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Zusammenfassung 

 

Zusammenfassung 

Luftverschmutzung ist eines der größten Gesundheitsprobleme der Welt. Jedes Jahr werden Tausende 

von Todesfällen auf verschmutzte Luft zurückgeführt. Feinstaub (PM) ist ein sehr wichtiger Bestandteil 

der Luftverschmutzung. Es enthält komplexe anorganische und organische Stoffe wie Metalle und 

polyzyklische aromatische Kohlenwasserstoffe (PAK). Toxikologische Studien zeigen, dass PM 

Zytotoxizität, Entzündung und Genotoxizität in Zellen induzieren kann. Die Auswirkungen von PM auf 

die menschliche Gesundheit sind jedoch sehr komplex und noch nicht vollständig verstanden. Im Zuge 

dieser Arbeit fanden wir zunächst heraus, dass PM verschiedenen Ursprungs unterschiedliche 

Zusammensetzungen an PAKs enthielten, die unterschiedliche toxische und mutagene Äquivalente 

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 durchgeführt (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 monozytäre THP-

1-Zellen und A549 Lungenepithelzellen. Sowohl oxidative DNA-Schäden in Form von 8-Hydroxy-2'-

desoxyguanosin (8-OHdG) Läsionen, als auch das Lipidperoxidationsprodukt Malondialdehyd (MDA) 

wurden in beiden Zelltypen mittels Flüssigchromatographie-Tandem-Massenspektrometrie (LC-

MS/MS) analysiert, um die oxidative Kapazität der drei verschiedenen PM. Der Zytokinese-Block-

Mikronukleus-Zytom Assay (CBMN Cyt, OECD 487) wurde durchgeführt, um in beiden Zelllinien die 

Genotoxizität (basierend auf Chromosomenschäden) 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 monozytären 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 schädliche Wirkungen auf beide Zelltypen. Alle PM induzierten 

oxidative DNA-Schäden in Form von 8-OHdG. Nur CZ100 zeigte eine oxidative Kapazität, Lipide zu 

oxidieren, was sich in Form erhöhter MDA Level wiederspiegelte. In A549 Zellen generierte Diesel PM 

2975  die höchste Genotoxizität im Vergleich zu den beiden anderen PM. CZ100 und UD 1649 

verringerten das Cytosin-Methylierungs Level. Während alle PM das  Cytosin-Hydroxymethylierungs 

Level erhöhten, wurde eine erhöhte Adenin-Methylierung nur durch CZ100 induziert. Die Ergebnisse 

zeigten, dass THP-1 Zellen gegenüber oxidativen Bedingungen sensitiver waren als A549 Zellen. 

Während die persistenten 8-OHdG DNA-Schäden eine potenziell treibende Kraft für 

Chromosomenschäden darstellen, waren die verringerten Cytosin-Methylierungsniveaus eher auf 
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Metallelemente wie As, Cr und Cd in PM zurückzuführen. Die erhöhte Cytosin-Hydroxymethylierung 

und N6-Methyladenin waren reversibel und hatten potenziell biologische Funktionen als Reaktion auf 

die PM-Exposition.
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Abstract 

 

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 

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. NOx, SO2, 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, PM10 showed higher toxic 

and mutagenic potential than PM2.5 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 SRM1649, 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 PM10 (< 10 μm), PM2.5 (< 2.5 μm), and PM0.1 (< 0.1 μm) 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 μg/m3 PM2.5 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 II 
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study showed that an increase of 10 μg/m3 PM10 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 PM2.5 concentrations in New Delhi, 

Beijing, and Hanoi are higher than that in Lima, Singapore, and Munich with the health protection limit 

of 25 µg/m3 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 PM2.5 target of 10 µg/m3. 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. 

 

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  

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: Illustration 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,N6-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 L132 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 8-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 

eukaryotes such as plants and mammals (Parashar et al., 2018). The function of adenine methylation in 

eukaryotes is not yet fully understood. But adenine methylation is linked to gene expression in 

eukaryotes 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; 

5mC, 5-methylcytosine; 5hmC, 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, 5hmC levels in human blood samples were positively 

associated with ambient PM10 but not with PM2.5 levels (Sanchez-Guerra et al., 2015). In contrast, 5hmC 

levels in human buccal cells were negatively associated with ambient PM10 and PM2.5 (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. 

 

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 PM10-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 SRM1649 

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 μm sieve and mixed well by using a V-blender before the final bottling. Urban dust SRM1649 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 SRM1649 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℃ in a humid condition with 5% CO2. 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/cm2, 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 µg/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 µg/mL. 23 µL of 5-azadC or 90 µL of TBHP stocking solution were added to T75 

flasks containing 10 mL culture medium to reach 2.3 µg/mL or 9 µg/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 µL of the cell suspension was 

mixed with 20 µL of 0.4% trypan blue solution. An aliquot of 20 µL 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) 

 
 

 

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 µg/mL), UD 1649 (15-105 µg/mL), and diesel PM 2975 (3-21 µg/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 = ɛ∙l∙c  (eq. 2.2) 

 
A is the absorbance. ɛ is the absorption coefficient. l is the path distance of light. c is the concentration 

of the analyte. 
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Figure 2.3: Illustration 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: Illustration 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 -NH2. 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 m2/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 = (Con(org) ∙ V(org)) / (Con(aq) ∙ V(aq)) 

 

 (eq. 2.3) 

 Kd is the partition coefficient. Con(org) and Con(aq) are the concentration of the analyte in the organic 

phase and the aqueous phase, respectively. V(org) and V(aq) are the volumes of the analyte in the organic 

phase and the aqueous phase, respectively. 
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Figure 2.5: Illustration 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 

(Holländer, 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). 

 

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). 
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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; 

dC; 

5-methylcytidine;  

5-mdC; 

 (Torres et al., 

2011) 

 

5-mdC; 

5-hmdC; 

5-formyl-2’-deoxycytidine; 

5-carboxy-2’-deoxycytidine; 

 

 

 

(Tang et al., 

2015) 

5-methylcytidine;  

5-hydroxymethylcytidine;  

5-formylcytidine; 

5-carboxycytidine; 

 

(Huang et al., 

2016) 
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Table 2.1(continued): Derivative reagents used for cytosine and its modifications. 

5-mdC; 

5-hmdC; 

5-formyl-2’-deoxycytidine; 

5-carboxy-2’-deoxycytidine; 

5-methylcytidine;  

5-hydroxymethylcytidine;  

5-formylcytidine;  

5-carboxycytidine; 

 (Xiong et al., 

2017) 

 

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 15N5-8-OHdG and d2-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: Illustration of a chemical derivatization for (a) d2-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: Illustration 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. 

 

Figure 2.9: Illustration 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 µm, 100 Å, 100×2.1 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: Illustration of the stationary phase for (a) C18; (b) F5 ;(c) Eurospher HILIC. 

A Kinetex® F5 column (2.6 μm, 100 Å, 100×3.0 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 µm, 100 Å, 100×3 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: Illustration 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 VTM Ion 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℃). 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]-). 

 

Figure 2.12: Illustration 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 Q0 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 



2 Methodology 

 

19 

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.  

 

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; (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: Illustration 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 

ionization. 

(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+ + e-). 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). 

 

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: Illustration 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. 

 

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).  

cellsofnumberTotal

cellsaatedmultinucleNocellsdbinucleateNocellstedmononucleaNo
CBPI

.3.2. ++
=  (eq. 2.4) 

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). 

 

Figure 2.19: Illustration 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. 

i

n

i

iTEQ TEFCPaB =
=1

][  
(eq. 2.5) 

i

n

i

iMEQ MEFCPaB =
=1

][  
(eq. 2.6) 

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

PAH, MEFi 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 Dibenzo[a,e]pyrene 1 2.9 

22 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 Dibenzo[a,i]pyrene 10 - 

24 Dibenzo[a,l]pyrene 10 24 

25 1,6-Dinitropyrene 10 0.28 

26 1,8-Dinitropyrene 1 0.046 

27 5-Methylchrysene 1 - 

28 6-Nitrochrysene 10 - 

29 2-Nitrofluorene 0.01 0.025 

30 1-Nitropyrene 0.1 - 

31 4-Nitropyrene 0.1 - 

32 5-Nitroacenaphthene 0.01 - 

33 7H-Dibenzo[c,g]carbazole 1.0 - 

34 1,3-Dinitropyrene - 0.031 

35 9-Nitroanthracene - 0.0032 

36 2-Nitrofluoranthene - 0.05 

37 3-Nitrofluoranthene - 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 PM2.5 and PM10 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 PM2.5 and 

PM10 in all five districts. Based on TEQ and MEQ calculation, PM2.5 from an industrial district showed 

the highest TEQ (5.21 ng·m-3) and MEQ (6.31 ng·m-3), respectively (Table 3.1). While PM10 from the 

business district and the residential district showed the highest TEQ (9.74 ng·m-3) and MEQ (14.08 

ng·m-3), 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 PM2.5 and the calculated TEQ and MEQ of PM2.5. 

District PM2.5 (ng·m-3) TEQ (ng·m-3) MEQ (ng·m-3) 

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 PM10 and the calculated TEQ and MEQ of PM10. 

District PM10 (ng·m-3) TEQ (ng·m-3) MEQ (ng·m-3) 

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 μg/mL, while CZ100 or UD 1649 decreased cell viability to 80% at about 400 μg/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 µg/mL of CZ100 or UD 1649, 40 µg/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 (Øvrevik 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 µg/mL of menadione and 3 µg/mL of 

3-MCPD. A549 cells viability reduced to 80% after treatment with 6.5 µg/mL of menadione and 10 

µg/mL of 3-MCPD. In order to gain comparable results to the PM exposure and avoid strong cytotoxicity, 

2 µg/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 μm, 43.2 μm, and 70 μm 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 

concentration 

Nominal 

concentration 

Precipitate 

concentration 

% Deposition 

CZ100 200 µg/mL 40 µg/cm2 25.9 ± 2.2 µg/cm2 64.7% 

UD 1649 200 µg/mL 40 µg/cm2 33.9 ± 1.7 µg/cm2 84.7% 

Diesel PM 2975 40 µg/mL 8 µg/cm2 6.1 ± 0.3 µg/cm2 76.3% 

 

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

The base levels of 8-OHdG in THP-1 and A549 cells are about five oxidized bases per one million 

normal bases (namely, 8-OHdG/106 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 H2O2 (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 

PAHs 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 CYP1A1 

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 3.2c). 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-

OHdG 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 µg/mL of CZ100 or UD 1649, or 40 µg/mL of diesel PM 2975, or 2 µg/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 3.3c,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 3.4c,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 µg/mL 

of CZ100 or UD 1649, or 40 µg/mL of diesel PM 2975, 2 µg/mL of menadione or 3-MCPD, mean ± 

standard error of mean, n=3. Solvent control = 0.2% DMSO, positive control = 300 µg/mL 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 et al., 2017). Increased DNA damage in neuroblast-

like SH-SY5Y 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-OHdG 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 



3 Results and discussion 

 

33 

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).  

 

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; (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 < 0.01. 

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 

(mins) 
LOD 

 (fmol) 
Retention 

(mins) 
LOD 

(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 R2=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 µg/mL of CZ100 

or UD 1649, or 40 µg/mL of diesel PM 2975. (mean ± standard error of mean ,n=6). 5-azadC = 2.3 

µg/mL of 5-aza-2’-deoxycytidine used as positive control for cytosine methylation. TBHP = 9 µg/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. (a means data from 

certificates; b 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 4.22 ± 0.01 

Co 14.3ª 16.4 ± 0.4ª 0.1 ± 0.1b 

Cu 462ª 223 ± 7ª 0.9 ± 0.6b 

Ni 58 ± 7ª 166 ± 7ª 0.5 ± 0.7b 

Zn 1240ª 1680 ± 40ª 16 ± 4b 

Fe 38144ª 29800 ± 700ª 0.9b 

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’ (CpG) sites can weaken the activities of DNMT3A and DNMT1 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; Møller 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-SY5Y 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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4 Conclusion and outlook 

In this work, we analyzed PM2.5 and PM10 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 Appendix 

6.1 List of abbreviations 

3-MCPD 3-chloro-1,2-propanediol 

5caC 5-carboxycytosine 

5-carboxycytosine 5-formylcytosine 

5hmC 5-hydroxymethylcytosine   

5mC 5-methylcytosine 

5fC 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 

CYP1A1 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 



6 Appendix: List of abbreviations 

 

51 

EU European Union 

FBS fetal bovine serum 

Gua guanine 

HNE 4-hydroxynoneal 

IARC International Agency for Research on Cancer 

ICP-MS inductively coupled plasma mass spectrometry 

Kd partition coefficient 

LC liquid chromatography 

LC-MS/MS         liquid chromatography tandem mass spectrometry 

LC-UV             liquid chromatography ultraviolet/visual 

LINE-1             long interspersed element-1 

LIT linear ion trap 

LLE liquid-liquid extraction 

LOD limit of detection 

MDA malondialdehyde 

MEF mutagenic equivalency factor 

MEQ mutagenic equivalent 

MI mitotic index 

MN micronuclei 

MONO mononucleated cells 

MRM multiple reaction monitoring 

NADPH dihydronicotinamide adenine dinucleotide phosphate 

NBUD nuclear bud 

NPB nucleoplasmic bridge 

PAHs polycyclic aromatic hydrocarbons 

PBS phosphate buffered saline 

PM particulate matter 

ROS reactive oxygen species 

RPMI Roswell Park Memorial Institute 

SAM S-adenosylmethionine 

SEM standard error of mean 

SPE solid phase extraction  

SRM2975 Standard reference material 2975 

TBHP tert-butyl hydroperoxide 

TEA triethylamine 

TEF toxic equivalency factor 

TEQ Toxic equivalent 

TET ten-eleven translocation 

Thy thymine 

UD 1649 urban dust SRM1649 
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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; 

5mC, 5-methylcytosine; 5hmC, 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; (c) 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; (c) MDA in THP-1 cells; (d) MDA 

in A549 cells. (exposed to 200 µg/mL of CZ100 or UD 1649, or 40 µg/mL of diesel PM 2975, or 2 
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µg/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; (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. 

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 µg/mL 

of CZ100 or UD 1649, or 40 µg/mL of diesel PM 2975, 2 µg/mL of menadione or 3-MCPD, mean ± 

standard error of mean, n=3. Solvent control = 0.2% DMSO, positive control = 300 µg/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; (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 < 0.01. 

Figure 3.6: (a) cytosine methylation; (b) cytosine hydroxymethylation; (c) adenine methylation; (d,e) 

two-dimensional scatters between different epigenetic modifications. Exposed to 200 µg/mL of CZ100 

or UD 1649, or 40 µg/mL of diesel PM 2975. (mean ± standard error of mean ,n=6). 5-azadC = 2.3 

µg/mL of 5-aza-2’-deoxycytidine used as positive control for cytosine methylation. TBHP = 9 µg/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 PM2.5 and the calculated TEQ and MEQ of PM2.5. 

Table 3.2: Concentrations of PAHs in PM10 and the calculated TEQ and MEQ of PM10. 

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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