigenetic DNA modifications,
the levels of 5-mdC, 5-hmdcC, and 6 mA in THP-1 cells after exposure to
three reference PM, fine dust ERM-CZ100, urban dust SRM-1649, and
diesel SRM-2975 were determined. To further explore the need of spe-
cific positive controls for distinct DNA meodifications, the epigenetic
modifier 5-aza-2'-deoxycytidine (5-azadC), and the oxidizer tert-butyl
hydroperoxide (TBHP) were used. Inductively coupled plasma mass
spectrometry (ICP-MS) analysis of epigenetically relevant metals as
Arsenic, Chromium and Cadmium [23] was performed to depict the role
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of different metal content in the reference materials.
2. Materials and methods
2.1. Reagents

2'-Deoxycytidine (dC) was purchased from Alfa Aesar (Kandel,
Germany). 5-Methyl-2-deoxyeytidine (5-mdC) and 5-hydroxymethyl-
2'-deoxycytidine (5-hmdC) were obtained from Jena Bioscience (Jena,
Germany). Adenine (Ade), guanine (Gua), cytosine (Cyt), thymine
(Thy), triethylamine (TEA), acetic acid, fine dust ERM-CZ100 (CZ100,
ERM® certified reference material), BAN, BPBP, 5-azadC, and TBHP
were bought from Sigma-Aldrich (Taufkirchen, Germany). Diesel PM
SRM2975 (diesel PM, NIST® SRM® 2975) and urban dust SRM1649 (UD
1649, NIST® SRME® 1649) were from the National Institute of Standards
and Technology (Gaithersburg, USA). N6-methyladenine (6 mA) was
obtained from Cayman Chemical Company (Michigan, USA). Dimethyl
sulfoxide (DMSO) was purchased from Biomol (Hamburg, Germany).
Formic acid was bought from VWR intemnational (Leuven, Belgium).
Monocytic THP-1 cells were from ECACC (No. 88081201). DNA
Degradase Plus™ and DNA degradase™ were obtained from Zymo
Research (Freiburg, Germany). Acetonitrile (ACN) and methanol (LC-
MS grade) were from ChemSolute (Munich, Germany). LC-MS-grade
water was generated by a Milli-Q Reference System from Merck Milli-
pore (Burlington, Massachusetts, US). Nitrogen was provided by a liquid
nitrogen tank (Linde, Munich, Germany).

2.2. Cell culture, particle exposure, and DNA extraction

THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI)
medium (containing 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine,
and 1% penicillin/streptomycin solution) at 37 “C with 5% CO, in a
humidified atmosphere. PM suspensions (1 mg/mL) were freshly pre-
pared in medium without FBS by using an ultrasonic bath for 20 min
directly before exposure. 5-azadC and tert-butyl hydroperoxide (1 mg/
mL, TBHP) stock solutions were prepared in water and used as positive
controls. The prepared suspensions were added into the medium to
reach a final exposure concentration of 200 pg/mL for ERM-CZ100 and
SRM1649, 40 pg/mL for SRM2975, 2.3 pg/mL (10 pM) of 5-aza-2'-
deoxyeytidine, or 9 pg/mL (10 pM) of tert-butyl hydroperoxide. THP-1
cells (0.12 million cells/cm? in T-75 flasks, 24 h prior to exposure) were
treated with these PM suspensions or the positive control substances for
24 or 48 h. The established concentrations of PM caused 90% cell
viability after 24 h exposure according to concentration-response pre-
tests performed beforehand. Finally, THP-1 cells were harvested and
washed with 10 mL of phosphate buffer solution. For DNA extraction,
we followed a protocol published by Miller et al. [24] Quantity and
purity of DNA were determined on a NanoDrop™ One/One® (Thermo
Scientific, Germany). Following 24 h and 48 h THP-1 exposures,
approximately 300 pg and 500 pg of DNA were extracted, respectively,
and three independent analytical runs per condition were performed.

2.3. Epigenetic DNA modifications

2.3.1. Liquid chromatography-mass spectrometry

LC-MS/MS measurements were carried out on an Agilent 1100 HPLC
system consisting of a degasser, a binary pump, an autosampler, and a
column compartment (Agilent Technologies, USA). Mass spectrometry
was performed on a QTrap 4000 equipped with an ESI source (Sciex,
USA). A Kinetex® C18 (2.6 pm, 100 f'\, 100 % 2.1 mm i.d., Phenomenex,
USA) analytical column was used for the analysis of methylated and
hydroxymethylated cytosine. Mobile phase A was water. Mobile phase B
was acetonitrile. Gradient elution with a flow of 250 pl/min was applied
as follows: 0 min 65% A; in 7 min-50% A; from 8-17 min to 10% A; from
18-23 min to 65% A (equilibration). The eluent between 3 and 7 min was
infused into the MS, the other gradient fractions were eluted to the
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waste. A Kinetex® F5 (2.6 pm, 100 A, 100 x 3.0mmi.d., Phenomenex,
USA) was used for the analysis of adenine methylation. Mobile phase A
was 0.1% acetic acid. Mobile phase B was acetonitrile. Gradient elution
with a flow of 250 pl/min was used as follows: 0 min 85% A; in 18
min-50% A; from 19-28min to 10% A; from 29 to 34 min 85% A
(equilibration). Only the elution fraction from 9 to 18 min was infused
into the MS.

2.3.2. Nucleobases methylation and hydroxymethylation

DNA (30 pg) was dissolved in 60 pL of tris-EDTA (TE) buffer con-
taining 1 pL of DNA degradase plus'™ and 2 pL of reaction buffer for
eytosine modification studies and in 0.5 pL of DNA degradase and 2.5 uL.
of reaction buffer (Zymo research, Germany) for adenine methylation
studies, respectively. The mixture was kept at 37 “C for 24 hat 800 rpm
on a Thermo mixer C (Eppendorf, Germany). Afterwards, the DNA hy-
drolysate was heated at 70 °C for 20 min to deactivate the enzymes. DNA
hydrolysate was dried under a gentle nitrogen flow in a Vapotherm basis
mobil I (Barkey, Germany) at room temperature. For eytosine methyl-
ation and hydroxymethylation studies 10 pL of BPAP solution (10 mg/
mL) and 50 pL of ACN containing 0.04% of glacial acetic acid were
added to hydrolysated DNA, and kept at 80 °C for 4 h at 850 rpm on a
ThermoMixer C. Then the mixture was moved to a fridge and stored at
—20 °C for 10 min. After centrifugation at 10 000 rpm for 10 min in a
Heraeus™ Biofuge Pico® Centrifuge (Thermo Scientifie, Germany), 30
pL of supernatant was mixed with 20 pL of internal standard solution
(Section 1.2, supporting information) for the measurement of 5-hmdcC.
Another 3 pL of supematant was diluted in a total volume of 300 pL
ACN, and 30 pL of diluted supematant was mixed with 20 pL of internal
standard solution (Section 1.2, supporting information) for the mea-
surement of dC and 5-mdC. Each sample was injected three times into
the LC-MS system with an injection volume of 10 pL. Cytosine methyl-
ation and hydroxymethylation were calculated based on mole values as
follows [25]:

Cyitosine methylation % = 5-mdC/(5-mdC + dC) x 100% (60

Cytosine hydroxymethylation % = 5-hmdCA5-mdC + dC) x 100% (2)

For adenine methylation studies, 100 pL of 88% formic acid was
added to hydrolysated DNA and kept at 20 “C for 2 h at 800 rpm.
Thereafter the mixture was dried under a gentle nitrogen flow at room
temperature and dissolved in 10 pL of DMSO. The solution was mixed
with 50 pL of BPAP solution (4 mg/mL), 10 pL of TEA solution (2 mg/
mL), and kept at 80 °C for 11 h at 1500 rpm on a ThermoMixer C. Af-
terwards the reaction solution was stored in a fridge at —20 °C for 10
min. The mixture was centrifuged at 10 000 rpm for 10 min in a Her-
aeus™ Biofuge Pico® Centrifuge after adding 30 pL of internal standard
solution (Section 1.4, supporting information). Then 60 pL of supemna-
tant was taken into a glass vial for the measurement of 6 mA. Another 3
L of supernatant was diluted in a total volume of 300 pL ACN. 70 pL of
this acetonitrile solution was mixed with 30 pL internal standard solu-
tion (Section 1.4, supporting information) for the measurement of Ade.
Each sample was injected three times into the LC-MS system with an
injection volume of 10 pL. Adenine methylation was calculated based on
mole values as follows [26]:

Adenine methylation % = 6mA/Ade x 100% (3)

2.4. ICP-MS

The Standard Reference NIST Materials SRM-1649, ERM-CZ100 and
SRM-2975 have been weighed and acidified with a mixture of nitric acid
(69%) and hydrogen peroxide (30%). Subsequently the acidified sam-
ples have been digested by a Microwave speedwave ENTRY (Berghof,
Germany) and diluted to a final concentration of 13% of HNOs. All the
samples have been filtered through a 0.45 pm syringe filter and analyzed
by an Agilent 7700 Series ICP-MS. Calibration standard cuwrves of 1, 10,
100 and 300 pg/L for arsenic, cadmium and chromium have been used
for the quantification. The calibration standard lines have been prepared
from the initial calibration verification standard (Agilent, USA): 10 ppm
for arsenic, cadmium and chromium in a matrix of 5% of nitric acid. In
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Fig. 2. Optimization of target analyte reactions between dC, 5-mdC, 5-hmdC, and BPAP, mean -+ standard error (n = 3). (a) Reaction time with 20 mg/mL of BPAP
solution, 0.3 pL of glacial acetic acid, and 80 °C; (b) Different concentrations of BPAP at constant 0.3 jL of glacial acetic acid, 4 h, and 80 °C; (c) Different tem-
peratures with constant 10 mg/mL of BPAP, 0.3 pL of glacial acetic acid, and 4 h; (d) Different volumes of acetic acid with constant 10 mg/mL of BPAP, 4 h,

and 80 °C.

all samples 20 pg/L of scandium and rhodium have been spiked and
were used as intemal standards. For every samples 4 technical repeti-
tions have been performed. The detection limits for arsenic, cadmium
and chromium were estimated as <0.005 pg/L, <0.0017 ug/L, and
0.0069 pg/L, respectively.

2.5. Statistical analysis

The statistical data was processed by SPSS 20.0 software (SPSS, Inc).
For clustered columns, the analysis of variance was calculated between
the control and exposed groups. For two-dimensional scatters, linear
regression, coefficient of determination, and p-value were evaluated
between different epigenetic modifications. Data difference was
considered to be significant when p-values were less than 0.05.

3. Results
3.1. Method development

The proposed reactions and mechanisms for chemical derivatization
of cytosine and adenine are shown in Fig. 1 and — more detailed - in
Fig. 51, supporting information. Chemical derivatizations of dC, 5-mdC,
and 5-hmdC (Fig. 1a) were optimized concerning the following param-
eters: reaction time, concentration of BPAP, volume of acetic acid, and
reaction temperature (Section 1.1, supporting information, and Fig. 2).
The production of dC and 5-mdC derivatives reached an equilibrium
after 4 h with 15 mg/mL of BPAP, which were then chosen as final re-
action time and BPAP concentration. The generation of dC and 5-hmdcC

derivatives was most effective at 80 °C which was selected as the reac-
tion temperature. If the volume of acetic acid was higher than 0.1 pL, the
amount of 5-hmdC derivative decreased more than 80%. Finally, 0.02 pL
of acetic acid was selected. In order to study adenine methylation levels,
a novel chemical derivatization of 6 mA was developed. BPAP was used
to react with adenine and 6 mA to generate Ade-BPAP and 6 mA-BPAP
derivatives (Fig. 1b). Adenine chemical derivatization was then opt-
mized considering the reaction time, the concentration of BPAP, the
concentration of TEA, and the reaction temperature (Section 1.3, sup-
porting information, and Fig. 3). The production of the adenine deriv-
ative reached an optimum at 11 h, 4 mg/ml, and 80 “C, which were
selected as the optimized conditions. The adenine derivative was in
equilibrium between 0.05 and 4 mg/mL of TEA. If the concentration of
TEA was higher than 4 mg/ml,, the production of the adenine derivative
decreased about 20%. Finally, 2 mg/mL of TEA was selected. Similar to
the chemical derivatization of dC, the reaction between 5-mdC and BAN,
used to produce the internal standard 5-mdC-BAN, was also optimized in
terms of reaction time, temperature and concentration of acetic acid and
BAN (Fig. 1¢). The resulting eonditions were 2 h, 15 mg/mL of BAN, 0.1
L of acetic acid, and 80 °C (Fig. 52, supporting information). The re-
action time, temperature and concentrations of TEA and BAN for
adenine and 6 mA derivatives, used as internal standards (Fig. 1d), were
also optimized. Optimum conditions were 11 h, 2 mg/mL of BAN, 2 mg/
mL of TEA, and 80 °C (Fig. 53, supporting information).

3.2. MS characterization

The parameters for mass spectrometric detection of each standard
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Fig. 3. Optimization of target analyte reactions between Ade and BPAP, mean + standard error (n = 3). (a) Reaction time at constant 6 mg/mL of BPAP, 6 mg/mL of
TEA, and 80 ° C; (b) Different concentrations of BPAP with 6 mg/mL of TEA for 11 h, and 80 °C; (c) Different concentrations of TEA at constant 4 mg/mL of BPAP for
11 h, and 80 °C; (d) Different reaction temperatures at constant 4 mg/mL of BPAP, 2 mg/mL of TEA, and 11 h.

and its respective derivative were optimized, and the quantification was
performed using multiple reaction monitoring (MRM) in the positive ion
mode. For dC and its derivatives, the most intensive transition was the
loss of deoxyribose moieties from nucleosides. For 5-hmdC and 5-hmdcC
derivatives, the fragment ions at m/z 142.2 and 318.9 were not stable
and easily lost a water molecule further generating new fragment ions at
m/z 124.1 and 300.7, respectively. For Ade and 6 mA, the typical
fragment ions were at m/z 94.1 and m/z 119.1. Similarly, the derivatives
had the most sensitive fragment ions at m/z 136.2 and m/z 150.4 which
were [Ade+H]+and [6 mA + H] '. For each analyte, two transitions
were selected for the detection using MRM. The first transition was used
for quantification and the second one was used for qualification. Tuning
parameters are summarized in Table 51, supporting information.
Representative mass spectra obtained by collision induced fragmenta-
tion are shown in Figs. 54 and S5, supporting information.

3.3. Method validation

Methods were validated considering linearity, accuracy, precision,
and the instrument limits of detection and quantification (Section 1.5,
supporting information). Calibration curves showed good linearity with
R? > 0.99. Three concentration levels (low, med, and high) were
selected to evaluate accuracy and precision. Comparison between
derivatized and non-derivatized target molecules showed that both the
chromatographic retention of the target analytes during liquid chro-
matography and the detection performance of the target analytes by MS
were greatly improved after derivatization (Tables 52 and S3, support-
ing information). The methods were applied to the analysis of THP-1 cell
samples after exposure experiments. Typical MRM traces are shown in
Fig. 4. Ade and 6 mA formed two derivatives with BPAP and BAN,
respectively, showing two peaks for Ade-BPAP, Ade-BAN, 6 mA-BPAP,

and 6 mA-BAN in Fig. 4c—e. The chromatograms underline the capacity
of the analytical methods to detect and quantify the low concentration of
the target analytes.

3.4. Epigenetics modification in THP-] cells

The background cytosine methylation in controls are about 6.3%.
After 24 h exposure to CZ100 and UD 1649, the cytosine methylation
significantly decreased to about 4.8% and 5.2%, respectively (Fig. 5a).
However, the cytosine hypomethylation was restored after 48 h expo-
sure. All 3 p.m. significantly increased eytosine hydroxymethylation by
about 4-fold, 3.3-fold, and 2.4-fold of control levels after 24 h exposure
to CZ100, UD 1649, and diesel PM, respectively (Fig. Sb). Even after 48
h exposure, increased cytosine hydroxymethylation was observed after
exposure to UD 1649 and diesel PM with 2.7-fold and 2.5-fold of control
levels (Fig. 5b). Significantly increased adenine methylation levels were
observed after 24 h exposure to CZ100 while adenine methylation level
was restored following 48 h exposures (Fig. 5¢). Comrelation analysis
between different epigenetic modifications were performed, and a
significantly negative correlation was found between cytosine methyl-
ation and cytosine hydroxymethylation (R* = 0.1776, p-value<0.001,
Fig. 6a). In contrast, no significant relationships were found between
cytosine methylation and adenine methylation (Fig. 6b).

3.5. ICP-MS

The certified mass fraction values of elements are available for SRM-
1649, ERM-CZ100, and SRM-2975, however the most epigenetic active
elements As, Cd and Cr were not analyzed in SRM-2975 particles (diesel
PM). The average mass concentration of As, Cd and Cr in the used
reference PM samples was analyzed by ICP-MS and the results are shown
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Fig. 4. MRM-traces of (a) target analytes dC-BPAP, 5-mdC-BPAP, 5-hmdC-BPAP, and internal standard 5-mdC-BAN (b) target analyte 5-hmdC-BPAP and internal
standard 5-md C-BAN (c) target analytes Ade-BPAP and 6 mA-BPAP, and internal standard 6 mA-BAN (d) target analyte Ade-BPAP and internal standard Ade-BAN (e)
target analyte 6 mA-BPAP and internal standard 6 mA-BAN. The analytes were determined in control samples.

in Table 1. As expected diesel PM SRM-2975 do not contain high content
of metals, however a non-negligible concentration of Cr was found. The
fine dust ERM-CZ100 contains the largest amount of chromium while
the urban dust particles SRM-1649 are characterized for having the
largest amount of arsenic. With respect to the total amount of considered
epigenetic active elements, no significant differences can be observed
between CZ-100 and UD-1649, however ERM CZ-100 contains higher
total amount of elements with respeet to the other tested reference PM.

4. Discussion

In the current study, we explored the impact of three standard
reference PM on epigenetic DNA modifications (cytosine methylation,
cytosine hydroxymethylation, and adenine methylation). A novel
chemical derivatization method was developed for the analysis of 6 mA.
To improve the retention behaviour of adenine and 6 mA in reversed
phase liquid chromatography, we used BPAP to generate Ade-BPAP and

6 mA-BPAP derivatives in order to introduce a hydrophobic biphenyl
group. The limits of detection (LOD) of all target analytes was also
significantly improved compared to those found without derivatization.
For instance, the LOD for 5-mdC and 5-hmdC decreased 2.5- and 5-fold
respectively after derivatization, compared to the detection without
proceeding derivatization (Table S2, supporting information) due to the
improved ionization efficiency of the target analytes in the MS-source.
Until now, different derivative reagents have been used to analyze
cytosine related modifications in DNA and RNA. For instance, very low
LODs for 5-mdC and 5-hmdC were obtained after derivatization with 2-
bromo-1-(4-diethylamino-phenyl)-ethanone resulting in 0.04 fmol and
0.06 fmol, respectively [17]. Similarly, LODs values like 0.10 fmol for
5-mdC and 0.06 fmol for 5-hmdC were calculated by using 2-Bro-
mo-1-(4-dimethylamino-phenyl)-ethanone [16]. In our study we used
BPAP and BAN, and we reached LODs of 0.33 and 0.23 fmol for 5-mdC
and 5-hmdC, respectively (Table 2). The observed difference can be
attributed to both different derivatizing reagents and different
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instruments. In previous studies, the investigation of adenine methyl-
ation levels was mainly based on N6-methyl-2'-deoxyadenosine by using
LC-MS/MS with LOD values ranging from 0.42 fmol to 20 fmol [25-30].
However, N6-methyl-2'-deoxyadenosine is expensive and a suitable in-
ternal standard for N6-methyl-2'-deoxyadenosine is difficult to obtain.
In contrast, N6-methyladenine (6 mA) is cheap and thus adenine
methylation studies based on N6-methyladenine evaluation are an ideal
alternative approach. A disadvantage of using 6 mA is its poor retention
in LC (on both reverse and normal phase chromatography) and its low
mass spectrometric intensity. In this study, we could develop a novel
derivatization method for 6 mA prior to LC leading to significantly
improved retention behavior and increased mass spectrometric detect-
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limit for 6 mA applying LC-MS/MS. With the aim to increase the reli-
ability of the quantification, suitable internal standards were synthe-
sized (5-mdC-BAN for cytosine modification analysis; Ade-BAN and 6
mA-BAN for adenine modification) and successfully applied in our
study.

The application of optimized LC-MS methods including the novel
chemical derivatization allowed a comprehensive evaluation of epige-
netic DNA modifications induced by reference PM in monocytic THP-1
cells.

Global DNA hypomethylation is associated with aging and cancer
[31], and it is therefore suggested to be a useful biomarker for carci-
nogenesis [32-34]. In the present study, we found that at non-cytotoxic
conditions, both fine dust ERM-CZ100 and urban dust SRM-1649
significantly induced a transient cytosine hypomethylation and
increased the levels of cytosine hydroxymethylation to a similar extent,
while diesel SRM-2975 was imreversibly acting only on cytosine
hydroxymethylation levels. These reference PM samples contain various
epigenetically active chemical components such as the analyzed metals
arsenic, cadmium and chromium, and also other elements and organic
compounds like PAHs and nitro-PAHs (Table 1, Table 54 and material
certificates). It was previously shown that exposure to arsenic induces a
depletion of S-adenosylmethionine (SAM) and inhibits DNA methyl-
transferase gene expression (DNMT1 and DNMT3A) leading to DNA
hypomethylation in HaCaT keratinocytes and a decreased enzymatic
activity of DNA methyltransferase in rat liver TRL 1215 cells [35,36].
Cadmium is considered to be an epigenetic carcinogen perturbing DNA
methylation levels via indirect mechanisms such as ROS generation and
DNA repair inhibition while chromium inhibits histone-remodelling and
alters gene expression via its genotoxic effects [37,35]. While higher
levels of metal content in urban dust and fine dust materials can explain
the higher efficacy in inducing hypomethylation, the higher content of
nitro-PAHs in diesel SRM-2975 particles could explain its efficient and
irreversible induction of cytosine hydroxymethylation. In fact, despite a
5 fold lower tested concentration of diesel PM with respect to the cell
treatments with fine and urban dust PMs, the extremely high concen-
trations of nitro-PAHs, as reported in the material certificates, are

Table 1

Mass fraction values (mg/Kg) of As, Cd, and Cr as evaluated by ICP-MS in the
present study and as reported in CZ-100 and UD-1649 NIST certificates, or in
Ball et al. for diesel PM SRM-2975 [27]. *, not measured in our study.

CZ-100 UD-1649 Diesel PM
As 8.58 = 0.17 7807 £ 1.42 1.24 £ 0.02
cd 0.97 = 0.02 2752=0.14 0.08 £ 0.01
Cr 238,13 £ 6.03 145.02 = 1.57 4.22 £ 0.01
Co* 14.3 164 £ 0.4 0.1=x01
Cu* 462 2237 0.9=0.6
Ni* 58 =7 166 =7 0.5+07
Zn* 1240 1680 + 40 16 £ 4
Fe* 38144 29800 = 700 0.9
Total =40200 =32200 =24

_ y=-93613x+ 56812
- RI< 0001
p>0.05

0 0.001 0.002 0.003 0.004 0.005
Adenine methylation %

Fig. 6. Two-dimensional scatters between different epigenetic modifications based on six independent experiments for each exposure.
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Table 2
Summary for the used derivative reagents for cytosine-related modifications.
Target Derivative reagent LOD (dC, 5-mdC,5-hmdC, Ade, and 6mA) Reference
cytidine; 0 15.3 fmol (dC) [15]
dc; Br 22.7 fmol (5-mdC)
5-methyleytidine;
5-mdC;
2-bromoacetophenone
5-fodC; cHy o, 5 no [50]
| |+ cr 3
5-cadC; N . @ ]
2 ANHZHC) N -
CHy” \)&H’N H,C” é}:)kmmu; NTH
: ~.
NH;
¥ 2
Girard’s D, T, P
5-mdC; Br 0.10 fmol (5-mdC) [16]
5-hmdC; o 0.06 fmol (5-hmdC)
5-fodC;
5-cadC;
e \(H_~.
5-methylcytidine; CH; Br no [511
5-hydroxymethylcytidine; W i'lq.,)
5-formylcync!.m-e; '//L\ i or C S
5-carboxycytidine; %ﬂ l‘ o ‘.I“,?ﬂ\\ﬁ\ B ?\J‘\/B"
Tomy T
0 <
IR
2-bromo-1-(4-diethvlamino-phenyl)-ethanone
2-bromo-1-(4-1-pyrrolidinylphenyl)-ethanone
3-Bromoacetonyltrimethylammonium bromide
@-bromoacetonylpyridinium bromide
5-mdC; CH, 0.04 fmol (5-mdC) [171
5-hmdC; ATH, 0.06 fmol (5-hmdC)
5-fodC; /J\
5-cadC: E I-]
5-methyleytidine; \r
5-hydroxymethylcytidine; o
5-formyleytidine; Ulr/
5-carboxycytidine; 2-bromo-1-(4-dimethylamino-phenyl)-ethanone
5-mdC; L — o 2.24 fmol (5-mdC) [181
5-hmdC; aQ! J'\//U)‘\ 2.53 fmol (5-hmdC)
5-fodC; S T
5-cadC; u o
4 4-(dimethylamine) benzoic anhydride
cytidine 5'-mono- phosphate; NH, no [52]

2'-deoxycytidine 5-monophosphate;
5-methyleytidine 5'-monophosphate;
5-methyl-2'-deoxycytidine
5'-monophosphate;

nc” tu,

N.N-Dimethyl-p-phenylenediamine

dc; v
5-mdC; P Br o
5-hmdC; ! i Br
se
6mA;

BPAP and BAN

0.22 fmol (dC)

0.33 fmol (5-mdC)
0.23 fmol (5-hmdC)
1.48 fmol (Ade)
0.67 fmol (6mA)

Current study

differentiating diesel PM from urban dust and fine dust PM. This is
related to freshly collected diesel combustion particles, not exposed to
any atmospheric photo-oxidation reactions. In vifro, an increased
amount of 5-hmdC after exposure to traffic-related fine PM and its
organic extracts was also observed in neuroblastoma SH-SY5Y cells [39].
Interestingly, the authors showed that the induced DNA hydrox-
ymethylation was oxidative-stress mediated and was involved in
neuronal pathology. However, the oxidizer TBHP used in our study only
reversibly induced inereased 5-hmdC levels. A recent in vive study in
mice exposed to traffic-related PM (1 h daily for 3 months) showed
decreased 5-hmdcC levels in lung and liver but no effects in the kidney,

and no significant differences on 5 mC levels in all analyzed internal
organs [40]. In the latter study the 5mC/5-hmC ratio in the lung DNA of
exposed mice increased suggesting that the loss of 5-hmC can be an early
event in carcinogenesis [40]. Even if 5-hmdC levels depend on many
factors, intensive studies showed that 5-hmdC is a stable epigenetic
modification, and aberrant changes of 5-hmdC levels have been asso-
ciated with diseases such as cancer and Rett syndrome [41,42]. An in-
crease of 5-hmdC was, for example, found in the peripheral blood of
patients with non-cancerous prostate diseases while decreased levels of
5-hmdC were observed in human colorectal carcinoma tissues, with
respect to tumor-adjacent normal tissues, and in hepatocellular
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carcinoma tissues as well [16,43-45]. In the present study, we found a
significant negative correlation between cytosine methylation and
hydroxymethylation indicating a crosstalk between the two epigenetic
mechanisms. In fact, TET proteins play a pivotal role in epigenetic
processes through modification of 5 mC to 5-hmC which has a functional
link with DNA elimination during genome rearrangements [46,47].

A reversibly increased level of 6 mA was observed only following fine
dust ERM-CZ100 exposures and no effects were observed after exposure
with the demethylating agent 5-aza-2'-deoxycytidine, or the oxidizing
agent tert-butyl hydroperoxide, asking for specific adenine methylation
related positive controls. Furthermore, we did not observe a correlation
between cytosine and adenine methylation levels indicating that the two
methylation processes are controlled by different mechanisms. The
mechanism of adenine methylation modifications influenced by PM is
not studied yet although some studies have shown associations between
adenine methylation and different exogenous factors like environmental
stress on mouse brains and the development of stress-induced neuro-
pathology [48,49].

In summary, exposure to different PM reference materials, with
distinet chemical composition, results in dissimilar epigenetic changes.
Metal-rich PM exposures (ERM-CZ100 and SRM-1649) reversibly
decreased cytosine methylation levels and increased adenine methyl-
ation content while all tested PM induced cytosine hydroxymethylation
as observed, with smaller magnitude, following the treatments with the
oxidizer TBHP. Oxidative stress is largely recognized as the major cause
of many chronic diseases and plays a pivotal role in the pathogenesis of
environmental lung diseases. The crosslinks between oxidative stress
and epigenetic mechanisms need to be further investigated as well as the
role of the chemical composition of different airborne PM in inducing
genotoxicity and immunotoxicity.

5. Conclusions

In this study, we explored the impact of three reference PM on
epigenetic DNA modifications in monocytic THP-1 cells. LC-MS/MS
methods with preceding chemical derivatization of target analytes
were optimized and a novel chemical derivatization for N6-
methyladenine was developed. The derivatization significantly
improved the retention behavior of the target analytes during chro-
matographic separation and increased the sensitivity of these targets
during mass spectrometric detection. The methods were validated and
subsequently applied for the quantification of epigenetic DNA modifi-
cations in monocytic THP-1 cellular DNA. Cell exposwre to fine dust
ERM-CZ100 and wban dust SRM-1649 decreased global cytosine
methylation levels, while all tested PM increased cytosine hydrox-
ymethylation. The two epigenetic processes were significantly nega-
tively associated. A reversible increase of adenine methylation was
observed after exposure to fine dust ERM-CZ100, which was indepen-
dent compared to the observed cytosine methylation changes. Further
studies are needed to investigate the epigenetic impact of PM exposure
on human health, especially considering the different elemental /organic
carbon content of PM as well as its metal content. An emphasis of such
studies should be the examination of PM originating from break wear or
abrasion particles from e-cars at emission sources.
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