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Zusammenfassung 

Allergische Erkrankungen sind in den letzten Jahrzehnten stark angestiegen und mittlerweile an dem 

höchsten Punkt seitdem das Vorkommen von Allergien aufgezeichnet wird. Dennoch ist der Prozess der 

allergischen Sensibilisierung und die Faktoren, die die Entwicklung und Verschlimmerung von 

allergischen Erkrankungen hervorrufen, noch nicht vollständig erforscht. Die starke Verbreitung 

allergischer Erkrankungen in den letzten Jahrzehnten deutet daraufhin, dass eine Veränderung der 

Umwelt und der Lebensumstände der Menschen zu diesem Anstieg geführt haben könnte.  

Einige epidemiologische und in vivo Studien zeigten ein geringeres Vorkommen von Allergien und 

Asthma bei Kindern, die auf dem Bauernhof aufgewachsen sind, im Vergleich zu Kindern, die in der 

gleichen ländlichen Umgebung, aber nicht auf dem Bauernhof groß geworden sind. Eine Erklärung für 

diesen protektiven Effekt wurde bisher hauptsächlich in der mikrobiellen Zusammensetzung dieser 

Umgebungen gesucht. Um erste Anzeichen dafür zu finden, ob kleine organische Verbindungen in der 

Gas- und Partikelphase einen Einfluss auf den Prozess der allergischen Sensibilisierung haben, wurden 

lungengängige Partikel (<2.5 µm) und die Gasphase in ausgewählten Bauernhöfen beprobt und kleine 

organische Verbindungen umfassend mittels TD-GC-MS und IDTD-GC×GC-ToFMS charakterisiert. 

Das chemische Profil einer vermutlich protektiven Umgebung (Kuhstall) und einer nicht-protektiven 

Umgebung (Schafstall) wurde verglichen und Komponenten spezifisch für die protektive Umgebung 

identifiziert. Zusätzlich wurden Zellexperimente mit Extrakten der jeweiligen Umgebungen 

durchgeführt, um mögliche immunregulierende Effekte zu untersuchen. Die Genexpressionsanalyse 

zeigte individuelle Immunregulationen (z.B. spezifisch für allergische Entzündung und oxidativen 

Stress) der kleinen Fraktion im Vergleich zum gesamten Extrakt und Unterschiede in der induzierten 

Regulation von protektiver und nicht-protektiver Umgebung. Unsere Hypothese bezüglich des 

Einflusses kleiner organischer Verbindungen auf immunregulierende Effekte bestimmter Umgebungen 

konnte somit bestätigt werden. 

Verbrennungsaerosole (z.B. Dieselabgase) werden in ihrem Zusammenhang mit der Förderung 

allergischer Sensibilisierung und der Verschlimmerung von Allergien stark diskutiert. In einem ersten 

Teil der Studie wurden Verbrennungsaerosole von drei unterschiedlichen Kraftstoffen umfangreich 

chemisch charakterisiert. Zu diesem Zweck wurden lungengängige Partikel, insbesondere „quasi“-

ultrafeine Partikel, und die Gasphase eines erdölstämmigen Diesels und zwei alternativer Kraftstoffe in 

einem berufsbedingten Expositionsszenario beprobt. Die elementare Zusammensetzung von Partikeln 

und Gasphase wurde mittels verschiedenster analytischer Methoden verglichen und bezogen auf das 

Vorkommen von Komponenten mit wissentlich negativen gesundheitlichen Effekten, wie z.B. PAKs, 

flüchtige aromatische Komponenten und Übergangsmetalle, individuelle chemische Expositionsprofile 

identifiziert. In einem zweiten Teil der Studie wurde die Exposition von Epithelzellen mit artifiziellen 

Dieselabgasen gefolgt von einer Exposition mit Pollen evaluiert. Es konnte gezeigt werden, dass Zellen 

die zuvor mit Dieselabgasen exponiert wurden, stärkere und schnellere Immunantworten aussenden im 

Vergleich zu einer alleinigen Exposition mit Pollen. 

In einer finalen Studie haben wir uns auf die Bewertung von GC×GC-MS Auswerteplattformen 

fokussiert, um bezüglich der Einheitlichkeit von erworbenen Daten und ihrer Bearbeitung, zuverlässige 

Ergebnisse sicherzustellen. Zu diesem Zweck haben wir acht verschiedene Softwarepakete anhand eines 

Ausgangsdatensatzes evaluiert und die generierten qualitativen und quantitativen Ergebnisse verglichen. 

Wir haben festgestellt, dass die Nutzung verschiedener Software zu Abweichungen der Ergebnisse 

führen kann. Die Auswertung der GC×GC-MS Daten wurde basierend auf dieser Studie mit einer der 

getesteten Software durchgeführt, was eine eindeutige Datenauswertung ermöglichte. 
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Abstract 

The prevalence of allergic diseases is rising globally and is at the highest number since allergic diseases 

started being documented. However, the process of allergic sensitization and the factors influencing the 

development and exacerbation of allergic diseases are not yet fully elucidated. The increasing prevalence 

of allergic diseases in recent decades might be related to environmental changes and living conditions. 

Several epidemiological and in vivo studies demonstrated a lower prevalence of allergies and asthma 

among farmer children compared to non-farmer children. An explanation for such a protective effect 

was sought mainly in special microbiological composition and complex biochemical compounds 

associated with these environments. In order to find first indications of the relevance of small organic 

compounds (VOCs, SVOCs) on allergic sensitization, we sampled and comprehensively investigated 

respirable PM and the gas phase by TD-GC-MS and IDTD-GC×GC-ToFMS. Samples were taken in 

distinct farming environments to account for the factor of animal breed. By means of comparative data 

analysis, distinct differences between the two farming environments were determined. Key components 

of a potential protective environment (cow shed) were identified in comparison to a non-protective 

environment (sheep shed). In addition, cell exposure experiments with size-segregated extracts were 

conducted to investigate their potential immune-regulatory effects. Gene expression revealed distinct 

regulations (e.g. allergic inflammation, oxidative stress) of the smaller fraction compared to the whole 

extract as well as differences in the regulation induced by a protective and a non-protective environment. 

Consequently, our hypothesis regarding the influence of small chemical compounds on immune-

regulatory effects caused by distinct environments could be confirmed. 

Combustion aerosols, such as diesel exhaust, are greatly discussed in facilitating allergic sensitization 

as well as exacerbating the disease. In a first part of this study, we performed a comprehensive chemical 

characterization of combustion aerosols from three distinct fuel types. For this purpose, we sampled 

respirable PM with an emphasis on “quasi” ultrafine particles and the gas phase of a petroleum-based 

diesel and two alternative fuels in an occupational exposure scenario. The elemental composition of PM 

and gas phase was compared by several analytical techniques and revealed distinct differences in the 

chemical exposure profile of the three fuel types for compounds related to adverse health effects, such 

as (alkylated) PAHs, volatile aromatic species and transition metals. In a second part of this study, we 

evaluated whether the exposure to diesel exhaust will prime the gene regulations caused by subsequent 

pollen exposure and mimicked a realistic urban exposure scenario. We found that pre-exposed cells with 

artificial diesel exhaust followed by pollen exposure induced similar immune-modulatory effects 

compared to pollen exposure alone but in a shorter time frame. Particularly genes related to 

inflammation (a factor facilitating allergic sensitization) were promoted by the pre-exposure to diesel 

exhaust.  

In a final study, we focused on the evaluation of the applied GC×GC-MS platform in terms of 

consistency of the acquired data and data handling to ensure reliability of the generated data. We 

evaluated eight different software packages and compared their qualitative and quantitative results based 

on different benchmark datasets (e.g. allergen compounds). We found that the utilization of different 

software can lead to deviations of the results. Based on this study, evaluation of the GC×GC-MS data 

was partly conducted with one of the tested software packages and enabled straight-forward data 

evaluation. 
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1. Introduction 

1.1 Relevance of Allergy Research 

During the last decades the prevalence of allergy and asthma increased globally [1]. Furthermore, the 

complexity and severity of allergic diseases are continuously increasing and children and young adults 

are particularly affected. According to the World Allergy Organization (WAO), up to 400 million people 

suffer from rhinitis and up to 300 million people suffer from asthma [2]. In The United States of America 

(USA) solely, it was shown that 23 million people suffer from asthma, including 7 million children, and 

the prevalence is further increasing. For example, case numbers for early childhood asthma have been 

rising steadily since 1960, case numbers for food allergies since 1990 [3]. Haahthela et al. noted an 

increase of asthma and allergic rhinitis since 1966 in Finish military recruits and correlated this 

conspicuity with a decline in biodiversity [1]. This strong increase is a worldwide concern and allergies 

have become a widespread disease in the last 60 years [1, 3].  

In 2013, a report from the WAO summarized the worldwide burden of allergic diseases [2]. It was stated 

that patients who suffer from allergies and asthma have a reduced quality of life. Allergic diseases lead 

to morbidity of patients for other diseases including diabetes, obesity and cardiovascular diseases, to 

generally lower work performance and to higher socio-economic costs for individuals and families. 

Resulting from this individual health and socio-economic burden, there arises also a socio-economic 

burden for countries, which can be differentiated in direct and indirect costs. Direct costs include 

medication and health care that the countries provide, while indirect costs are, for example, related to 

loss of work and social support and in general lower productivity at work. In The USA, 19.7 billion 

US $ were estimated for costs on asthma (2007) and up to 20.9 billion US $ on allergic rhinitis (2005) 

[2]. In Germany, almost one third of the population suffers from at least one of the following allergic 

diseases: Asthma, allergic rhinoconjunctivitis, atopic dermatitis, urticaria, contact eczema, food allergies 

and insect venom allergies [4]. The total costs of infections and chronic diseases of the respiratory tract 

were estimated to be around ~12 billion € (2015) [5]. 

This very concerning trend in allergy and asthma prevalence has been well documented and explored 

for almost all industrialized countries. The main reasons contributing to this phenomenon seem to be 

lifestyle changes in association with loss in microbial biodiversity as well as an increase in air pollution 

[6]. Lately, a similar trend can be observed for countries that recently industrialized [1, 2]. The global 

increase of the prevalence of allergic diseases, thus, seem to be related to certain environmental changes 

in the last decades. Consequently, the WAO declared several recommendations including, among others, 

the necessity of epidemiological studies to assess the worldwide burden of allergic diseases, the need of 

implementing appropriate environmental control measures to reduce risk factors like smoking and 

outdoor pollutants and the importance of enhanced research towards preventive strategies [2].  
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1.2 Allergy and Allergic Sensitization 

Allergies are chronic, inflammatory diseases with aberrant immune reactions to certain environmental 

chemicals (allergens). Proteins from different origins can be responsible for distinct allergic reactions 

[7]. Allergic sensitization can be described as complex interplay between an allergen and a host in a 

certain environment. The first barrier for inhaled allergens is the pulmonary epithelium. The epithelial 

layer is a physical, chemical and immunological barrier which covers the respiratory tract. It allows the 

gas exchange of air and prevents the entrance of harmful substances [8]. Environmental stress caused 

by particulate matter (PM) and pathogens such as viruses, bacteria and fungi are known to disrupt the 

physiological function of the epithelial layer. The disruption facilitates the entrance of foreign 

substances like allergens. The interaction of allergens with the epithelial barrier can activate the 

chemical barrier, resulting in increased mucus production, as well as the immunological barrier, causing 

the recruitment of immune cells and inducing inflammation [8]. An increased permeability of the 

epithelial barrier due to the exposure to environmental pollutants can increase the penetration of proteins 

and allergens, and can thus lead to the activation of innate and adoptive immune responses.  

Dendritic cells (DCs) are antigen-presenting cells which lay directly underneath the epithelial cells and 

can be activated by allergen uptake through their dendrites and concomitantly by allergen-induced 

signals from the epithelial cells (Figure 1). The allergen-related activation of DCs induces a T-helper 2 

(Th2) response. Th2 cells are involved in the recruitment of eosinophilic inflammatory cells, e.g., by 

secretion of cytokines such as Interleukin (IL)-4, -5 and -13 [9]. These cytokines induce an isotope 

switching in B cells, which results in the production of Immunoglobulin (Ig)E antibodies. Allergen IgE 

antibodies then bind to IgE-specific receptors on mast cells [10].  

 

Figure 1. Simplified reaction mechanisms of allergic sensitization and the resulting effector phase. 
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If a second exposure to the same allergen occurs, this allergen will bind to the specific antibodies 

previously induced by the sensitization process. This leads to a cross-linking of mast cells IgE-receptors, 

which ultimately prompt the mast cells to secrete pro-inflammatory substances (e.g. histamine and 

cytokines) and, consequently, causes inflammatory reactions and clinical symptoms like running nose, 

itchy red eyes, swollen face and wheezing. This phase is called the effector phase. The repetitive 

exposure to such an allergen can finally lead to chronic diseases such as allergic asthma. The reason 

why certain individuals become allergic not only depends on environmental factors but also on the 

predisposition of the immune system of the host.  

Within the scope of this thesis, we focused on the influence of environmental insults to explain the 

prevalence of allergic diseases, as it seems that these factors have changed immensely in the last decades. 

1.3 Protective and Adjuvant Environments: Their Effects on Allergic 

Sensitization and Disease Exacerbation 

In the context of allergy development, we differentiate between two hypotheses, namely, the protective 

and the adjuvant effects of an environment (Figure 2). Adjuvant effects of an environment are defined 

as the effects that increase the possibility of allergic sensitization as well as exacerbate their symptoms 

[11-13]. 

 

Figure 2. Overview of the environmental factors that could either lead to and exacerbate allergic diseases or 

protect from allergic sensitization. Left: Adjuvant environments releasing biogenic aerosols (e.g. pollen) and 

anthropogenic aerosols (e.g. PM from combustion processes). Right: Potential protective environments releasing 

aerosols from biogenic origin and ambient PM from distinct farming environments (e.g. cow and sheep). 
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Air pollution is discussed as a main contributor to allergy-adjuvant effects. The concept of protective 

effects is related to an environment that rather reduces the probability of developing certain forms of 

allergy later in life. Farms are the main environments discussed in this context and several 

epidemiological and in vitro studies have been carried out to explain this phenomenon [14-20]. For 

protective and adjuvant effects the long-term exposure to certain types of aerosols is held responsible 

for the underlying mechanism. We differentiate between biogenic and anthropogenic offspring of an 

aerosol. While biogenic aerosols could be related to adjuvant or protective effects depending on the 

nature of the aerosol, anthropogenic aerosols such as man-made combustion aerosols are mostly related 

to allergy-adjuvant effects. The two environments and their typical aerosol components are elucidated 

in greater detail in the next two sections. 

1.4 The Relevance of Anthropogenic Aerosols as Adjuvant Factors for the 

Development and Exacerbation of Allergic Diseases 

Allergenic substances are ubiquitous and humans are constantly exposed to such aeroallergens. These 

aeroallergens originate from natural sources such as plants, soil and microorganisms and include pollen 

(e.g., grass, weed, tree), fungal spores, bacteria, animal dander and mold [21]. The exposure to inhalable 

allergens depends on their aerodynamic properties, their airborne shape and their distribution in the 

environment. Their high molecular weight and low vapor pressure permits allergenic proteins and 

glycoproteins to become airborne themselves, but they can be incorporated inside particles like pollen 

grains or be attached to airborne particles like dust. In general, particle-bound allergens smaller than 

5 µm are suspended in the air for a longer time, while particle-bound allergens larger than 5 µm will 

settle rapidly [21]. Figure 3 summarizes the sizes ranges and the associated health effects of airborne 

biological and anthropogenic aerosols. Pollen is known to have the ability to trigger the immune system 

in a way that can lead to allergic diseases. Furthermore, pollen allergens can be carried by smaller 

airborne fractions such as PM from industrial and traffic combustion [22]. PM can generally originate 

from anthropogenic sources such as vehicular traffic, fuel combustion, agriculture and industry as well 

as from non-anthropogenic sources such as wildfires, volcanic eruptions and ocean-derived salts [21]. 

Combustion-derived PM, such as diesel exhaust particles, are known to contribute to asthma and allergic 

diseases [23-25]. Furthermore, PM exposure is associated with aggravation of asthmatic symptoms and 

enhanced allergic sensitization [26-28]. PM can induce adverse health effects due to their physical and 

chemical properties. Figure 3 summarizes some of the effects induced by differences in particle shape, 

size or loading. A very well-known and widespread form of anthropogenic aerosol is car exhaust. 
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Figure 3. Overview of biological and environmental aerosols and anthropogenic emissions, their particular size 

and associated health effects. 

 

Diesel exhaust, for example, consists of small soot particles loaded with a plethora of chemical 

substances, e.g. metals and polycyclic aromatic hydrocarbons (PAHs). Previous studies demonstrated 

that PM loaded with transition metals such as iron induced genotoxic effects and enhanced the 

production of reactive oxygen species (ROS) [29, 30]. PAHs are known carcinogens and mutagens [31-

33]. A risk assessment of PAHs is commonly based on toxic equivalent factors (TEFs), which are 

calculated relative to the carcinogenicity of Benzo(a)pyrene (BaP) (Equation 1). 

∑ 𝐵𝑎𝑃𝑇𝐸𝑄 =  ∑ 𝐶𝑖  ×  𝑇𝐸𝐹𝑖
𝑛
𝑖=1      (Eq. 1) 

The sum of the concentration (C) of a specific PAH (i) multiplied by its corresponding TEF results in 

the sum of toxic equivalence quantity (TEQ) of a mixture of PAHs with the total number of PAHs (n).  

The toxicity of PAHs is related to the activation of the cellular aryl hydrocarbon receptor (AhR) [34, 

35]. Several studies demonstrated correlations between exposures to PAH of ambient air pollution and 

processes such as inflammation and release of ROS, which are related to respiratory diseases [36, 37]. 

The strongest correlation of PAH exposure and respiratory disease was found for asthma [38]. It was 

further demonstrated that PAHs from diesel exhaust particles exerted pro-allergic effects in patients 

allergic to birch pollen [39]. Nevertheless, the studies conducted so far are limited and the influence of 

other pollutants from ambient air pollution cannot be excluded.  

A concomitant exposure to allergens and anthropogenic air pollutants is expected to increase the allergic 

response induced by the allergen. In urban areas, anthropogenic PM from fossil fuel combustion and 

biogenic aerosols, e.g. from trees and grass, are ubiquitous. A co-exposure to both aerosols, thus, reflects 
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a real-life exposure scenario. This is especially valid since climate change led to an increase in length 

and magnitude of pollen seasons [40-42].  

Within the scope of this thesis, we comprehensively characterized the respirable PM from fuel 

combustion and assessed their toxic potential via BaPTEQ. Additionally, we investigated synergistic 

effects of a subsequent exposure to artificial diesel exhaust particles produced by a combustion aerosol 

standard (CAST) and native pollen in vitro. 

1.5 Small Organic Molecules as Protective Factor during Allergic 

Sensitization 

As described in the previous chapter, aeroallergens are ubiquitous and allergens from pollen can trigger 

allergic diseases. Nonetheless, biogenic aerosols are also in discussion regarding possible protective 

effects. Therefore, the source and type of allergen might be critical to induce either adjuvant or protective 

effects in the context of allergic diseases. Several epidemiological studies have identified traditional 

farms as potentially allergy-protective environments [18, 43, 44]. Many factors and their contribution 

to allergy- or asthma-protective effects are in discussion. Among these, increased microbial richness, 

high intake of unprocessed food, contact to farm animals and exposure to farm specific allergens seem 

to be highly relevant [45]. In the context of allergic sensitization, the first years of life were shown to be 

critical regarding the exposure to such potentially protective factors [44, 46, 47].  

Two epidemiological studies, namely, “Protection against Allergy – Study in Rural Environments” 

(PASTURE) and “Prevention of Allergy-Risk Factors for Sensitization in Children Related to Farming 

and Anthroposophic Lifestyle” (PARSIFAL) compared the prevalence in allergy and asthma of farmer 

and non-farmer children and were able to demonstrate significantly lower levels of atopic sensitization, 

hay fever and asthma in farmer compared to non-farmer children [14, 18, 19]. The GABRIEL Advanced 

surveys targeted the influence of differences in farming environments and compared factors such as 

animal breeding, cultivation and animal feeding on the protective effect. These studies demonstrated 

that traditional farming was protective against asthma, hay fever and atopy [18]. The protective effect 

against asthma could be linked to the presence of cow and straw as well as the consumption of raw farm 

milk. Reasons for the association of the protective effect with specific farming environments are still 

uncertain. Debarry et al. supported the hypothesis of microbial richness in farming environments leading 

to a protective effect by triggering the immune system, which consequently leads to allergy and asthma 

protection [15]. The focus on microbial diversity supports the overall hygiene hypothesis, in which the 

reduced exposure to microbial substances, due to higher hygiene standards and the increased processing 

of foods, is discussed as the main difference to protective farm environments [48, 49]. This hypothesis 

was expanded to emphasize the importance of the gut and lung microbiome in the development of 

allergic diseases [16, 20, 49].  
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Peters et al. were the first to confirm results from epidemiological studies by experimental data [50]. In 

an in vivo study, the authors exposed mice to extracts from farming shed dust prior bronchial challenge 

by metacholine. They showed that mice were irresponsive to metacholine when previously exposed to 

farming shed dust extract. Later, Schujis et al. demonstrated that the exposure of mice to shed dust 

extracts was protective against house dust mite induced asthma [51]. Previous studies [49-51] mainly 

focused on the influence of microbial species and associated bio-molecules to explain the protective 

effect. However, some recent studies demonstrated the importance of smaller chemical compounds. Frei 

et al. observed the importance of non-microbial N-glycolylneuraminic acid, a rather small molecule of 

325 Da, in the protection from airway inflammation in farmer children [17]. Roduit et al. and Depner et 

al. identified elevated concentrations of butyrate and propionate in the feces of 12 months old infants 

and were able to inversely correlate the amounts of butyrate and propionate to a smaller likelihood of 

sensitization to inhalant allergens and a protective effect on childhood asthma for farmer children [16, 

20].  

Within the scope of this thesis, we aimed to discover potentially protective aerosols from distinct 

farming environments with a focus on small chemical compounds and elucidate their immune-

modulatory effects in vitro. 

1.6 Aerosol Particulate Matter: Size and Deposition 

PM has known adverse health effects and can induce acute inflammatory responses in the respiratory 

tract and chronic respiratory diseases [52]. The penetration depth into the organism especially the 

deposition in the human lung is of particular importance and depends mainly on the size of the particles 

[53]. PM is generally divided into coarse particles, fine particles and ultrafine particles depending on 

their aerodynamic diameter. While coarse particles have an aerodynamic diameter between 10 µm and 

2.5 µm (PM10-2.5), fine particles have a diameter smaller than 2.5 µm (PM2.5) and ultrafine particles 

(UFP) are defined with a diameter smaller than 0.1 µm (PM0.1) [54]. In 2011, Hussain et al. reported a 

very detailed and comprehensive review on the particle deposition mechanisms in the human airways 

and their potential toxicity [55]. Deposition of particles describes the mechanism of a particle to adhere 

to a surface. In the respiratory tract the three most important deposition mechanisms by airborne particles 

are diffusion, sedimentation and impaction. These mechanisms occur in different regions of the lung 

and are dependent on the airways’ geometry, which leads to different air velocities, and they are also 

dependent on the size of the particles [56]. Larger particles are mainly deposited by impaction. These 

particles cannot follow the air stream due to inertia and will deposit on the airway wall. Inertial 

impaction is important for particles larger than 1 µm and will increase with increasing particles size and 

flow. 
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Impaction will mainly occur in the upper airway (tracheobronchial region) and in the extrathoracic (ET) 

region (Figure 4). Sedimentation is a deposition mechanism caused by gravitational forces. Particles 

are balanced between gravitational force and drag force of the air and can, consequently, deposit on 

surfaces of the lower airways. This deposition mechanism is important for particles larger than 0.5 µm 

and is increasing with increasing particle size and lower flow rates. Particles smaller than 0.5 µm mostly 

deposit by diffusion. Diffusion is mainly caused by Brownian motion and the resulting collision with 

air molecules or contact with the airway wall. The likelihood of deposition by diffusion is increasing 

with decreasing particle size and decreasing flow. Due to lower flows and longer residence time, 

diffusion is the main deposition mechanism in the alveoli region (Figure 4) [55]. [56] and [57] 

 

Once particles deposited in the respiratory tract several clearance mechanisms can take place to get rid 

of these particles. The activated clearance mechanism depends on the region of the lung and of the 

physiochemical properties of the particles (e.g. size) [58]. In the extrathoracic tract, particle removal is 

achieved by a mechanical process including sneezing, coughing or swallowing of particles. Mainly 

larger particles which have been impacted in this region will be removed by mechanical mechanism. 

Insoluble particles, which reach the tracheobronchial region, are removed by mucociliary clearance 

(Figure 5). Mucus is moving the particles towards the larynx where they can either be swallowed or 

removed as sputum. Moreover, macrophages can target the deposited material and engulf it to remove 

it to the bronchial airways. If the deposited material can no longer be eliminated upwards, it is 

transported to the circulatory or lymphatic system [59]. As only a limited number of macrophages can 

phagocyte the deposited material, it can take years to clear the particles from the lung [60]. The last 

clearance mechanism is the translocation of particles. Ultrafine particles and rather insoluble particles 

can be transported from the tracheobronchial or alveolar region to other regions of the lung. A fraction 

of the UFP can even translocate through the epithelial barrier and reach extrapulmonary organs via the 

Figure 4. Schematics of the human 

respiratory tract and the deposition of 

particles in the lung depending on their size. 

Adapted from [56] and [57]. 
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bloodstream. In addition, particles can be 

dissociated and thus absorbed into the 

bloodstream. Furthermore, material (e.g. 

SVOCs) dissolved from particles or particles 

deposited in a soluble form can be uptaken by the 

epithelial cells. The absorption clearance of 

deposited material is related to their toxicity and 

materials are usually categorized in fast, 

moderate and slow materials depending on their 

specific dissolution rate [61]. 

1.7 Chemical loading of PM and gas phase of aerosols: VOCs, SVOCs and 

Phase equilibrium 

An aerosol is a mixture of solid and liquid particles suspended in the gas phase. PM describes the solid 

fraction of an aerosol. PM and the gas phase of an aerosol are composed of gaseous volatile (VOCs) and 

semi-volatile organic compounds (SVOCs) and their condensed phase. The boiling point of VOCs 

ranges from 50 °C to 240 °C, while the boiling point of SVOCs ranges from 240 °C to 380 °C. For 

single SVOC compounds, the participation in either of these phases depends on the vapor pressure of 

the compound, its water solubility (if aerosol phase is mainly aqueous) and its presence as a pure 

substance or as a mixture in the aerosol phase [62]. Primary organic aerosol compounds usually have 

high vapor pressure, which decreases with increasing polarity of the compound. The gas-to-particle 

partitioning of complex aerosol samples from combustion processes is mostly influenced by ambient air 

temperature and total organic aerosol concentration (COA) [63]. Adsorptive and absorptive partitioning 

can be differentiated. Absorption into an organic solution is thought to be the main partitioning 

mechanism for ambient aerosols as well as for emissions from gasoline vehicles, wood combustion and 

other sources on condition that the ratio of organic to elemental carbon is greater than 2 [64]. Shrivastava 

et al. demonstrated that at high COA
 (> 1000 µg m-3) over 50 % of SVOCs would be expected in the 

particle phase. With further increasing COA (> 10,000 µg m-3) increasing amounts of SVOCs would be 

in the particle phase. Accordingly, high dilutions and, thus, low COA shifts SVOCs to the gas phase [63, 

65]. 

  

Figure 5. Different mechanisms of particle clearance of 

the respiratory tract. Adapted from [58]. 
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2. Scope of the thesis 

Allergic diseases are very complex and the reasons and mechanisms of allergy development are not yet 

fully elucidated. The prevalence of allergic diseases and asthma is globally at the highest level since 

allergic diseases started being documented and is still rising. Several factors are greatly discussed as 

triggers for the allergic sensitization phase as well as adjuvants in the effector phase. Among others, the 

influence of aerosols from distinct origins is found to be relevant. Aerosols are complex mixtures and 

can consist of a thousand different anthropogenic and biogenic compounds. The investigation of the 

composition of relevant aerosols, in terms of allergy-protective or -adjuvant effects, is important to gain 

further insights in the relationship between aerosol exposure and allergic diseases. Due to the complex 

nature of aerosols, sophisticated analytical techniques need to be utilized for their comprehensive 

chemical characterization.  

Recently, evidence is rising that small organic compounds could play an important role in the context 

of allergic diseases [16, 17, 20]. So far, studies mainly focused on larger molecules to explain the 

protective effect from farming environments [49-51]. Within the framework of our study, we 

specifically adjusted our sampling, analysis and processing methods to target small organic compounds. 

The study was divided into three complementary parts to get further insights in potentially protective 

and adjuvant environments. This yielded in four publications: 

Respirable aerosol was collected from a potentially protective farming environment and the chemical 

composition of gaseous and condensed VOCs and SVOCs was investigated (Publication 1). For the first 

time, sampling and chemical analysis were specifically adapted to target small organic molecules. Daily 

and reproducible collection of PM2.5 and gas phase was conducted for several weeks at different sheds. 

VOCs and SVOCs were analyzed by GC(×GC)-MS followed by non-targeted data analysis. Individual 

key components were identified and quantified and their possible biological effects were discussed. In 

vitro cell exposure was conducted to evaluate immune-modulatory responses such as (allergic) 

inflammation, (oxidative) stress and xenobiotic metabolism induced by the complete extractable and the 

size-segregated extracts from PM2.5 samples.  

For the chemical characterization of supposedly adjuvant anthropogenic aerosols, we focused on the 

detailed chemical investigation of diesel combustion exhaust (Publication 2). Sampling of PM and gas 

phase was adapted to reflect an occupational exposure situation. Special emphasis was given to ultrafine 

particles (UFP) and the influence of alternative fuel types on the exposure situation. We aimed at 

comprehensively characterizing the chemical profile of the combustion aerosols from three distinct fuel 

types. For this purpose, a combination of non-targeted and targeted analysis of VOCs and SVOCs in the 

gas and condensed phase was utilized and elemental composition and carbon content of PM was 

determined. Toxic potential of the aerosols was assessed by calculating corresponding BaPTEQ. The 

utilization of GC×GC-ToFMS combined with experienced data processing enabled the integration and 

discussion of alkylated PAHs. In a subsequent study conducted within the scope of this thesis, we 
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mimicked a real-world exposure scenario in urban surroundings, in which citizens are constantly 

exposed to anthropogenic and biogenic aerosols and aimed at identifying specific immune-modulatory 

effects caused by such an exposure (Publication 3). For this purpose, cell exposure experiments were 

conducted under controlled laboratory conditions. Cells were sequentially exposed to artificial diesel 

exhaust (presumed adjuvant anthropogenic aerosol) and native pollen (as allergen). Transcriptomic 

analysis was performed to identify distinct regulations of genes related to allergic diseases induced by 

native pollen alone and by the subsequent exposure of artificial diesel exhaust and native pollen.  

Comprehensive two-dimensional gas chromatography coupled to time-of-flight mass spectrometry 

(GC×GC-ToFMS) in combination with a non-targeted approach was applied for the first time to 

elucidate the composition of highly complex possibly protective aerosol as well as for the in-depth 

investigation of diesel exhaust PM. While the technical aspects of GC×GC have matured during the last 

decades, data analysis is still not standardized. If the gained GC×GC results depend on the software used 

and the evaluation method applied, the reproducibility of such analysis can be hampered. Especially in 

interdisciplinary studies, in which sample material is limited, the influence of GC×GC data evaluation 

can limit the results’ significance. Therefore, we also focused on the evaluation of different software for 

processing and evaluating comprehensive two-dimensional data sets (Publication 4).  

3. Methods and Instrumentation 

In the following chapter, the applied methods for sampling of particulate matter and gas phase as well 

as their chemical analysis are summarized. 

 3.1 Sampling of Particulate Matter 

As previously described, PM exists in different size ranges, which can be discriminated by distinct 

sampling methods. As fine particles (PM2.5) can penetrate into the respiratory tract and induce adverse 

health effects, PM sampling mainly focused on these particles. Airborne particles are commonly 

sampled by distinct filter materials such as glass fibers, cellulose, quartz and polycarbonate materials 

[66]. Subsequent analysis of PM filters is an important criterion for the choice of filter material. Quartz 

fiber filters (QFFs) have a high particle collection efficiency and a low pressure drop, which makes them 

a very commonly used filter material for several applications [67]. Furthermore, due to their inertness 

they are well suited for direct thermal desorption (DTD), one of the main analytical desorption 

techniques utilized within this project. Within this thesis, sampling was conducted on quartz fiber filters 

(QFFs) solely. In general, QFFs belong to the group of fibrous filters and consist of many individual 

fibers randomly orientated in two dimensions. Deposition is caused by several mechanisms including 

diffusion, interception and inertial impaction [67]. In respect to the sampling environment, different 

samplers can be utilized for particle sampling. In environments and processes with low particle 

concentration/mass, high-volume samplers are commonly used to ensure enough sample material for 
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subsequent analysis. The time frame of a sampling period is dependent on the process that should be 

captured and the analytical question that should be answered within the sampling campaign. High 

emission processes, for example PM from combustion aerosols, should be sampled during a shorter time 

frame due to higher particle formation as well as dilution and reaction mechanisms PM undergoes 

directly after leaving the exhaust pipe.  

Impaction is a physical mechanism to force particles to deposit on a surface instead of following the 

airflow. Impactors are usually placed in front of the samplers to remove larger particles prior to 

sampling. Within this thesis, a cut-off of 2.5 µm was utilized which removes particles with an 

aerodynamic diameter larger than 2.5 µm. The principle of impaction can be seen in Figure 6. The 

separation of particles via impaction is based on 

aerodynamic forces. Particles are accelerated 

with the gas stream and carried through an 

orifice (nozzle) directed to a collection plate. 

The direction of the gas stream is changed 

abruptly within an angle of 90 °. The impaction 

of the particle is directly dependent on its 

aerodynamic diameter. Larger particles follow 

the gas stream slower than smaller particles. 

Particles that are too slow are not able to follow 

the gas stream and will impact on the collection plate (Figure 6). The size of particles impacted on the 

collection plate is determined by the nozzle diameter. The smaller the diameter of the nozzles, the 

smaller the particles that can still follow the gas stream and can subsequently be sampled on a filter.  

Following the basic principle of impaction, more than one impactor can 

be utilized for size-segregated PM sampling. In this case, several 

nozzles and collection plates are connected in line. The size of the 

nozzles determines the size of particles impacted on each stage. Several 

impactors are available for size-segregated sampling including among 

others rotating drum impactors, micro-orifice uniform-deposit 

impactors and cascade impactors. Within this thesis, we focused solely 

on the application of Sioutas cascade impactors and will, therefore, 

shortly describe this impactor. The applied Sioutas cascade impactor 

consists of four stages and an after-filter. The cut-offs of the different 

stages are as follows: Stage A (> 2.5 µm), stage B (> 1.0 µm), stage C 

(> 0.5 µm), stage D (> 0.25 µm). A scheme of the function of the Sioutas 

cascade impactor can be seen in Figure 7. At the end, an after-filter will collect particles with an 

aerodynamic diameter ≤ 0.25 µm. This fraction of particles is called the “quasi”-ultrafine particles 

(qUFP). Sampling of UFP is particularly challenging due to their dynamics. At emission sources with 

Figure 6. Basic principle of particle sampling by 

impaction. 

Figure 7. Principle of particle 

sampling by a cascade impactor.  
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commonly high particle number concentrations, UFPs collide with adjacent particles and coagulate or 

deposit on available surfaces [68]. The primary emissions from diesel exhaust can be described by 

condensation processes of gaseous molecules transferring into particles in the nucleation mode or 

towards present particles. Particles in the size range of 3 to 300 nm, which mainly reflects UFP, have 

the highest condensation rates. Both of these mechanisms are, consequently, leading to rapid decrease 

of UFP with increasing distance to the emission source and an overall short atmospheric lifetime [68]. 

Besides the challenges of UFP sampling, analysis of those particles is equivalently demanding due to 

their low mass.  

Within the scope of this thesis, we focused on the sampling and analysis of qUFP from combustion 

sources and respirable PM for the sampling of the different protective and adjuvant environments. The 

results of the analyses of these PM samples can be found in Publications 1 and 2. 

3.2 Gas Phase Sampling 

The offline analysis of ambient VOCs usually requires a pre-concentration step to enable the detection 

of VOCs above their detection limit. A widely used sampling technique of VOCs is the adsorptive 

enrichment on solid adsorbents. Several different adsorbents are commercially available (e.g. Tenax, 

Chromosorb, Porapak). In general, VOCs can be desorbed by solvent extraction or thermal desorption. 

For the combination of adsorptive enrichment and thermal desorption, the adsorbents must fulfill 

requirements such as a complete enrichment of the targeted analytes, a complete and fast desorption 

process, a homogenous and inert surface area and high mechanical and thermal stability [69]. 

Graphitized carbon black (GCB) is a non-polar adsorbent with a chemical and physical homogenous 

surface and a carbon content of 99 %. The degree of graphitization determines the specific surface area 

of the material (the higher the graphitization, the higher the specific surface area). GCB is organized in 

a hexagonal graphite lattice which form planar layers. The sampling enrichment of VOCs, thus, takes 

place at the planes of the graphite crystallites and is caused by non-specific interactions (dispersion, 

induction) [69]. 

Within the scope of this thesis, three layers of GCB were utilized for adsorber tubes, to enable the 

enrichment of environmental VOCs, the sampling of combustion VOCs and the subsequent thermal 

desorption approach described in the following chapter. The results of the analyses of VOCs can be 

found in Publications 1 and 2. 
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3.3 Comprehensive Chemical Characterization of Particulate Matter and 

Gas Phase 

3.3.1 Thermal Desorption 

To enable a straight forward chemical characterization of VOCs and SVOCs, a thermal desorption 

approach was utilized. In contrast to common methods, i.e., solvent extraction methods, no elaborated 

sampling preparation is required. An internal standard was applied to the VOCs adsorbents. Afterwards, 

adsorber tubes were placed in the thermal desorber unit in which VOCs were desorbed in a multistage 

process. First, VOCs were desorbed from the adsorbents. Second, VOCs were trapped on a cooled Tenax 

adsorber for enrichment purposes. Third, VOCs were redesorbed followed by GC-MS analysis. PM 

samples were cut in defined diameters and placed in specific glass liners filled with deactivated glass 

wool. An internal standard was applied by an autosampler and the liner was placed in the injector in 

which the thermal desorption process was carried out. For environmental PM, in which we were 

expecting high amounts of unknown polar substances, the thermal desorption process was combined 

with an in-situ derivatization of reactive compounds. Figure 8 displays the steps conducted for in-situ 

derivatization thermal desorption (IDTD).  

 

Figure 8. Methodological approach of in-situ derivatization thermal desorption (IDTD). Step 1: Filter sample is 

manually inserted into a liner. Step 2: Standards are applied onto the filter sample by an autosampler. Step 3: 

After solvent evaporation, an excess of MSTFA is added by the autosampler. The liner is placed into the GC 

injector. Step 4: An external valve is opened and a helium gas stream saturated with MSTFA floods the system. 

Step 5: A temperature gradient is applied to the injector, leading to the silylation of polar compounds during the 

desorption process. The silylation process of an alcohol with MSTFA is exemplary shown.  

 

Step 1 is the introduction of a filter into a liner. For Step 2, an internal standard for quantification (ISTD), 

as well as a derivatization standard (DSTD), to check the quantitative yields of the derivatization 

reaction, are applied. After a short time for solvent evaporation, a derivatization reagent, herein N-

Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA), is applied (Step 3). In step 4, the autosampler 

placed the liner in the injector which is flushed by MSTFA-enriched helium. In the injector, a 
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temperature gradient is applied (Step 5), leading to the derivatization of polar compounds and 

simultaneous desorption of derivatized polar and non-polar organic species.  

Derivatization of organic compounds can be achieved by different approaches. The main aim of a 

derivatization process is the increase in volatility and stability of a polar compound, which would 

otherwise decompose and not be detectable with gas chromatographic measures. Derivatization 

decreases the polarity of compounds by the substitution of hydrogen atoms bound to polar atoms like 

oxygen, nitrogen and sulphur with a non-polar protective group. The derivatization process of an alcohol 

with MSTFA can be observed in Figure 8.  

In this thesis, the described IDTD method based on studies from Orasche et al. and Weggler et al. [70, 

71], was utilized for environmental PM samples (Publication 1). Direct thermal desorption without 

derivatization was used for PM samples from combustion processes (Publication 2 and 3). In addition, 

thermal desorption of VOCs sampled on adsorption tubes were analyzed (Publication 1 and 2). 

3.3.2 Gas Chromatography (GC) and Comprehensive two-dimensional Gas 

Chromatography (GC×GC) 

The general principle of chromatography can be described as a separation based on the partitioning or 

distribution of a compound between a mobile and a stationary phase. Gas chromatography is a column 

chromatographic technique, in which a gaseous mobile phase and an immobilized liquid or solid 

stationary phase is utilized [72] . Due to their greater separation power, only immobilized liquid 

stationary phases are used in GC separations nowadays. The most common coating for immobilized 

liquid stationary phases in GC is a coating by polysiloxane, which can be chemically modified 

depending on the application. GC is utilized for the separation of thermally stable vaporizable 

components. The vaporizable and volatile fraction of a sample is transferred to a column on which it is 

transported and, therefore, separated by interactions with the stationary phase under a controlled 

temperature and flow gradient. Depending on the sample components and the stationary phase utilized, 

volatiles can be separated by boiling point, molecular size and polarity [72, 73]. GC has become a 

powerful separation tool for the analysis of volatile and semi-volatile organic compounds and is applied 

in many different fields including food analysis, forensics and for quality control measurements in 

pharmaceutical applications. Nevertheless, for complex matrices it was shown that separation based on 

only one separation mechanism, such as volatility, might not be enough to sufficiently separate sample 

constituents with similar physicochemical properties, which could lead to co-elution of sample 

components hindering their identification. To sufficiently separate co-eluting analytes, a second 

separation dimension has to be utilized. This can be achieved by multidimensional separation 

techniques. Multidimensional separation techniques can be classified into heart-cut (GC-GC) and 

comprehensive separation techniques. Within this thesis, only comprehensive two-dimensional gas 

chromatography (GC×GC) was applied and, thus, the separation principle of GC×GC will be described 

in detail in the chapter below.  
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GC×GC has three major advantages over GC separation, namely, the enhanced selectivity, a possible 

increase in sensitivity due to the modulation process and the achieved group-type separation of 

compounds with similar physicochemical properties (e.g. homologues). These advantages make 

GC×GC a powerful tool in several applications such as petrochemistry, environmental and combustion 

aerosols, food, fragrances and metabolomics [74]. The basic setup of a GC×GC instrument can be seen 

in Figure 9. In comparison to a GC instrument, the GC×GC consists of two different columns connected 

by an interface, the so-called modulator. Sample constituents will enter the first dimension (1D) GC 

column and the compounds will be separated (retained) by their vapor pressure and other physio-

chemical interactions with the stationary phase. With the elution from the first column, they will enter 

the modulator, which has the task to trap and refocus successively fractions and release them onto a 

second dimension (2D) column. The modulator is the essential part of a GC×GC and is responsible for 

the continuous trapping of eluents from the first dimension, their refocusing and subsequent release into 

the second dimension. Modulators are classified as either thermal or mechanical modulators. 

Throughout this thesis, thermal modulation, in particular cryogenic modulation, was applied and will be 

explained in detail. The principle of a cryogenic quad-jet dual stage modulator is demonstrated in 

Figure 9.  

 

Sample components enter the modulator after they have been separated on the first dimension. First, the 

modulator traps these eluents by a cool jet. Second, these trapped components are released by a hot jet 

and refocussed by another cool jet. Third, these components are released onto the second column by a 

second hot jet. In an ideal case the modulator preserves the separation of the first column and releases 

the components in narrow bands onto the second column. This fraction will then be further separated on 

a second chromatographic column with different selectivity. In GC×GC, the first dimension column is 

usually between 15 and 60 m long with an inner diameter of 0.25-0.32 mm and a film thickness (df) of 

0.1-1 µm. The second dimension column is significantly shorter (0.5-2.0 m) with a smaller or equal 

inner diameter of 0.1-0.25 mm. Separation on the second dimension is, thus, very fast (2-8 s). In the 

Figure 9. Typical setup of a GC×GC instrument with an additional secondary oven for the second-dimension 

separation. The principle of a cryogenic modulator is shown on the right. 
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“normal phase” GC×GC the separation of analytes is based on a non-polar column in the first dimension 

and a (medium) polar column in the second dimension. 

Although volatility is always influencing temperature dependent gas chromatographic separations, the 

fast separation due to the short column in the second dimension column is assumed to be iso-thermal. 

Due to the combination of two independent selectivity, a so-called orthogonality separation is aspired 

[75]. A higher degree of orthogonality is usually leading to an increase in separation efficiency, 

explaining the common use of this column setup. Nevertheless, for highly polar analytes the “reversed 

phase” column setup is often utilized to achieve a better separation of polar components in the first 

dimension. Due to a second separation of sample components, GC×GC produces huge amounts of data 

per run, which has to be visualized in a straight-forward way. Several steps have to be conducted to 

achieve a GC×GC chromatogram. Figure 10 shows the several steps from peak separation to a two-

dimensional representation of the separated components. The co-eluting peaks from the first dimension 

are chopped into thin slices by the modulator before they are separated on the second dimension column. 

One analyte will, thus, produce several signals in the detector. This chopped two-dimensional data will 

then be transformed to three-

dimensional data including the peak 

intensity of the separated signals. 

Furthermore, the x-axis separates the 

peaks along their first dimension 

retention time, while the y-axis reflects 

the second dimension retention time. To 

gain a more straight-forward data 

visualization, the three-dimensional data 

is rearranged in a two-dimensional 

chromatogram with the intensity being 

represented by the diameter and the 

color of the signal. [76] 

The fast separation by GC×GC restricts 

the detectors coupled to the instrument as the detection has to be fast enough to keep the previous 

separation of the sample components by the second dimension. As the separation in the second 

dimension is usually in the range of a couple of seconds (2-10 s), and peak width of about ~0.1 s can be 

achieved, the detector utilized has to preserve sample separation and peak shape [75]. Time-of-flight 

mass spectrometers are the first choice for GC×GC-MS hyphenation due to their high scan rates (up to 

500 spectra/s) [74] but fast scanning quadrupoles can also be utilized and are still dominating one 

dimensional approaches.  

Figure 10. Principle of transformation and visualization of 

GC×GC data. Adapted from [76]. 
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Within this thesis, GC was coupled to a quadrupole MS (qMS) to analyze the gas phase components 

and GC×GC-ToFMS was utilized for PM analysis. In the next chapter, the basic principle of mass 

spectrometry and the operating principle of ToF and qMS will be explained. 

3.3.3 Mass Spectrometry for the hyphenation with GC and GC×GC 

Mass spectrometric analysis is based on the ionization of molecules and a separation of ions due to their 

mass-to-charge (m/z) ratio. In general, a mass spectrometer consists of an inlet, an ion source, a mass 

separator and a detector [77]. For GC(×GC)-MS coupling, the most common ionization techniques 

utilized are electron (EI) and chemical (CI) ionization. Within this thesis, EI was applied and will thus 

be discussed in more detail in the next chapter. 

Electron Ionization 

In EI, the ionization of molecules is conducted with an electron beam accelerated from a filament. 

Accelerated electrons interact with the electron shell of a molecule and lead to a direct ionization of this 

molecule [78]. The typical ionization process can be summarized in equation 3.1. 

𝑀 + 𝑒−  → 𝑀+ + 2 𝑒−     (Eq. 3.1) 

The ionization of a molecule can be classified into “soft” or “hard” ionization depending on the 

ionization energy applied. The direct ionization process of a molecule by electrons of 70 eV is known 

as “hard” ionization method. Ionization of molecules by energies much smaller than 70 eV are called 

“soft” ionization and will preserve the molecular ion from following extensive fragmentation. Molecular 

bonds are usually 7 to 15 eV strong. The partial transfer of the energy of an electron accelerated to 70 eV 

can, therefore, also cause bond breakage by the excess of energy transferred to the molecule. This excess 

of energy leads to an exciting state of the molecule, which forces it to break until energetically stable 

fragments occur. At 70 eV a maximum of energy transition is achieved for many organic molecules, 

which will lead to an efficient ionization and reproducible fragmentation of the molecule. Molecule 

fragmentation follows distinct rules and is highly dependent on the structure of the molecule [79]. The 

most typical fragmentation reactions are: α-cleavage, benzylic bond cleavage, cleavage of σ-bonds, 

McLafferty rearrangement and Retro-Diels-Alder reaction. The cleavage of σ-bonds is a very rapidly 

happening fragmentation reaction as no functional group is needed for this reaction. The cleavage of σ-

bond will, thus, be exemplary explained. A typical compound class fragmented by σ-bond cleavage are 

alkanes. Due to the long alkyl chains, C-C bond elongation can occur, which results in bond weakening. 

This bond is then broken down into a positive charged alkyl fragment and a neutral radical. The different 

fragmentation patterns can then be utilized to be compared to a standardized spectral library. 

Identification of molecules is, thus, highly depending on the specific fragmentation pattern of a 

molecule. A special kind of data processing for GC×GC-MS data, namely compound classification, is 

based partly on the specific fragmentation pattern of molecular classes and will be explained in more 

detail in section 3.4.3. 
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Time-of-Flight Mass Spectrometry (TOFMS) 

In TOFMS systems, ions are first accelerated and then separated in a drift region by their different 

velocities prior detection. A defined electric field is utilized to accelerate ions into a drift region. The 

transfer of potential energy (EP) in an electrical field is determined by the charge q of the ion and the 

applied voltage (U) (Eq. 3.2). The kinetic energy (Ekin) of the ion after the acceleration is directly 

dependent on the mass (m) of the ion and its velocity (v), which was transferred to it by EP (Eq. 3.3). 

𝐸𝑃 = 𝑈𝑞 = 𝑈𝑒𝑧    (Eq. 3.2) 

𝑈𝑒𝑧 = 𝐸𝑘𝑖𝑛 =
1

2
𝑚𝑣2    (Eq. 3.3) 

Through the acceleration by an electric field, ions enter the drift region with a kinetic energy. When the 

electrical field is kept constant, their drift-velocity is ideally only dependent on their charge (ez) and 

mass (Eq. 3.4). 

𝑣 = √
2𝑈𝑒𝑧

𝑚
     (Eq. 3.4) 

The time (t) that is needed for a molecule to cross a drift region with a constant length (l), is directly 

proportional to the square root of its mass-to-charge ratio (Eq. 3.5, Eq. 3.6).  

𝑡 =
𝑙

𝑣
      (Eq. 3.5) 

𝑡 =
𝑙

√2𝑒𝑈
 √

𝑚

𝑧
     (Eq. 3.6) 

The general principle of a time-of-flight mass spectrometer can be visualized in Figure 11.  

The separation of the different molecules is mainly depending on their mass-to-charge (m/z) ratio as 

previously derived. Considering that the main ionization mechanism of EI leads to single charged 

molecules, their separation is almost only depending on the mass of the molecules. Consequently, a 

molecule with a lower molecular mass will elute prior to a molecule with larger molecular mass (Figure 

11). To account for the different kinetic energies before and after acceleration, orthogonal inlets and 

Figure 11. Principle of separation mechanism in a time-of-flight mass spectrometer. Ions released from the ion 

source are accelerated by a voltage U in the electrical field and are separated according to their mass-to-charge 

(m/z). Given the previously derived parameters, lower molecular weight ions will enter the detector prior higher 

molecular weight ions. 
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reflectrons are used in state-of-the-art TOF systems. In this way, the energy distribution of ions with 

equal m/z will be corrected. Orthogonal TOF-based mass spectrometer with single reflectron geometry 

were applied for all GC×GC experiments.  

Quadrupole Mass Spectrometry (qMS)  

In contrast to Time-of-Flight systems, in which a complete mass spectrum can be acquired for each 

pulse, qMS systems are scanning mass analyzers. The qMS consists of four parallel cylindrical 

conductive rods (Figure 12). These rods are centered around an axis in which ions can enter. The 

perpendicular rods are similarly charged. A direct current and a 

radio-frequency voltage is applied to these electrodes. The 

electrodes are charged in turns leading the ions to fly in 

oscillating trajectories. Depending on the voltages applied to the 

rods, an ion of a specific m/z value can either pass the 

quadrupole system and enter the detector or will hit the rods and 

be neutralized. By changing polarity and voltages applied to the 

electrodes, only certain m/z can pass the quadrupole and hit the 

detector. A qMS can be utilized in full-scan mode, scanning 

through a whole range of m/z ratios that can reach the detector or in selected-ion-monitoring (SIM) 

mode focusing on one or a small number of specific m/z ratios for analysis. The SIM mode is usually 

applied when selected ions should be quantified after identification.  

GC-MS is a typical analytical technique used for targeted analysis. The hyphenation of gas 

chromatography and mass spectrometry enables the separation of peaks and their more accurate 

identification. Target analytes can, thus, be detected sufficiently and quantified by their signal generated 

in the MS. This is true for samples with low background signals and low number of analytes. When the 

sample composition becomes more complex, the use of GC×GC-ToFMS is indicated. The combination 

of two columns hyphenated with a MS detector enables the separation of analytes even in very complex 

samples. Samples consisting of more than a thousand different analytes can still be sufficiently analyzed.  

3.3.4 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 

ICP-AES is an analytical technique used for the detection of chemical elements. It is based on the 

principle that excited atoms and ions emit electromagnetic radiation at wavelengths characteristic of a 

specific element. For the excitation of an atom or ion, a plasma is used. Argon is typically used as ionized 

source gas. The aqueous sample is brought into an analytical nebulizer by a peristaltic pump, which 

vaporizes the sample and leads it directly into the plasma flame. In the plasma, the sample collides with 

the electrons and charged ions and is, therefore, ionized itself. The molecules are broken down into their 

corresponding atoms, they lose electrons and recombine repeatedly in the plasma, leading to an emission 

of elemental characteristic wavelength. The light emissions enter an optical chamber in which the light 

is separated into its distinct wavelengths and is typically detected by a photomultiplier or charge coupled 

Figure 12. A qMS with its four parallel, 

cylindric rods and their applied charges 

are displayed.  
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device. The intensity of each wavelength is proportional to the concentration of the distinct element. By 

the comparison of the measured intensity to previous calibration of this element on the same instrument, 

the concentration of this element can be determined by extrapolation [80]. 

Within the scope of this thesis, elemental composition of PM from fuel combustion was analyzed by 

ICP-AES to compare influences of distinct fuel types on the elemental composition of the PM and, thus, 

on the amount of hazardous metals released by it.  

3.3.5 Thermal-Optical Carbon Analyzer 

Elemental and organic carbon (EC, OC) content of PM samples was determined by a thermal-optical 

carbon analyzer. In general, the filter sample is placed into an oven and a temperature program is set to 

desorb distinct organic and elemental carbon fractions. The applied IMPROVE-A (Interagency 

Monitoring of Protected Visual Environments – A) temperature protocol is a standardized temperature 

gradient profile commonly applied for EC/OC determination to achieve comparable and reproducible 

results [81]. Following this protocol, the organic fractions are divided in four fractions depending on 

their volatility. The maximum temperatures set for each of the fractions are 140, 280, 480 and 580 °C 

for OC1, OC2, OC3 and OC4, respectively. These fractions are desorbed under inert (helium) 

atmosphere. Followed by this desorption step, oxygen is added to the helium atmosphere leading to an 

oxidation of the remaining carbon material, which is referred to as elemental carbon. EC is desorbed in 

three temperature steps with the following maximum temperatures 580, 740 and 840 °C for EC1, EC2 

and EC3, respectively. The desorbed carbonaceous species is completely oxidized to CO2 by a heated 

oxidizer. The resulting CO2 is quantitatively catalyst to methane and detected via a flame ionization 

detector (FID), which is representing the total carbon content of each fraction. The optical part of the 

carbon analyzer is represented by a He/Ne laser and two detectors. One detector measures the 

reflectance, the other detector the transmission of the filter sample. These optical measurements are 

essential to correct the sum of OC and EC content. Due to the deposition of some organic species on the 

filter during the desorption step, some OC content will falsely be assigned to the EC fraction and needs 

to be corrected [82]. This is achieved by monitoring the reflectance and transmission of the filter during 

the temperature program.  

Within this thesis, EC/OC was determined for PM2.5 collected on QFF filter from combustion aerosols 

(Publications 2 and 3). 

3.4 General Data Handling 

The principle of GC×GC-TOFMS and the generation of huge data sets was emphasized previously. 

Several thousands of features (data points or peaks) have to be aligned to enable an in-between 

comparison of measurements. Typical pre-processing steps are commonly utilized in the instruments’ 

dependent software. The alignment and following statistical evaluation of GC×GC data has not been 

standardized though. In general, two different approaches are utilized for the alignment of GC×GC data: 
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The peak-table-based and the pixel-based approach. In the peak-table based approach, a peak-table 

consisting of chromatographic and mass spectral data is generated for every sample. These sample 

dependent peak-tables will then be combined in one peak-table, based on pre-set parameters such as 

retention time differences and mass spectral match between peaks of different peak tables. For the pixel-

based approach, the total chromatographic profile will be used for sample comparison. For example, the 

alignment can either be based on pre-defined reference points or dynamically for profile segments that 

are moved until they have the smallest difference to each other. The complexity of GC×GC data 

evaluation and the considerable number of steps necessary for data alignment and evaluation is 

demonstrated in Figure 13. The necessary steps for data alignment based on the pixel-based approach 

and the peak-table based approach are exemplarily shown for some software packages used for this 

project. 

 

Figure 13. Basic processing steps in a commercial software (Leco ChromaTOF), followed by specific export 

parameters and several alignment steps by different software (GasPedal, OpenChrom, MatLab) are displayed. 

Figure adapted from [83]. 

Within this thesis, eight available software packages were investigated in a cooperation project with 

external partners and a comprehensive comparison of qualitative and quantitative GC×GC-ToFMS data 

was performed. Results of the software evaluation based on the different alignment approaches and 

statistical evaluation of GC×GC-ToFMS data are summarized in Publication 4. 

3.4.1 Target Analysis & Quantification of Target Compounds 

Besides sampling of compounds and analyzing those with a certain analytical technique, data processing 

and result interpretation make up a huge amount of time and expert judgement. Two basic types of data 

handling can be differentiated: The targeted and the non-targeted approach. The targeted approach is an 

approach commonly used to find pre-defined compounds with known properties in a sample matrix. In 

addition to the identification of compounds, the quantification of those targets is usually aimed for. For 

this purpose, standards can be applied to the sample prior analysis. For the internal calibration an isotope 

labeled standard was added to the sample and measured in one analytical run. Depending on the number 

of standards added to the sample and the known response of the target analyte to the standard, several 
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compounds can be quantified in one run. The following equation is used for quantification (Eq. 3.7).

           
𝑎𝐼𝑆𝑇𝐷

𝑎𝑁𝑎𝑡𝑖𝑣𝑒
=  

𝑐𝐼𝑆𝑇𝐷

𝑐𝑁𝑎𝑡𝑖𝑣𝑒
                    (Eq. 3.7) 

The area (a) of an internal standard (ISTD) divided by the area of a native compound (Native) analyzed 

equals the concentration (c) of the internal standard divided by the concentration of the native 

compound. Therefore, the signal response (area) of the internal standard and the native compound as 

well as the known concentration of the ISTD enables the calculation of the concentration of the native 

compound. An exact quantification can only be performed if the method was calibrated with the 

equivalent standard prior analysis and the sample concentration lies in the linear range of the detector.  

In terms of an external calibration, the standard analyte used for quantitation purposes was measured in 

an additional analysis. Thus, the sample will be measured in a separate run compared to the 

corresponding standard. It is common to use at least three measuring points for calibration. To increase 

the accuracy of the quantification, it is usually indicated to use at least five calibration points which 

cover the full range of expected concentrations. The following linear equation is used for this 

quantification procedure (Eq. 3.8). 

c = ma + b     (Eq. 3.8) 

The calculation of a concentration (c) is based on the multiplication of a slope (m) and the area response 

(a) and the addition of the intercept (b). Slope (m) and intercept (b) are determined by the linear equation 

of the calibration points of the external standard. 

The last approach used for the quantitation of target analytes was the standard addition approach. In this 

case, the sample is first measured without any standard analyte applied, following the addition of the 

standard analyte to the sample in different concentrations. The sample is, thus, measured several times 

including a different concentration of the standard analyte. In this way, a calibration curve including the 

concentration of the target analyte is generated. This calibration curve is then extrapolated to cross the 

abscissa. As the zero-value of the standard is the concentration of the analyte in the sample, the 

extrapolation will cross the ordinate above zero and will cross the abscissa in the range of negative 

values. These values will be used to solve a linear calibration equation (Eq. 3.8). In complex samples, 

the external calibration might not take into account matrix or methodological effects and could lead to 

false quantitation values. The influence of the matrix and sample preparation for the response of target 

compound can be taken into account using the standard addition or, to a certain extent, the internal 

standard approach. For all quantitation purposes, at least three replicates are usually considered as being 

sufficient.  

Within this thesis, internal calibration, external calibration and standard addition were applied for GC-

MS and GC×GC-MS data. 
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3.4.2 Non-targeted Analysis 

The non-targeted approach aims to compare all features (peaks, pixels) in a dataset. The composition of 

the sample is usually unknown and significant differences between samples of distinct origin are aimed 

to be characterized. The selectivity of GC×GC-ToFMS allows access to a wide range of features and is, 

therefore, well-suited for different non-targeted approaches like monitoring, classification of analytes 

and identification of chemical fingerprints of complex samples from distinct origin. A challenge that is 

associated with the analysis by GC×GC-ToFMS is the different data processing tasks. Sample analysis 

by GC×GC-ToFMS leads to huge amounts of data that has to be processed in an established manner. 

Several methods have been utilized to simplify the interpretation of GC×GC-ToFMS data, among others 

classification of substance groups by retention time and spectral filter can be mentioned. Furthermore, 

uni- and multivariate data analysis can be performed to identify significant features. The following 

chapters will introduce common ways of data processing and interpretation of GC×GC-ToFMS data.  

3.4.3 Classification of Analytes based on Retention Time and Spectral 

Information 

Compounds of similar chemical classes will elute in the same region of a GC×GC chromatogram. 

Therefore, the elution properties of unknown compounds could be a hint as to their chemical 

functionality and compound classes. Classification is based on such distinct elution profiles, that certain 

regions of a chromatogram were identified and assigned to distinct properties of compounds and 

compound classes. However, when the sample is becoming more complex, several compound classes 

and analytes might co-elute in the same region due to shared physiochemical properties, e.g. if the 

analyte has a similar volatility but slightly different polarity due to the chemical class it represents. This 

might lead to a slight overlap of analytes of different chemical classes. Herein, we applied the 

hyphenation of GC×GC with MS to add an additional selective discrimination factor. The MS data 

enables the use of spectral features in addition to solely chromatographic features. The application of 

mass spectral features is based on the fragmentation patterns of distinct compound classes. 

Consequently, analytes eluting in similar regions of a chromatogram can be assigned to either one of the 

“co-eluting” classes by their specific fragmentation patterns. Several typical mass spectral filters for PM 

have been published [84-86]. The classification approach is mainly used when the main compound 

classes of a sample are known and shall be compared to one another or to other sample types. Typical 

fields of application are the analysis of fuel samples, combustion aerosols or lubrication oils.  

3.4.4 Analysis of Variances (ANOVA) 

ANOVA is a supervised statistical method to confirm or reject whether a certain hypothesis about the 

relation of distinct groups (e.g. whether they belong to the same population) is statistically significant. 

ANOVA is basically following the same principle as the use of a t-test. While the basic t-test is limited 

to the comparison of two groups, ANOVA can include n ≥ 2 groups for comparison. Whether the 

difference between groups is significant is achieved by the comparison of the variation between the 
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groups and the variation within the groups. This difference is usually defined as F-ratio and calculated 

with the following equation (Eq. 3.9). 

𝐹 − 𝑟𝑎𝑡𝑖𝑜 =  
𝐵𝑒𝑡𝑤𝑒𝑒𝑛 𝐶𝑙𝑎𝑠𝑠 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒

∑(𝑊𝑖𝑡ℎ𝑖𝑛 𝐶𝑙𝑎𝑠𝑠 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒)
    (Eq. 3.9) 

If the variation within a class is larger than between distinct classes, the differences between the classes 

are not significant. If the within class variation is lower than the between class variation, there is a 

difference between classes of a sample set.  Therefore, the separation depends on the composition of the 

analyzed samples. Whether the differences between the classes is significant, can be achieved by the 

calculation of a critical F-value, which depends on the dataset analyzed.  

3.4.5 Principal Component Analysis (PCA) 

In order to reduce the amount, dimensionality and complexity of data, statistical approaches like PCA 

are commonly applied [74]. PCA is a multivariate statistical tool to explain a complex data set by only 

few factors. These factors are called principal components (PCs). The main variance of a dataset is 

represented by the first PC. In an ideal case, the first PC separates the dataset into distinct classes, which 

explain relevant differences of a dataset. The goal of this manner, is the reduction in dimensionality of 

a dataset while describing as much variance of the data set as possible. The basic principle of PCA can 

be explained by equation 3.10. 

X = P × AT     (Eq. 3.10) 

The data matrix (X) is represented by m×n variables and could be explained by h < m PCs. P represents 

the score matrix and consists of the dimensions n×h factors. AT represents the loadings matrix (m×h) 

and describes a value for the correlation between the variables. A higher loading of a variable indicates 

a more important value for the grouping of a sample set. PCs are calculated by a linear combination of 

the original variables for each sample. The basic principle can be summarized in the following equations 

(Eq. 3.11 und 3.12). 

h1 = a(11)X(11) + a(12)X(12) + … + a(1m)X(1m)   (Eq. 3.11) 

h2 = a(21)X(21) + a(22)X(22) + … + a(2m)X(2m)   (Eq. 3.12) 

The coefficients (a) are chosen to not correlate. Nevertheless, PCs are chosen in a way that PC1 (h1) 

represents most of the variation, followed by PC2 (h2) and so on. 

For GC×GC, the two data analysis techniques (ANOVA, PCA) are often combined to account for the 

imbalance between sample size (number of observations) and the number of variables. In a first step, 

ANOVA is used to identify variables which allow discrimination of the previously defined classes. This 

reduced data set is then fed into a PCA. The combined approach is thus partially supervised and much 

of the non-group specific variability in the data set no longer needs to be included in the PCA. 
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4. Results 

4.1 Study of Allergy-Protective Farming Environments: The Relevance of 

Small Organic Compounds (Publication 1)  

Several studies demonstrated a lower prevalence of allergies and asthma in children growing up in a 

farming environment compared to non-farmer children. The GABRIEL Advanced surveys identified 

three distinct factors as being most relevant for the asthma-protective farm effect: Presence of cow, 

presence of straw and consumption of raw farm milk. Nevertheless, the reasons for this protective 

farming effect are still unknown. Besides microbial richness, the exposure to non-microbial compounds 

could to be of great importance.  

Within this study, we focused on small organic compounds to explain the protective effect of farming 

environments. For the first time, sampling techniques as well as analysis and data evaluation techniques 

were specifically tailored for the purpose of identification of distinct key components of the inhalable 

particle-bound fraction of farming aerosols. As the presence of cow seems to be relevant in the protective 

farm effect [18], the chemical characterization of such environments was emphasized. For this purpose, 

we sampled PM2.5 and the gas phase in two cow and two sheep sheds and aimed at identifying differences 

between these two farming environments. We focused on the inhalable fraction of the aerosol, as we 

expect the inhalation of compounds being an important pathway regarding respiratory allergy and 

asthma development. The goals of this publication can be summarized in three main aspects: 1.) Finding 

first indications of a connection between the small chemical compounds found in the inhalable fraction 

of aerosols and immune-modulation processes related to allergy development, 2.) Identifying distinct 

differences in the chemical pattern of cow vs. sheep aerosols and 3.) Investigating whether the different 

animal shed aerosols induce distinct immune-modulation responses. 

1.) Small PM-bound molecules and their immune-modulatory processes: 

The first main aspect was tackled by extracting PM2.5 samples from cow shed environments. Half of the 

extract was used for further filtration purposes resulting in one extract containing the complete size 

range and one extract containing only the fraction smaller than 3 kDa (Figure 14). In vitro cell exposures 

of bronchial epithelial cells (BEAS-2B) were conducted with the extract containing the complete 

compound range and the extract with compounds smaller than 3 kDa solely to compare their distinct 

immune regulations.  
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The gene expression modulation induced by the extracts can 

be found in Figure 15. We found significant differences in 

the regulation of several genes including genes related to 

inflammation (CXCL8) and allergic regulation (TNFAIP3, 

XDH) after 4 hour exposure as well as TLR2, a gene related 

to allergic inflammation, after 24 hour exposure for the 

smaller fraction (< 3 kDa) compared to the complete aerosol 

extract.  

These results indicated distinct regulations originating from 

the smaller molecular fraction of the aerosol. We, thus, 

focused on the comparison of inhalable chemical 

compounds found in cow vs. sheep shed PM. [87] 

 

2.) Differentiation of protective and non-protective environments based on their chemical fingerprints: 

Aerosol samples from supposedly protective cow and supposedly non-protective sheep sheds were taken 

and their GC accessible chemical profiles were assessed via non-targeted analysis. As we were expecting 

noticeable amounts of polar compounds and a very complex chemical pattern, we utilized the IDTD 

method coupled to GC×GC-ToFMS (Figure 16 A). We detected about 700 SVOCs present on the PM 

of the sheds. To reduce the huge amount of data and enable the identification of relevant differences 

between cow and sheep shed aerosols, we conducted a supervised ANOVA-PCA. Consequently, the 

complexity of these samples was reduced to two main factors explaining their main variance. 

Figure 16 B shows the scores and loadings plot of the sample set as a result of the ANOVA-PCA. The 

Figure 14. Scheme of the methodological 

approach of filter extraction and filtration 

and subsequent submerged cell exposure of 

the smaller fraction (< 3 kDa) and the total 

extract of one of the cow sheds. 

Figure 15. Gene expression analysis of eight selected genes after 4 h and 24 h exposure based on the smaller 

fraction of a cow shed (< 3 kDa) and the complete extract of the same shed is displayed. Level of significance is 

indicated as stars (*p<0.05, **p<0.01, ***p<0.001). Significant differences can be demonstrated for CXCL8 and 

TNFAIP3 between the smaller fraction and complete extract of the shed after 4 h exposure. Moreover, gene 

regulations were significantly concentration dependent for CXCL8 (a) and XDH (c) for both sheds after 4 h. A 

significant concentration dependent regulation of TNFAIP3 (b) after 4 hours and TLR2 (d) after 24 hours could 

only be found for the shed extract with the complete size range. Figure adapted from [87]. 
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scores plot separated the sample set into cow sheds (on the left) sheep sheds (on the right). The main 

differences in the sample set can, thus, be explained by the different types of sheds. The variance we 

found for the second PC is expected to be derived from differences of the individual sheds. 

 

Figure 16. Chemical fingerprints of protective and non-protective environments. A Chemical approach for 

comprehensively characterizing the PM2.5 samples of all four sheds. Filters were thermally desorbed and 

derivatized using the IDTD method prior to GC×GC-ToFMS analysis. B GC×GC Chromatogram and identified 

key components. C Statistical analysis by ANOVA-PCA. Four key components have been identified in the cow 

but not in the sheep sheds. 

 

The relevant variables pointing to the cow sheds are summarized in the groups 1-6. Group one which 

comprises the largest loading towards both cow sheds was investigated in more detail (Figure 16 C). 

The evaluation of chemical compounds of this group enabled the identification of four chemical 

compounds (docosahexanoic acid, 2-nonadecanone, dehydroisoandrosterone sulfate, cholesta-3,5-

diene) as being distinct for the cow but not the sheep sheds. Their structural formula and corresponding 

mass spectra are displayed in Figure 16 B. To enable a correct identification of those substances, 

equivalent standard material has been measured. The identification of one of the four key compounds 

(dehydroisoandrosterone sulfate (DHEA-S)) could be confirmed by these measurements. This 
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compound was subsequently quantified by the standard addition approach (12 ng m-3). Compound 

classes could be confirmed for the other three key compounds. As we identified different chemical 

fingerprints for cow and sheep sheds, we wanted to evaluate distinct regulation patterns of these two 

environments. 

3.) Differentiation of protective and non-protective environments based on their immune-modulatory 

effects from PM-bound organic compounds: 

As we demonstrated important allergy-related 

immune-regulations by the smaller molecular 

compounds and identified distinct differences in the 

chemical profile of the inhalable PM of a supposedly 

protective and supposedly non-protective 

environment, we further focused on the differences 

of small molecules of these two environments and 

their immune-modulation processes. For that 

purpose, we filtered the cow and sheep shed samples 

to a fraction smaller than 3 kDa and further evaluated 

changes in the gene expression of BEAS-2B exposed 

to those fractions for 4 and 24 h (Figure 17). The 

regulations caused by cow and sheep shed extracts 

were similar for most of the genes analyzed. 

Significant differences between cow and sheep sheds could be observed for PELI2 and TLR2, genes 

related to general stress and allergic inflammation, respectively, after 4 h of exposure time (Figure 18).  

 

Figure 18. Gene expression analysis of eight selected genes after 4 h and 24 h exposure based on the smaller 

fraction of the two cow sheds and the two sheep sheds is displayed. Level of significance is indicated as stars 

(*p<0.05, **p<0.01, ***p<0.001). Significant differences for PELI2 (a) and TLR2 (b) between cow and sheep 

sheds after 4 h exposure are demonstrated. Figure adapted from [87]. 

 

Figure 17. Scheme of the methodological approach 

of filter extraction and filtration and subsequent 

submerged cell exposure of the smaller fraction (< 3 

kDa) of the two cow sheds and the two sheep sheds. 
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Therefore, distinct gene regulations for cow in comparison to sheep shed extracts could be demonstrated. 

Furthermore, gene expression with an artificial mixture of the four key components was evaluated after 

4 and 24 h exposure (Figure 19).  

 

Figure 19. Gene expression analysis of eight selected genes after 4 h and 24 h exposure based on the compound 

mix of the key components identified in cow sheds. Exposure was done with 0.005 µg mL-1 and 5 µg mL-1 of the 

compound mix. Level of significance is indicated as stars (*p<0.05, **p<0.01, ***p<0.001). A concentration 

dependent trend of CXCL8, HSPA1A, TLR2 and XDH is demonstrated. Figure adapted from [87]. 

 

Significant concentration-dependent regulations could be displayed for genes related to inflammation 

(CXCL8), general stress (HSP1A1), allergic inflammation (TLR2) and allergic regulation (XDH) after 

4 h exposure. After 24 h exposure, significant concentration-dependent regulations could still be 

observed for CXCL8 and XDH, but not for any of the other genes. The comparison of the gene 

regulations caused by cow and sheep shed extracts compared to the artificial mixture of the four key 

components showed similar regulations for CXCL8, HMOX1 (related to oxidative stress), HSP1A1, 

TLR2 and XDH after 4 h exposure to the highest concentration of the artificial mixture (5 µg mL-1) 

(Figure 19).  

Within these regulations only the regulation of TLR2 was specific for the cow shed extracts. 

Nevertheless, we were able to show distinct gene regulation patterns for cow shed extracts compared to 

sheep shed extracts. Moreover, the artificial mixture of the four key compounds specific for cow 

resembled some of the regulations caused by both shed extracts as well as the distinct regulations of 

TLR2 caused by cow shed extracts solely.  

Conclusion: 

In summary, the utilization of sophisticated non-targeted chemical analysis in terms of IDTD-GC×GC-

ToFMS in combination with multivariate data analysis enabled us for the first time to identify four key 

components representative for the cow shed environment. Significant gene regulations for specific 

immune modulating processes, e.g., inflammation, oxidative stress and xenobiotic metabolism by these 

environments, were found for the exposure with small organic compounds. Distinct differences could 

be observed for cow and sheep shed extracts implying the relevance of small organic components on 

immune regulatory responses. In general, we were able to prove our hypothesis stating that small 

chemical compounds, bound to the inhalable fraction of PM, can induce specific immune-modulatory 

processes related to allergy. 
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4.2 Study of Allergy-Adjuvant Environments: Comprehensive Chemical 

Characterization of Distinct Combustion Aerosols (Publication 2) 

In terms of adjuvant environments, air pollution was recognized as a major contributor to adverse health 

effects including adjuvant effects on allergic diseases. In particular, fossil fuel combustion contributes 

greatly to PM and PAH emission. These pollutants are emitted in high quantities by heavy-duty 

machinery, thus, health concerns are rising for possible exposure scenarios. The underlying combustion 

process that leads to these emissions is largely determined by the fuel used. Several alternative fuels are 

on the market to replace petroleum-based fossil fuel. Besides advantages in terms of sustainability 

regarding biofuels and lower CO2 and greenhouse gas emissions, these alternative fuels are also in 

discussion to release less harmful chemical compounds during the combustion process compared to 

petroleum fuel combustion. In this exposure study, we aimed at comparing the chemical profile of the 

combustion aerosol from one petroleum-based fossil fuel and two alternative fuels, namely gas-to-liquid 

(GTL) and rapeseed methyl ester (RME) by heavy-duty machinery. Subsequently, the found chemical 

profile was investigated and discussed regarding its possible health related effects. 

For this purpose, we sampled combustion aerosols in a real-world exposure scenario in an occupational 

working environment, in which heavy-duty vehicles are commonly used. Sampling of PM2.5 and size-

segregated PM with an emphasis on PM0.25, also known as “quasi ultrafine particles” (qUFP), was 

conducted. Additionally, gas phase samples were taken at different sampling positions to 

Figure 20. Schematic overview of the sampled aerosol, the applied analysis techniques and the acquired 

parameters. EC/OC content, SVOC distribution (blue: B0, orange: GTL, grey: RME) and elemental composition 

was determined for the PM samples. Aromatic species was quantified in the gas phase of all fuel types at two 

different sampling positions (tailpipe, operator) and two engine conditions (test cycle, high idling). 
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comprehensively evaluate the VOC and SVOC composition of the exposure aerosol of the three distinct 

fuel types. Figure 20 demonstrates the methodological approach and summarizes the most prominent 

differences in the chemical profile of the petroleum-based fuel (B0) compared to the synthetic fuel 

(GTL) and biofuel (RME). Comprehensive chemical characterization of the PM samples was achieved 

using thermal-optical carbon analyzer, GC×GC-TOFMS and ICP-AES. First, we calculated the EC/OC 

ratio for PM2.5 and PM0.25 of all three fuels. We found that, RME represented the highest amount of OC 

content compared to B0 and GTL PM. The total carbon (TC) content of RME and B0 was comparable, 

resulting in higher EC values for B0 PM. GTL showed lowest TC and OC values and comparable EC 

content to B0 PM. These results reflected the composition of the different fuels. Biodiesel has a higher 

oxygen content compared to B0 and GTL, leading to higher amounts of OC but lower amounts of EC 

in the PM samples. GTL emits less TC and OC compared to B0 due to the negligible amounts of 

aromatic species and sulphur. PAHs can be carcinogenic and mutagenic and, thus, represent a very 

concerning compound class in terms of adverse health effects. Therefore, a more detailed 

characterization of the organic fraction of the PM from the three distinct fuel types with a focus on 

alkylated PAHs was performed by GC×GC-MS. Due to the application of classifications, we were able 

to confirm that over 80 % of the PAHs adsorbed onto the qUFP-fraction. Consequently, we focused on 

this fraction for further PM comparison. We found higher abundances for the classified PAHs in B0 

PM0.25, followed by GTL and RME PM0.25 (Figure 20).  

Following this classification approach, we targeted seven unsubstituted PAHs in the PM0.25 of the three 

fuels and calculated corresponding BaPTEQ values to evaluate the toxic potential of the qUFP of the 

distinct fuels. We found that the BaPTEQ was highest for B0 PM0.25 (18.5 ng m-3), followed by RME 

(13.1 ng m-3) and GTL PM0.25 (0.8 ng m-3). The release of distinct PAHs in the combustion process can 

be explained by the fuel composition of the tested fuels. GTL mainly consists of paraffins of variable 

chain length, therefore mainly smaller PAHs are formed by butadiene addition reactions in the 

combustion process [33]. RME is mostly composed of fatty acid methyl esters (FAMEs). FAMEs are 

consumed by hydrogen abstraction by OH· and H· radicals, leading after several elimination and 

decomposition reactions to PAH and soot precursors like acetylene, ethylene and 1,3-butadiene. These 

can then form aromatic compounds such as benzene, naphthalene, anthracene and phenanthrene by 

Diels-Alder reaction and aromatization [88]. Larger PAHs will be built up by Diels-Alder reaction of 

those smaller PAHs with ethylene followed by aromatization. This is possible as the higher amount of 

oxygen in the RME serves as hydrogen acceptor to produce water in the combustion process [88]. In 

general, smaller PAHs are known to be less toxic compared to larger PAHs and have, thus, also lower 

TEF values. The higher PAH concentrations of GTL compared to RME can, thus, be derived from the 

lower molecular PAHs which lead to an overall lower BaPTEQ value of GTL compared to RME PM.  

ICP-AES analysis was conducted to complete the chemical characterization of the different PM 

composition. Elemental analysis showed that transition metals such as copper (Cu) and iron (Fe) showed 

highest concentrations for the B0 PM0.25. Alkali (K, Na) and alkaline earth metals (Ba, Ca, Mg) as well 
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as zinc (Zn) were highest for RME PM. These elements are typically from organic origin and reflect the 

composition of the RME fuel. Aluminum (Al) and nickel (Ni) were highest for GTL, while sulphur was 

lowest compared to B0 and RME PM.  

Finally, gas phase samples were analyzed by GC-MS and compared for two sampling positions (at the 

tailpipe and the operator position). Aromatic species were targeted in all gas phase samples. The internal 

standard approach was utilized to quantify benzene, toluene, o-xylene, naphthalene and biphenyl. The 

concentration of these compounds was highest for B0 gas phase samples independent from sampling 

position or engine operation. Nevertheless, still noticeable concentrations can be determined for GTL 

(benzene, naphthalene) and RME (benzene, toluene).  

Conclusion: 

In summary, this study demonstrates the importance of chemically characterizing aerosols from adjuvant 

environments. Adverse health effects could be expected from PM exposure, especially due to its 

loadings (PAHs, metals) and from aromatic species (e.g. benzene, naphthalene) dissolved in the gas 

phase. PM is one immensely discussed adjuvant contributor to allergy and asthma development. This 

study highlights the necessity to further evaluate the interaction of PM, in particular the “quasi” ultrafine 

particles, within the human body. Moreover, novel fuel types are available and commonly used 

nowadays resulting in different aerosol compositions compared to petroleum-based fuel. Therefore, 

research should focus on further characterizing aerosols from different combustion processes and 

biological tests should be utilized to confirm or reject the toxicological or adjuvant effects on human 

health. 

4.3 Study of Allergy-Adjuvant Environments: The Priming Effect of Diesel 

Exhaust on Native Pollen Exposure (Publication 3, Co-Authorship) 

This study was conducted in the framework of allergy research of Helmholtz Munich in cooperation 

with the Institute of Allergy Research (IAF) and the Center of Allergy and Environment (ZAUM). The 

main goal of this study was to prove the priming effect of diesel exhaust on cells which were 

subsequently exposed with native pollen. 

Pollen can trigger allergic diseases and a simultaneous exposure to pollen and aerosol from fossil fuel 

combustion can even enhance this effect. Herein, we hypothesized that the subsequent exposure of diesel 

combustion aerosol and intact birch pollen enhances allergic inflammation in comparison to birch pollen 

exposure solely. For this purpose, we exposed human bronchial epithelial cells (BEAS-2B) at the air-

liquid interface (ALI) to native birch pollen alone as well as to artificial diesel-CAST prior native birch 

pollen exposure. We aimed at demonstrating the priming effect of diesel exhaust on pollen exposure in 

the context of allergic diseases. Chemical characterization of the diesel exhaust confirmed the presence 

of several monoaromatic cyclic hydrocarbons and PAHs known to be emitted by the combustion of 
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diesel fuel. Several oxygenated species could be detected including hexadecanoic acid methyl ester, 

reflecting the influence of the 7 % of biofuel present in the diesel used for this experiment. Moreover, 

compounds used for fuel stabilization as 2,6-ditert-butyl-4-nitrophenol (DBNP), an alkylphenolic 

antioxidant, were identified. Thus, many different compound classes which may contribute to the 

adverse health effect of diesel exhaust could be identified. The experimental setup for the exposures is 

shown in Figure 21 A. [89] 

 

 

Transcriptomic analysis of BEAS-2B was performed for all incubation times. The different conditions 

within one experimental setup as well as the distinct gene regulations from one exposure setting to 

another (pollen exposure vs. diesel + pollen exposure) were compared. The number of differentially 

expressed genes by pollen exposure as well as diesel + pollen exposure is summarized in a Venn diagram 

(Figure 21 B). We found 97 genes expressed by both exposure settings. A subset of genes was selected 

by means of genes related to immune and allergic responses (Figure 21 C). The comparison of the 

exposure settings showed that the pre-exposure to diesel exhaust changed the reaction of the exposed 

epithelial cells leading to an earlier up- or downregulation of genes compared to pollen exposure alone. 

For most of the genes, their expression was enhanced by the pre-exposure of diesel exhaust, but for 

some of the genes the direction of regulation changed. The comparison of the different incubation times 

demonstrated that the pre-exposure of cells to diesel exhaust led to a faster reaction of the cells to birch 

pollen in contrast to the native pollen exposure alone. It was shown that BEAS-2B cells showed the 

highest differential regulation of genes after 2 h 25 min when pre-exposed to diesel exhaust, while the 

highest gene regulations found for pollen exposure alone appeared after 24 h. The induced genes for 

diesel + pollen exposure are related to cell adhesion, response to extracellular stimulus, detoxification 

and organic hydroxy compound metabolism. Most of the genes are found to be upregulated in chronic 

inflammation and asthma. Downregulated genes included genes related to immune response and Th2 

Figure 21. Priming effect of diesel exhaust on native pollen exposure. A The different incubation times for 

pollen exposure solely (top) and pollen exposure to pre-exposed cells by diesel exhaust (bottom). B Venn 

diagram showing the gene expression by transcriptomic analysis. 97 genes were expressed by pollen exposure 

alone as well as by diesel and pollen exposure. C 18 selected genes related to immune and allergic responses 

were selected from the 97 genes expressed in both exposure settings. Figure adapted from [89]. 
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differentiation. The same regulation pattern was observed for pollen exposure alone but after 24 h 

incubation time, confirming the adjuvant effect of diesel exhaust on allergic responses.  

Conclusion: 

This study mimicked a real-life exposure to seasonal pollen where combustion aerosol is ubiquitous. 

We demonstrated the influence of diesel exhaust on the gene regulation of BEAS-2B cells followed by 

native pollen exposure. The adjuvant effect of native pollen exposure on allergy development as well as 

the priming effect of diesel combustion aerosol was verified. This study confirms the importance of 

studying anthropogenic and biogenic aerosols in the context of allergy development and states the 

relevance of synergistic effects by simultaneous exposure to both kinds of aerosols.  

4.4 Investigation of the Reliability of Common Data Processing Software for 

the Analysis of GC×GC-ToFMS Data (Publication 4, Co-Authorship) 

The aim of this study was to test the reliability of the data processing software used above and was 

conducted together with international collaborators from the GC×GC field. Furthermore, a benchmark 

dataset should be supplied to enable GC×GC users to test their software package for reliability prior use. 

Comprehensive chemical analysis via GC×GC-ToFMS produces an immense amount of data. This data 

has to be processed by sophisticated software to enable the identification of distinct differences in a 

sample set. Moreover, quantification of targeted compounds needs to be reproducible and should lead 

to comparable results independent of the software used. In this study, we focused on eight different 

software packages available for data processing and statistical analysis of two-dimensional datasets. 

Data evaluation was performed on identical data sets provided by the study management. One dataset 

reflected a standard mixture of fragrance and allergen compounds, the other dataset represented real-life 

samples, herein extracts from different kinds of chocolate. Typical pre-processing steps such as baseline 

correction, peak detection, deconvolution, etc. were performed within the same software (Figure 22). 

Afterwards, data was exported as *cdf-files and imported into the distinct software packages. Typical 

chromatographic and mass spectral parameters were compared and deviations were calculated. The 

maximum deviation between different software packages was determined for retention time of the first 

(1tR) and second (2tR) dimension, retention indices (RI), correlation coefficient (R2) of the obtained 

calibration and mass spectral quality. Figure 22 shows the framework conducted for parameter 

evaluation and chemometric analysis.  
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Within this framework, we found that the maximum deviation for the first (1tR) and second retention 

time (2tR) were 4.2 s and 0.15 s, respectively. As the modulation time of the method was 4 s, the variation 

of one modulation time in the first dimension retention time shows the discrepancy of different data 

alignment. Moreover, the extracted mass spectra of five compounds (d-limonene, linalool, safrole, lilial, 

benzyl cinnamate) were compared to the NIST (National Institute of Standards and Technology) library. 

Match factors determined by the different software packages were compared. Maximum differences 

between 0.6 % and 13.6 % were revealed for d-limonene and linalool, respectively. These deviations 

confirmed the influence of the different software packages used on the results achieved. The influence 

of the utilization of distinct software was not limited to qualitative results. Also, quantitative results 

could drastically be influenced by the quality of the mass spectral data. Figure 23 shows the deviation 

of m/z area in the mass spectrum of safrole. The spectrum in the middle reflects the raw data. Spectra 

on the left and right of the raw data represent spectra achieved by the use of a certain software package. 

We demonstrated that the abundance of distinct ions including the molecular ion was drastically 

depending on the software utilized. The difference in spectral data could also be confirmed by typical 

fragments of the compound observed. Both software packages seem to underestimate the m/z signal for 

the molecular ion as well as for typical fragmentation ions. [90] 

 

 

 

Figure 22. Data analysis framework utilized in this study. Steps performed and extracted information 

used for software comparison from left to right: Internal software pre-treatment, external software 

pre-treatment and chemometric analysis (in software and external). 
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A “leave one out” experiment was carried out to calculate a known concentration by means of a 

calibration curve.  The concentration calculated by different software packages was close to the known 

concentration but could also be under- or overestimated depending on the software utilized. Finally, we 

wanted to test the opportunity for “in-built” statistics for the different software packages. We 

demonstrated that applied PCA lead to comparable results for all the software packages. We found two 

groups clearly separating from one group of similar samples. Nevertheless, due to the lack of 

transparency of the applied algorithm and limited customizability, third-party software needed to be 

utilized for detailed and accurate analysis.  

Conclusion: 

In summary, this study showed the importance of evaluating GC×GC software to ensure comparability, 

reproducibility and reliability of results after data processing and chemometric analysis. To facilitate the 

validation of the software that is used by different laboratories, an open benchmark dataset was provided 

[91, 92] and a framework for data analysis was established. In this way, the use of benchmark datasets 

for software evaluation should be promoted and the established framework aids in giving a guideline 

for reliable data evaluation in the field of GC×GC.   

Figure 23. Typical sections of the mass spectrum of safrole are shown. Molecular ion (162 Da) can be seen on 

the left, two typical EI fragments can be found on the right (131, 135 Da). The mass spectrum in the middle 

(grey) was acquired by the raw data of the instrument. The mass spectra on the left and on the right of the raw 

data represent the mass spectra gained by the use of a distinct software (software A and D), demonstrating 

lower mass spectral abundances for these ions by both of the software packages compared to the raw data.            

Adapted from [90]. 
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5. Summary and Outlook 

Within the scope of this thesis, we demonstrated the importance of a comprehensive characterization of 

potential allergy-protective and allergy-adjuvant aerosols in terms of their chemical composition and 

underlying immunomodulating effects. We specifically focused on the role of small molecules and 

respirable fine and ultrafine PM. Our study design and applied techniques considered the very complex 

chemical composition of the environmental and combustion aerosols to achieve reproducible and 

reliable results. 

In the first study, we focused on dedicated sampling (PM2.5 and gas phase) and comprehensive analysis 

of small organic compounds from a supposedly protective environment. The reliable sampling of PM 

and the subsequent application of comprehensive chemical instrumentation such as GC×GC-ToFMS 

enabled us to discriminate between two farming environments based on their VOC and SVOC 

composition. Discriminating factors between the different environments were identified due to the 

application of supervised ANOVA-PCA. The identification of key components present in the protective 

but not in the non-protective sheds was achieved. Subsequent in vitro exposure revealed distinct 

regulation patterns for the size-segregated extracts (< 3 kDa) compared to the extract of the complete 

size range, demonstrating the importance of small organic compounds on immune-modulatory effects. 

Moreover, it was shown that the animal breed (cow vs sheep) caused distinct gene regulations regarding 

two genes related to general stress (PELI2) and allergic inflammation (TLR2). An artificial mixture of 

the four key components identified in the aerosol derived from the protective environment resembled 

the regulation induced for TLR2.  

Our study on aerosols derived from a potential protective environment provided important new insights 

into the chemical composition of farming aerosols and the biological effects related to inflammation and 

allergic regulation induced by small chemical compounds. Moreover, the importance of the identified 

key components of the protective farming environment could be confirmed for the regulation of a gene 

related to allergic inflammation (TLR2), which corresponded to the regulation induced by cow shed PM 

solely. 

The second study focused on the chemical characterization and effects of a known adjuvant aerosol and 

was divided into two main parts. First, chemical characterization of distinct diesel engine exhaust fueled 

with three different diesel fuels was acquired to identify compounds related to adverse health effects 

such as PAHs, volatile aromatic species and transition metals. Second, subsequent cell exposure of an 

artificially generated diesel exhaust and pollen was conducted. Thereby, we mimicked a realistic urban 

exposure scenario of an adjuvant aerosol and an allergen to identify potential priming effects of diesel 

exhaust. 

For the first part of the study, we sampled combustion aerosol from heavy-duty machinery operated with 

traditional petroleum derived diesel and two alternative fuels. In this realistic occupational exposure 
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scenario, we focused on the analysis and comparison of inhalable PM and gas phase components with 

an emphasis on the composition of the small PM fraction, the “quasi” ultrafine particles (qUFP). The 

research on UFP is still in its beginnings due to challenges in sampling and analysis, but is particularly 

relevant for sampling of PM from combustion processes. We confirmed the relevance of this fraction 

when comparing alkylated and unsubstituted PAHs in the qUFP fraction of the three distinct fuel types. 

On the basis of the petroleum-based fossil fuel (B0), we found that at least 80 % of the classified 

alkylated PAHs were present on the “quasi” ultrafine particles. In the comparison of the three fuel types, 

we concluded lower abundances of the alkylated PAHs as well as lower concentrations of the targeted 

unsubstituted PAHs in the PM0.25 of the alternative fuels GTL and RME compared to the petroleum-

based fossil fuel (B0). Intriguingly, the BaPTEQ from RME was only slightly lower compared to the one 

of B0 for the seven compounds, implying comparable adverse health effects of RME PM0.25 to B0 PM0.25. 

Nevertheless, the abundance of alkylated PAHs was considerably higher for PM0.25 of B0, followed by 

GTL and RME. Highest concentrations of the aromatic species (e.g. benzene, toluene, biphenyl) were 

also found in the gas phase of B0. As a consequence, the evaluation of the toxic potential of a complex 

combustion aerosol should not only rely on BaPTEQ of the unsubstituted PAHs but should also include 

other highly potent compound classes, e.g. alkylated PAHs. Our study on adjuvant effects of diesel 

exhaust contributed to the insights of the chemical composition of these distinct combustion aerosols 

and the relevance of alkylated PAHs for the assessment of the toxic potential and, thus, potential adverse 

health effects of an aerosol. Moreover, the importance of further characterizing aerosols from novel 

fuels, in particular, the ultrafine particulate fraction was highlighted. 

For the evaluation of the priming effect of adjuvant diesel exhaust aerosol, we investigated and 

compared the gene regulations caused by artificial diesel combustion exhaust and pollen exposure 

compared to pollen exposure alone. Transcriptomic analysis revealed that 97 genes were expressed by 

both exposure settings. A comparison of the distinct regulations derived from the different exposure 

regimes revealed an enhanced expression for most of the genes for the pre-exposed diesel cells. We, 

therefore, demonstrated a priming effect of diesel exhaust on pollen exposure. Our in vitro study showed 

that pre-exposed cells to diesel exhaust induced immune-modulatory effects on genes related to 

inflammation in a shorter time-frame compared to cells exposed to pollen alone. This emphasizes the 

importance of considering potential synergistic effects of different aerosols in a real-world scenario 

regarding possible adjuvant effects on development and exacerbation of allergic diseases.  

The third study focused on the evaluation of different open-source and commercial software packages 

to assess the reliability of the data obtained by GC×GC for the previously discussed studies. The 

challenge of comprehensive two-dimensional data analysis was previously assessed in this manuscript. 

We found that the application of different available software packages can influence the outcome of the 

results in a qualitative (retention time, mass spectra) and quantitative (peak integration) manner. 

Multivariate analysis by different software resulted in a similar trend but we also observed differences 

in the explained variances by the first two principal components. 
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This study demonstrated the importance of evaluating the utilized software package and the possible 

inconsistency between results derived from distinct data handling. 

Within the scope of this thesis, we demonstrated the importance of chemically characterizing distinct 

aerosol sources and of evaluating their biological effects to gain further insights into the development 

of allergic diseases. These insights could be expanded by additional measures regarding sampling, 

analysis and biological testing of the different aerosol sources. The aerosol sampling of protective 

environments could be intensified by including more animal sheds to confirm the key components found 

in the protective cow shed environment. For the aerosol sampling of the combustion aerosols, the most 

relevant “quasi” ultrafine fraction could be sampled in a longer time frame and at higher flows by 

different impactors to increase the sample material and, therefore, enable further chemical analysis and 

biological testing by submerged cell exposures. For the chemical characterization of the distinct aerosols 

other analytical techniques such as liquid chromatography (LC) could be utilized to allow the analysis 

of more polar and higher molecular weight compounds compared to GC. Further studies should focus 

on the exposure of aerosols from distinct origins to investigate synergistic effects. Priming effects of 

anthropogenic aerosols, but also potential protective effects of farming aerosols should be evaluated in 

subsequent cell exposure studies. Regarding data analysis, the results achieved by GC×GC analysis 

should preferably be evaluated by at least two independent software packages to ensure reliable and 

comparable results.



 

References 

1. Haahtela, T., et al., The biodiversity hypothesis and allergic disease: world allergy organization 
position statement. World Allergy Organ J, 2013. 6(1): p. 3. 

2. Pawankar, R., Allergic diseases and asthma: a global public health concern and a call to action. 
World Allergy Organ J, 2014. 7(1): p. 12. 

3. Platts-Mills, T.A.E., The allergy epidemics: 1870-2010. Journal of Allergy and Clinical 
Immunology, 2015. 136(1): p. 3-13. 

4. Langen, U., R. Thamm, and H. Steppuhn, Häufigkeit allergischer Erkrankungen in Deutschland: 
Ergebnisse der Studie zur Gesundheit Erwachsener in Deutschland (DEGS1). 
Bundesgesundheitsblatt - Gesundheitsforschung - Gesundheitsschutz, 2013. 56. 

5. Destatis. Krankheitskosten: Deutschland, Jahre, Krankheitsdiagnosen (ICD-10). 2022  
14.03.2022]; Available from: https://www-
genesis.destatis.de/genesis/online?sequenz=tabelleErgebnis&selectionname=23631-
0001&sachmerkmal=ICD10Y&sachschluessel=ICD10-J00-J99,ICD10-J00-J06,ICDo10-J09-
J18,ICD10-J10-J11,ICD10-J20-J22,ICD10-J40-J47,ICD10-J45-J46#abreadcrumb. 

6. Reinmuth-Selzle, K., et al., Air Pollution and Climate Change Effects on Allergies in the 
Anthropocene: Abundance, Interaction, and Modification of Allergens and Adjuvants. Environ 
Sci Technol, 2017. 51(8): p. 4119-4141. 

7. Aldakheel, F.M., Allergic Diseases: A Comprehensive Review on Risk Factors, Immunological 
Mechanisms, Link with COVID-19, Potential Treatments, and Role of Allergen Bioinformatics. 
International Journal of Environmental Research and Public Health, 2021. 18(22): p. 12105. 

8. van Ree, R., et al., Allergic sensitization: host-immune factors. Clinical and translational allergy, 
2014. 4(1): p. 1-9. 

9. Deckers, J., et al., Interplay between barrier epithelial cells and dendritic cells in allergic 
sensitization through the lung and the skin. Immunological Reviews, 2017. 278(1): p. 131-144. 

10. Candreva, A., S. Petruccelli, and G. Docena, Chapter: Molecular Properties of Caseins snd 
Allergenicity. Book: Caseins: Properties, Functions and Health Implications. 2016. 2016. p. pp. 
77-102. 

11. Beck, I., et al., High Environmental Ozone Levels Lead to Enhanced Allergenicity of Birch Pollen. 
PLOS ONE, 2013. 8(11): p. e80147. 

12. Bettiol, A., et al., The first 1000 days of life: traffic-related air pollution and development of 
wheezing and asthma in childhood. A systematic review of birth cohort studies. Environmental 
Health, 2021. 20(1): p. 46. 

13. Yoo, Y. and M.S. Perzanowski, Allergic sensitization and the environment: latest update. Curr 
Allergy Asthma Rep, 2014. 14(10): p. 465. 

14. Alfvén, T., et al., Allergic diseases and atopic sensitization in children related to farming and 
anthroposophic lifestyle--the PARSIFAL study. Allergy, 2006. 61(4): p. 414-21. 

15. Debarry, J., et al., Acinetobacter lwoffii and Lactococcus lactis strains isolated from farm 
cowsheds possess strong allergy-protective properties. J Allergy Clin Immunol, 2007. 119(6): p. 
1514-21. 

16. Depner, M., et al., Maturation of the gut microbiome during the first year of life contributes to 
the protective farm effect on childhood asthma. Nat Med, 2020. 26(11): p. 1766-1775. 

17. Frei, R., et al., Exposure to nonmicrobial N-glycolylneuraminic acid protects farmers' children 
against airway inflammation and colitis. J Allergy Clin Immunol, 2018. 141(1): p. 382-390.e7. 

https://www-genesis.destatis.de/genesis/online?sequenz=tabelleErgebnis&selectionname=23631-0001&sachmerkmal=ICD10Y&sachschluessel=ICD10-J00-J99,ICD10-J00-J06,ICDo10-J09-J18,ICD10-J10-J11,ICD10-J20-J22,ICD10-J40-J47,ICD10-J45-J46#abreadcrumb
https://www-genesis.destatis.de/genesis/online?sequenz=tabelleErgebnis&selectionname=23631-0001&sachmerkmal=ICD10Y&sachschluessel=ICD10-J00-J99,ICD10-J00-J06,ICDo10-J09-J18,ICD10-J10-J11,ICD10-J20-J22,ICD10-J40-J47,ICD10-J45-J46#abreadcrumb
https://www-genesis.destatis.de/genesis/online?sequenz=tabelleErgebnis&selectionname=23631-0001&sachmerkmal=ICD10Y&sachschluessel=ICD10-J00-J99,ICD10-J00-J06,ICDo10-J09-J18,ICD10-J10-J11,ICD10-J20-J22,ICD10-J40-J47,ICD10-J45-J46#abreadcrumb
https://www-genesis.destatis.de/genesis/online?sequenz=tabelleErgebnis&selectionname=23631-0001&sachmerkmal=ICD10Y&sachschluessel=ICD10-J00-J99,ICD10-J00-J06,ICDo10-J09-J18,ICD10-J10-J11,ICD10-J20-J22,ICD10-J40-J47,ICD10-J45-J46#abreadcrumb


 

18. Illi, S., et al., Protection from childhood asthma and allergy in Alpine farm environments-the 
GABRIEL Advanced Studies. J Allergy Clin Immunol, 2012. 129(6): p. 1470-7.e6. 

19. Loss, G., et al., Prenatal and early-life exposures alter expression of innate immunity genes: the 
PASTURE cohort study. J Allergy Clin Immunol, 2012. 130(2): p. 523-30.e9. 

20. Roduit, C., et al., High levels of butyrate and propionate in early life are associated with 
protection against atopy. Allergy, 2019. 74(4): p. 799-809. 

21. Joubert, A.I., et al., Mechanisms of Particles in Sensitization, Effector Function and Therapy of 
Allergic Disease. Frontiers in Immunology, 2020. 11. 

22. Carlsten, C., et al., Diesel exhaust augments allergen-induced lower airway inflammation in 
allergic individuals: a controlled human exposure study. Thorax, 2016. 71(1): p. 35. 

23. Gowers, A.M., et al., Does outdoor air pollution induce new cases of asthma? Biological 
plausibility and evidence; a review. Respirology, 2012. 17(6): p. 887-98. 

24. Hosseini, A., et al., Morphometric analysis of inflammation in bronchial biopsies following 
exposure to inhaled diesel exhaust and allergen challenge in atopic subjects. Part Fibre Toxicol, 
2016. 13: p. 2. 

25. Li, N., et al., A work group report on ultrafine particles (American Academy of Allergy, Asthma 
& Immunology): Why ambient ultrafine and engineered nanoparticles should receive special 
attention for possible adverse health outcomes in human subjects. J Allergy Clin Immunol, 
2016. 138(2): p. 386-96. 

26. Bowatte, G., et al., The influence of childhood traffic-related air pollution exposure on asthma, 
allergy and sensitization: a systematic review and a meta-analysis of birth cohort studies. 
Allergy, 2015. 70(3): p. 245-56. 

27. Castañeda, A.R., et al., Fine particulate matter (PM(2.5)) enhances allergic sensitization in 
BALB/c mice. J Toxicol Environ Health A, 2017. 80(4): p. 197-207. 

28. Dai, M.-Y., et al., Particulate matters induce acute exacerbation of allergic airway inflammation 
via the TLR2/NF-κB/NLRP3 signaling pathway. Toxicology Letters, 2020. 321: p. 146-154. 

29. Gilli, G., et al., Chemical characteristics and mutagenic activity of PM10 in Torino, a northern 
Italian city. Sci Total Environ, 2007. 385(1-3): p. 97-107. 

30. Kadiiska, M.B., et al., In vivo evidence of free radical formation in the rat lung after exposure to 
an emission source air pollution particle. Chem Res Toxicol, 1997. 10(10): p. 1104-8. 

31. Manisalidis, I., et al., Environmental and Health Impacts of Air Pollution: A Review. Frontiers in 
public health, 2020. 8: p. 14-14. 

32. Abdel-Shafy, H.I. and M.S.M. Mansour, A review on polycyclic aromatic hydrocarbons: Source, 
environmental impact, effect on human health and remediation. Egyptian Journal of 
Petroleum, 2016. 25(1): p. 107-123. 

33. Kislov, V.V., A.I. Sadovnikov, and A.M. Mebel, Formation mechanism of polycyclic aromatic 
hydrocarbons beyond the second aromatic ring. J Phys Chem A, 2013. 117(23): p. 4794-816. 

34. Guerrina, N., et al., The Aryl Hydrocarbon Receptor and the Maintenance of Lung Health. 
International journal of molecular sciences, 2018. 19(12): p. 3882. 

35. Holme, J.A., et al., Potential role of polycyclic aromatic hydrocarbons as mediators of 
cardiovascular effects from combustion particles. Environ Health, 2019. 18(1): p. 74. 

36. Barraza-Villarreal, A., et al., Lung function, airway inflammation, and polycyclic aromatic 
hydrocarbons exposure in mexican schoolchildren: a pilot study. Journal of occupational and 
environmental medicine, 2014. 56(4): p. 415-419. 



 

37. Nwaozuzu, C.C., K.C. Partick-Iwuanyanwu, and S.O. Abah, Systematic Review of Exposure to 
Polycyclic Aromatic Hydrocarbons and Obstructive Lung Disease. Journal of health & pollution, 
2021. 11(31): p. 210903-210903. 

38. Låg, M., et al., Potential role of polycyclic aromatic hydrocarbons in air pollution-induced non-
malignant respiratory diseases. Respiratory Research, 2020. 21(1): p. 299. 

39. Lubitz, S., et al., Polycyclic aromatic hydrocarbons from diesel emissions exert proallergic 
effects in birch pollen allergic individuals through enhanced mediator release from basophils. 
Environ Toxicol, 2010. 25(2): p. 188-97. 

40. Anderegg, W.R.L., et al., Anthropogenic climate change is worsening North American pollen 
seasons. Proceedings of the National Academy of Sciences, 2021. 118(7): p. e2013284118. 

41. Biedermann, T., et al., Birch pollen allergy in Europe. Allergy, 2019. 74(7): p. 1237-1248. 

42. Rojo, J., et al., Effects of future climate change on birch abundance and their pollen load. Global 
Change Biology, 2021. 27(22): p. 5934-5949. 

43. Schröder, P.C., et al., The rural–urban enigma of allergy: What can we learn from studies 
around the world? Pediatric Allergy and Immunology, 2015. 26(2): p. 95-102. 

44. von Mutius, E. and K. Radon, Living on a Farm: Impact on Asthma Induction and Clinical Course. 
Immunology and Allergy Clinics of North America, 2008. 28(3): p. 631-647. 

45. Deckers, J., B.N. Lambrecht, and H. Hammad, How a farming environment protects from atopy. 
Curr Opin Immunol, 2019. 60: p. 163-169. 

46. Douwes, J., et al., Farm exposure in utero may protect against asthma, hay fever and eczema. 
Eur Respir J, 2008. 32(3): p. 603-11. 

47. Riedler, J., et al., Exposure to farming in early life and development of asthma and allergy: a 
cross-sectional survey. Lancet, 2001. 358(9288): p. 1129-33. 

48. Ege, M.J., et al., Exposure to environmental microorganisms and childhood asthma. New 
England Journal of Medicine, 2011. 364(8): p. 701-709. 

49. von Mutius, E., The microbial environment and its influence on asthma prevention in early life. 
J Allergy Clin Immunol, 2016. 137(3): p. 680-9. 

50. Peters, M., et al., Inhalation of stable dust extract prevents allergen induced airway 
inflammation and hyperresponsiveness. Thorax, 2006. 61(2): p. 134-9. 

51. Schuijs, M.J., et al., Farm dust and endotoxin protect against allergy through A20 induction in 
lung epithelial cells. Science, 2015. 349(6252): p. 1106-10. 

52. Kim, K.-H., E. Kabir, and S. Kabir, A review on the human health impact of airborne particulate 
matter. Environment International, 2015. 74: p. 136-143. 

53. Geiser, M. and W.G. Kreyling, Deposition and biokinetics of inhaled nanoparticles. Particle and 
Fibre Toxicology, 2010. 7(1): p. 2. 

54. Liu, L., et al., Effects of Ambient Coarse, Fine, and Ultrafine Particles and Their Biological 
Constituents on Systemic Biomarkers: A Controlled Human Exposure Study. Environmental 
Health Perspectives, 2015. 123(6): p. 534-540. 

55. Hussain, M., P. Madl, and A. Khan, Lung deposition predictions of airborne particles and the 
emergence of contemporary diseases, Part-I. Health, 2011. 2(2): p. 51-59. 

56. 1. Introduction. Annals of the ICRP, 1994. 24(1-3): p. 1-8. 

57. Kleinstreuer, C., Z. Zhang, and J.F. Donohue, Targeted Drug-Aerosol Delivery in the Human 
Respiratory System. Annual Review of Biomedical Engineering, 2008. 10(1): p. 195-220. 



 

58. Zhang, J., et al., Formation, characterization, and fate of inhaled drug nanoparticles. Advanced 
Drug Delivery Reviews, 2011. 63(6): p. 441-455. 

59. Nakane, H., Translocation of particles deposited in the respiratory system: a systematic review 
and statistical analysis. Environmental Health and Preventive Medicine, 2012. 17(4): p. 263-
274. 

60. Geiser, M., Update on Macrophage Clearance of Inhaled Micro- and Nanoparticles. Journal of 
Aerosol Medicine and Pulmonary Drug Delivery, 2010. 23(4): p. 207-217. 

61. Bailey, M.R., et al., Updating the ICRP human respiratory tract model. Radiation Protection 
Dosimetry, 2007. 127(1-4): p. 31-34. 

62. Goldstein, A.H. and I.E. Galbally, Known and Unexplored Organic Constituents in the Earth's 
Atmosphere. Environmental Science & Technology, 2007. 41(5): p. 1514-1521. 

63. Shrivastava, M.K., et al., Modeling semivolatile organic aerosol mass emissions from 
combustion systems. Environ Sci Technol, 2006. 40(8): p. 2671-7. 

64. Donahue, N.M., et al., Coupled partitioning, dilution, and chemical aging of semivolatile 
organics. Environ Sci Technol, 2006. 40(8): p. 2635-43. 

65. Lipsky, E.M. and A.L. Robinson, Effects of dilution on fine particle mass and partitioning of 
semivolatile organics in diesel exhaust and wood smoke. Environmental Science & Technology, 
2006. 40(1): p. 155-162. 

66. Vallero, D.A., Chapter 11 - Sampling and analysis, in Air Pollution Calculations, D.A. Vallero, 
Editor. 2019, Elsevier. p. 263-333. 

67. Kulkarni, P., P.A. Baron, and K. Willeke, Introduction to Aerosol Characterization, in Aerosol 
Measurement. 2011. p. 1-13. 

68. Kwon, H.-S., M.H. Ryu, and C. Carlsten, Ultrafine particles: unique physicochemical properties 
relevant to health and disease. Experimental & Molecular Medicine, 2020. 52(3): p. 318-328. 

69. Dettmer, K. and W. Engewald, Adsorbent materials commonly used in air analysis for 
adsorptive enrichment and thermal desorption of volatile organic compounds. Anal Bioanal 
Chem, 2002. 373(6): p. 490-500. 

70. Orasche, J., et al., Technical Note: In-situ derivatization thermal desorption GC-TOFMS for 
direct analysis of particle-bound non-polar and polar organic species. Atmos. Chem. Phys., 
2011. 11(17): p. 8977-8993. 

71. Weggler, B.A., et al., Untargeted Identification of Wood Type-Specific Markers in Particulate 
Matter from Wood Combustion. Environ Sci Technol, 2016. 50(18): p. 10073-81. 

72. Ismail, B. and S.S. Nielsen, Basic Principles of Chromatography, in Food Analysis, S.S. Nielsen, 
Editor. 2010, Springer US: Boston, MA. p. 473-498. 

73. Qian, M.C., D.G. Peterson, and G.A. Reineccius, Gas Chromatography, in Food Analysis, S.S. 
Nielsen, Editor. 2010, Springer US: Boston, MA. p. 513-537. 

74. Prebihalo, S.E., et al., Multidimensional Gas Chromatography: Advances in Instrumentation, 
Chemometrics, and Applications. Analytical Chemistry, 2018. 90(1): p. 505-532. 

75. Dallüge, J., J. Beens, and U.A. Brinkman, Comprehensive two-dimensional gas 
chromatography: a powerful and versatile analytical tool. J Chromatogr A, 2003. 1000(1-2): p. 
69-108. 

76. Weggler, B., Untargeted Analyses of the Semi-Volatile Organic Fraction in Anthropogenic 
Particulate Matter, in Institute of Chemistry. 2016, University of Rostock: Rostock. 



 

77. Gross, J.H., Introduction, in Mass Spectrometry: A Textbook, J.H. Gross, Editor. 2017, Springer 
International Publishing: Cham. p. 1-28. 

78. Gross, J.H., Principles of Ionization and Ion Dissociation, in Mass Spectrometry: A Textbook, J.H. 
Gross, Editor. 2017, Springer International Publishing: Cham. p. 29-84. 

79. Gross, J.H., Fragmentation of Organic Ions and Interpretation of EI Mass Spectra, in Mass 
Spectrometry: A Textbook, J.H. Gross, Editor. 2017, Springer International Publishing: Cham. p. 
325-437. 

80. Cammann, K., Elementanalytik, in Instrumentelle Analytische Chemie - Verfahren, 
Anwendungen, Qualitätssicherung. 2010. 

81. Chow, J.C., et al., The IMPROVE_A Temperature Protocol for Thermal/Optical Carbon Analysis: 
Maintaining Consistency with a Long-Term Database. Journal of the Air & Waste Management 
Association, 2007. 57(9): p. 1014-1023. 

82. Diab, J., et al., Hyphenation of a EC / OC thermal–optical carbon analyzer to photo-ionization 
time-of-flight mass spectrometry: an off-line aerosol mass spectrometric approach for 
characterization of primary and secondary particulate matter. Atmos. Meas. Tech., 2015. 8(8): 
p. 3337-3353. 

83. Gawlitta, N., et al., New Platform-Independent Data Analysis Software with Build-in 
Chemometric Tools for the Processing and Statistical Analysis of Comprehensive Two-
Dimensional Gas Chromatography Data Sets, in Chromatography Today. 2018. 

84. Vogt, L., T.M. Gröger, and R. Zimmermann, Automated compound classification for ambient 
aerosol sample separations using comprehensive two-dimensional gas 
chromatography&ndash;time-of-flight mass spectrometry. J. Chromatogr. A, 2007. 1150(1-2): 
p. 2-12. 

85. Weggler, B.A., et al., Untargeted Identification of Wood Type-Specific Markers in Particulate 
Matter from Wood Combustion. Environmental Science & Technology, 2016. 50(18): p. 10073-
10081. 

86. Welthagen, W., J. Schnelle-Kreis, and R. Zimmermann, Search criteria and rules for 
comprehensive two-dimensional gas chromatography-time-of-flight mass spectrometry 
analysis of airborne particulate matter. J Chromatogr A, 2003. 1019(1-2): p. 233-49. 

87. Gawlitta, N., et al., Impact of Volatile and Semi-volatile Organic Compounds from Farming 
Environments on Allergy-Related Cellular Processes. Exposure and Health, 2022. 14(1): p. 185-
201. 

88. Llamas, A., et al., Polycyclic Aromatic Hydrocarbons (PAHs) produced in the combustion of fatty 
acid alkyl esters from different feedstocks: Quantification, statistical analysis and mechanisms 
of formation. Science of The Total Environment, 2017. 586: p. 446-456. 

89. Candeias, J., et al., The priming effect of diesel exhaust on native pollen exposure at the air-
liquid interface. Environmental Research, 2022. 211: p. 112968. 

90. Weggler, B.A., et al., A unique data analysis framework and open source benchmark data set 
for the analysis of comprehensive two-dimensional gas chromatography software. Journal of 
Chromatography A, 2021. 1635: p. 461721. 

91. Weggler, B., et al., Benchmark GC×GC Data, Standards, Fragrances and Allergens. 2020, 
Harvard Dataverse. 

92. Weggler, B., et al., Benchmark GC×GC Data, Chocolate. 2020, Harvard Dataverse. 

 



 

  



 

Appendix (only in printed version) 

 

Publication 1  

Impact of Volatile and Semi-volatile Organic Compounds from Farming Environments on Allergy-

Related Cellular Processes. Nadine Gawlitta, Elias J. Zimmermann, Jürgen Orasche, Anja Huber, 

Jeroen Buters, Sebastiano Di Bucchianico, Sebastian Oeder, Thomas Gröger, Ralf Zimmermann. 

Exposure and Health, 2021. https://doi.org/10.1007/s12403-021-00429-1 

 

Publication 2 (Under Review) 

A study on the chemical profile and the derived health effects of heavy-duty machinery aerosol with a 

focus on the impact of alternative fuels. Nadine Gawlitta, Jürgen Orasche, Genna-Leigh Geldenhuys, 

Gert Jakobi, Mark Wattrus, Maximilian Jennerwein, Bernhard Michalke, Thomas Gröger, Patricia B. C. 

Forbes, Ralf Zimmermann. Air Quality, Atmosphere and Health, 2022 (Under Review).  

 

Publication 3 

The priming effect of diesel exhaust on native pollen exposure at the air-liquid interface. Joana Candeias, 

Elias J. Zimmermann, Christoph Bisig, Nadine Gawlitta, Sebastian Öder, Thomas Gröger, Ralf 

Zimmermann, Carsten B. Schmidt-Weber, Jeroen Buters. Environmental Research, 2022.  

https://doi.org/10.1016/j.envres.2022.112968 

 

Publication 4 

A unique data analysis framework and open source benchmark data set for the analysis of 

comprehensive two-dimensional gas chromatography software. Benedikt A. Weggler, Lena M. Dubois, 

Nadine Gawlitta, Thomas Gröger, John Moncur, Luigi Mondello, Steven Reichenbach, Peter 

Tranchida, Zhijun Zhao, Ralf Zimmermann, Mariosimone Zoccali, Jean-Francois Focant. Journal of 

Chromatography A, 2021. https://doi.org/10.1016/j.chroma.2020.461721 


	1. Introduction
	1.1 Relevance of Allergy Research
	1.2 Allergy and Allergic Sensitization
	1.3 Protective and Adjuvant Environments: Their Effects on Allergic Sensitization and Disease Exacerbation
	1.4 The Relevance of Anthropogenic Aerosols as Adjuvant Factors for the Development and Exacerbation of Allergic Diseases
	1.5 Small Organic Molecules as Protective Factor during Allergic Sensitization
	1.6 Aerosol Particulate Matter: Size and Deposition
	1.7 Chemical loading of PM and gas phase of aerosols: VOCs, SVOCs and Phase equilibrium

	2. Scope of the thesis
	3. Methods and Instrumentation
	3.1 Sampling of Particulate Matter
	3.2 Gas Phase Sampling
	3.3 Comprehensive Chemical Characterization of Particulate Matter and Gas Phase
	3.3.1 Thermal Desorption
	3.3.2 Gas Chromatography (GC) and Comprehensive two-dimensional Gas Chromatography (GC×GC)
	3.3.3 Mass Spectrometry for the hyphenation with GC and GC×GC
	3.3.4 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
	3.3.5 Thermal-Optical Carbon Analyzer

	3.4 General Data Handling
	3.4.1 Target Analysis & Quantification of Target Compounds
	3.4.2 Non-targeted Analysis
	3.4.3 Classification of Analytes based on Retention Time and Spectral Information
	3.4.4 Analysis of Variances (ANOVA)
	3.4.5 Principal Component Analysis (PCA)


	4. Results
	4.1 Study of Allergy-Protective Farming Environments: The Relevance of Small Organic Compounds (Publication 1)
	4.2 Study of Allergy-Adjuvant Environments: Comprehensive Chemical Characterization of Distinct Combustion Aerosols (Publication 2)
	4.3 Study of Allergy-Adjuvant Environments: The Priming Effect of Diesel Exhaust on Native Pollen Exposure (Publication 3, Co-Authorship)
	4.4 Investigation of the Reliability of Common Data Processing Software for the Analysis of GC×GC-ToFMS Data (Publication 4, Co-Authorship)

	5. Summary and Outlook

