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Zusammenfassung 

Aufgrund der wachsenden Industrialisierung und der vermehrten Produktion von Nanomaterialien 

ist der Mensch verstärkt den gesundheitlichen Gefahren lungengängiger Schadstoffe ausgesetzt. Um 

das dadurch entstehende Risiko besser einzuschätzen und die wachsenden ethischen Anforderungen 

an Versuchsmethoden zu erfüllen, besteht die Notwendigkeit alternative Teststrategien zum 

Tierversuch zu entwickeln. In Hinblick auf die Inhalationstoxikologie sollten diese nicht nur die 

anatomischen und physiologischen Bedingungen in der menschlichen Lunge wiederspiegeln, 

sondern auch die zeitsparende und kostengünstige Bestimmung von toxikologischen Effekten 

ermöglichen. Da die Exposition gegenüber inhalierbaren Stoffen wie Fasern oder Feinstäuben mit 

der Ausbildung von pulmonaler Fibrose oder kardiovaskulären Erkrankungen assoziiert wird, 

wurden im Rahmen dieser Arbeit verschiedene in vitro-Zellmodelle entwickelt, welche in der Lage 

sind mechanistische Veränderungen, die im Zusammenhang mit der Ausbildung derartiger 

Gesundheitseinschränkungen stehen, zu ermitteln. Insbesondere Epithelzellen, Immunzellen und 

Fibroblasten sind stark involviert in die Reaktion auf fremdartige Stoffe, welche bis in die 

Lungenbläschen, und von dort sogar in das Bindegewebe und den Blutkreislauf, vordringen können. 

Die zuvor genannten Zelltypen, aber auch Endothelzellen, welche die Blutgefäße bilden, weisen eine 

ständige Kommunikation auf, welche durch physikalische oder chemische Einflüsse substantiell 

gestört werden und somit zu genetischen oder zellulären Defekten führen kann. Letztere können für 

schwerwiegenden Folgen wie Lungenkrebs oder -fibrose verantwortlich sein. 

Verschiedene Zellmodelle wurden durch die Exposition gegenüber verschiedener Luftschadstoffe 

hingehend ihrer Fähigkeit untersucht, Fibrose-relevante Veränderung zu detektieren. Dazu wurde 

die Freisetzung von Partikeln beim Trockenschneiden von (thermisch behandeltem) Carbonbeton 

physikochemisch und toxikologisch in kokultivierten Lungenepithelzellen und Fibroblasten 

analysiert. Insbesondere das thermisch behandelte Material, hat Fasern freigesetzt, welche durch die 

WHO als gefährlich eingeschätzte Dimensionen aufwiesen. In dem angewandten Zellmodell rief 

dieses Material eine akute Entzündungsreaktion und (sekundäre) DNA-Schäden hervor. Des 

Weiteren zeigten Transkriptomanalysen, dass diese Partikel pro-fibrotische Signalwege 

beeinflussen und somit möglicherweise zur Entstehung von Lungenfibrose beitragen. Eine weitere 

Studie konnte unter Verwendung von Epithelzellen, Makrophagen und Fibroblasten zeigen, dass die 

inflammatorische Signalübertragung eine wichtige Rolle in der Ausbildung eines pro-fibrotischen 

Phänotyps einschließlich des epithelial-mesenchymalen Übergangs sowie der sekundären 

Genotoxizität spielt und deshalb in toxikologischen Untersuchungen nicht vernachlässigt werden 

sollte. Des Weiteren sind Makrophagen in der Eliminierung von Schadstoffen involviert, was zu 

einer geringeren Zytotoxizität führen kann. Somit reflektiert solch ein Zellmodell die Vorgänge in 

der Lunge präziser und kann das Gesundheitsrisiko genauer einschätzen. Auch ein Zellmodell 

bestehend aus Epithel- und Endothel-zellen hat erste Anzeichen für pro-fibrotische Veränderungen 

nach Exposition gegenüber sekundärer organischer Aerosol aufgezeigt. 

 



 

 

Alle Zellmodelle, welche für diese Arbeit entwickelt und angewandt wurden, sind einfach und 

kostengünstig in ihrer Herstellung und könnten zur Reduktion von Tierversuchen beitragen. Die 

Untersuchungen haben gezeigt, dass die Modelle dafür geeignet sind mechanistische Vorgänge 

induziert durch Luftschadstoffe in Bezug auf die Entwicklung von Lungenfibrose zu erfassen und 

somit die Toxizitätseinschätzung zu erleichtern.  
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Abstract 

Due to growing industrialization and an increased production of nanomaterials, humans are 

increasingly exposed to the health hazards of respirable contaminants. In order to better assess the 

resulting risk and to meet the growing ethical requirements for testing methods, there is a need to 

develop alternative testing strategies to animal testing. With regard to inhalation toxicology, these 

should not only reflect the anatomical and physiological conditions in the human lung, but also allow 

the time-saving and cost-effective determination of toxicological effects. Since exposure to inhalable 

agents such as fibers or fine dusts is associated with the development of pulmonary fibrosis or 

cardiovascular disease, this work developed several in vitro cell models capable of detecting 

mechanistic changes associated with the development of such health impairments. In particular, 

epithelial cells, immune cells and fibroblasts are strongly involved in the response to foreign 

substances, which can penetrate into the alveoli, and from there further into the connective tissue 

and circulation. The aforementioned cell types, as well as endothelial cells that form blood vessels, 

exhibit constant communication, which can be substantially disrupted by physical or chemical 

influences, leading to genetic or cellular defects. The latter can lead to serious consequences such as 

lung cancer or fibrosis. 

 

In this work, various cell models were investigated by exposure to different air pollutants with 

respect to their ability to detect fibrosis-relevant changes. For this purpose, the release of particles 

during dry cutting of (thermally treated) carbon concrete was physicochemically and toxicologically 

analyzed in co-cultured lung epithelial cells and fibroblasts. Especially the thermally treated 

material, released fibers possessing dimensions considered hazardous by the WHO. In the applied 

cell model, this material evoked an acute inflammatory response and (secondary) DNA damage. 

Furthermore, transcriptome analyses showed that these particles affect pro-fibrotic signaling 

pathways and thus possibly contribute to the development of pulmonary fibrosis. Another study, 

using epithelial cells, macrophages, and fibroblasts, demonstrated that inflammatory signaling plays 

an important role in the formation of a pro-fibrotic phenotype, including epithelial-mesenchymal 

transition, as well as secondary genotoxicity, and therefore should not be neglected in toxicological 

studies. Moreover, macrophages are involved in the elimination of contaminants, which may result 

in lower cytotoxicity. Thus, such cell model more accurately reflects processes in the lung and can 

more accurately assess the health risk. Also a cell model consisting of epithelial and endothelial cells 

has shown first signs of pro-fibrotic changes after exposure to secondary organic aerosol. All cell 

models developed and applied for this work are simple and low-cost to produce and could contribute 

to the reduction of animal testing. The studies have shown that the models are suitable to capture 

mechanistic processes induced by air pollutants in relation to the development of pulmonary fibrosis 

and thus to facilitate comprehensive toxicity assessment.  
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1. Motivation & Scope 

There are concerning and undeniable evidences that ambient (outdoor) and indoor air pollution is 

severely impacting human health by causing acute and chronic diseases like COPD (chronic obstructive 

pulmonary disease), heart diseases and strokes, lower respiratory tract infections, lung fibrosis and 

cancer [1-3]. The World Health Organization (WHO) claims that approximately 7 billion premature 

deaths per year occur due to air pollutants and states that, in 2019, 99 % of the global population lived 

in areas not fulfilling WHO air quality guidelines levels [4], of which an enormous proportion appears 

to live in low- and middle-income countries (WHO, Air pollution data portal, 2022). Driving sources 

of air pollution are of anthropogenic as well as natural origins (Figure 1). Whereas windblown dusts, 

wildfires, volcanic activities and plants release particulate matter (PM) of varying physical and 

chemical characteristics, as well as compounds such as trace gases and volatile organic compounds 

(VOCs) naturally [5], mankind contributes tremendously to the emission of such materials through the 

industrial, agricultural as well as energy and mobility sectors [6-8]. 

Even though the world’s population is continuously exposed to a polluted environment and its 

association with severe diseases is well known, there are large knowledge gaps regarding specific 

inhalable pollutants and their interaction with the human body, their metabolism, modes-of-action and 

influence on the development of deleterious outcomes [9, 10]. Especially for regulatory purposes, the 

need for new approach methodologies (NAMs) is unavoidable due to the rapidly growing industrial 

sector, which brings more and more innovative materials of unknown toxicological properties to the 

market [11]. With the European Union compliance on Registration, Evaluation, Authorization and 

Restriction of Chemicals (REACH), which came into force in 2007, new manufactured or imported 

products (≥ 1 ton/year) have to be registered and require the communication of information concerning 

consumer safety [12, 13]. This state of affairs poses great challenges; as regulatory requirements can 

hardly be met by the sole use of animal testing. To investigate mechanisms of underlying toxicity, 

estimate health risks and to protect from harmful substances such as airborne compounds, the 

development of advanced cell models is inevitable. This approach not only allows the avoidance or 

reduction of animal experiments in consent with the 3R principle to reduce, refine or replace animal 

experiments [14], but also the provision of an efficient and physiologically relevant high-throughput 

screening methodology [15-17]. 

 

With respect to the urgent need for NAMs, also the evaluation of secondary (genotoxicity) mechanisms-

of-action is giving important information on toxicological pathways and should be considered in the 

development of new in vitro test systems. Especially nanomaterials are known to exert secondary organ 

toxicity, whether due to direct or indirect mechanisms of actions, and are associated with increased 

health burden such as cardio-vascular or neurological disorders [18, 19]. Advanced cell culture 

techniques with separate cultivation of representative cell types allow for dedicated investigation of 

secondary organ effects. Such methods were successfully applied in the publications listed above and 

which are highlighted in this work, investigating indirect secondary effects occurring due to cell-cell 

interaction. Moreover, this dissertation presents the relevance and the development of three different 
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multicellular in vitro systems, which are able to highlight the possible involvement of primary and 

secondary mechanisms of genotoxicity in pulmonary fibrosis.

Figure 1: Sources of air pollution and physico-chemical properties influencing related toxicity. 

Anthropogenic sources (red) like industry, agriculture, farming, housing and the mobility sector as well as 

biogenic sources (blue) like wildfires, volcanic activities, plant emissions and dust storms are contributing

tremendously to outdoor, but also indoor air pollution. The degree and the mechanisms of toxicity greatly depends

on the physico-chemical properties of the aerosols such as the size, mass, number concentration or surface area.

Moreover, chemical compounds present in environmental aerosols like e.g. PAHs, metals, aldehydes or acids may 

tremendously impact human health. Created with BioRender.com.
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2. Introduction 

2.1 Pulmonary fibrosis 

2.1.1 Disease phenotype 

Lung fibrosis is an irreversible, progressive disorder of the lower respiratory tract, which may follow a 

tissue damage through a chemical or physical insult, besides a possible hereditary disease formation. It 

involves a scarring of the alveoli through excessive extracellular matrix (ECM) deposition such as 

collagen and is caused by a non-physiological wound healing response [20, 21]. The alteration of the 

tissue results in stiffness and thickening of the lungs and manifests itself in shortness of breath, dry 

coughing and fatigue syndrome [22, 23]. Until to date, there is no cure for pulmonary fibrosis and the 

only treatment is to ease the symptoms of the patient and slow down the progression of the disease by 

antifibrotic drugs [24]. In the majority of the cases, the origin of the disease is barely known and comes 

with an average life expectancy of 3 to 4 years after diagnosis [25]. In such cases it is referred to 

idiopathic pulmonary fibrosis (IPF). It is estimated that the latter could be linked to several factors like 

exposure to dusts or fumes, smoking, viral infections, genetic predispositions or aging, but there are no 

evidences for a direct relationship between the mentioned sources and IPF formation [23]. 

 

2.1.2 Mechanistic background 

Even though there are indications for a vast amount of signaling pathways involved in disease 

pathology, cellular and molecular mechanisms of onset and progression of pulmonary fibrosis need to 

be further unraveled [26]. In pro-fibrotic and fibrotic conditions several cell types undergo fundamental 

changes in morphology, location, function and secretion pattern influencing each other’s fate [27-29]. 

The multifaceted cell-to-cell interplay is a challenging factor in defining a precise and comprehensive 

disease pathway. 

Molecular pathways associated with fibrosis development have been widely researched in the past years 

[21, 26, 30]. It is assumed, that upon physical or chemical insult of environmental stressors on the 

alveolar epithelial cell layer (Figure 2), as first response residential cells like alveolar macrophages are 

activated and try to clear the pathogen from the injured alveolar tissue [31]. To support clearance and 

wound repair mechanisms, macrophage activation is followed by a release of pro-inflammatory and 

pro-fibrotic mediators, which leads to subsequent recruitment of additional pro-inflammatory cells such 

as neutrophils. The latter participate in the wound healing process by the release of pro-fibrotic 

cytokines playing a role in ECM deposition and remodeling [26]. In addition to that, epithelial type II 

cells become activated and undergo epithelial-mesenchymal transition (EMT) by losing their cell 

polarity and cell-cell adhesion in response to the inflammatory cytokine burst [32]. Epithelial cells gain 

a fibroblast-like mesenchymal phenotype achieving invasive and migratory properties to participate at 

the site of action in wound closure processes [21, 23]. Moreover, upon excessive ECM deposition, 

fibroblasts of the connective tissue get activated and differentiate into star- or web-shaped 

myofibroblasts which stimulate further ECM production and are able to contract the edges of the wound 

due to their contractile power [21, 33, 34]. 



4 | I n t r o d u c t i o n

Figure 2: Cellular changes and interactions in pulmonary fibrosis. Schematic depiction of alveolar 

differences in healthy (left) or diseased (right) conditions. In fibrotic tissue, epithelial cells (orange) and 

fibroblasts (green) show morphological changes (EMT and fibroblast-myofibroblast transition), accompanied by 

extracellular matrix deposition (ECM) and an infiltration of inflammatory cells such as neutrophils (pink) into 

the alveolus. Adapted from “Acute Respiratory Distress Syndrome (ARDS)”, by BioRender.com (2022).

All processes mentioned display physiological events of the wound healing response and do not 

necessarily mean an establishment of fibrotic conditions. Under physiological circumstances, following 

an acute and transient impact, injured tissue is repaired and myofibroblasts, immune cells as well as 

excessive ECM are removed from the wound site [35]. Contrariwise, a permanent persistence of 

myofibroblasts and scarred tissue caused by a repeated or sustained insult favoring chronic 

inflammation is associated with an aberrant wound healing response and a progression of the disease. 

In pulmonary fibrosis the complex intercellular communication is imbalanced and subject to the 

dysfunction of individual cell types, which makes the investigation of the etiology of the disease and 

the development of proper healing agents enormously challenging [20, 21, 34].

2.2 Primary and secondary genotoxicity and its role in fibrosis

Recent research indicates a strong correlation between fibrosis and chronic inflammation, as well as 

inflammation and DNA damage [36-39]. Given that we are continuously exposed to genotoxic 

pollutants via inhalation, it could be assumed that an increased DNA damage or a disturbance of DNA 

damage response pathways is driving pulmonary fibrosis onset and progression. A great amount of 

environmental agents is known to follow a genotoxic mode of action (Figure 3) via different 
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mechanisms involving primary genotoxicity in the target cell itself or secondary genotoxicity in cells 

not directly exposed to the toxicant [40, 41]. Direct primary genotoxicity can be caused by several 

factors. DNA may be oxidized by elevated levels of reactive oxygen (ROS) or nitrogen (RNS) species 

initiated by a reactive particle surface or particle-bound metals [38, 42, 43]. Furthermore, genotoxic 

compounds like polycyclic aromatic hydrocarbons (PAHs) adsorbed to the particle surface can directly 

bind to the DNA forming stable DNA adducts [44, 45]. Moreover, there is the possibility for small 

particles such as ultrafine particles (UFP) to translocate to the nucleus and directly interact with the 

DNA [40, 46-48]. Apart from that, primary genotoxicity can get indirectly induced due to a disturbed 

mitochondrial metabolism [49-51], a disruption of the cell division and repair machinery [52-54] or an 

imbalance in the antioxidative defense system [55-57].

Figure 3: Mechanisms of primary and secondary genotoxicity. Primary genotoxicity occurs through direct 

interaction of the target cell with the toxicant or indirectly due to disturbed molecular mechanisms. Secondary 

genotoxicity is the result of elevated levels of reactive oxygen species (ROS), most often following a chronic 

inflammatory response. Created with BioRender.com.
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Secondary genotoxicity mostly occurs in the form of DNA oxidation and is primarily evoked by the 

formation of ROS induced as result of the clearance-related phagocytic oxidative burst of macrophages 

resulting in pro-inflammatory signaling [47, 58]. Furthermore, it could derive from the target cell’s 

metabolism or the genotoxicant itself. Generally, the human body is able to cope with endogenous and 

low levels of exogenous DNA damage through a DNA repair machinery comprising a complex network 

of DNA damage recognition and repair enzymes to restore genomic stability [59]. In case of excessive 

levels of DNA damage, impaired defense or repair mechanisms, DNA lesions become persistent and 

possibly resulting in gene mutations [60, 61]. Unresolved DNA damage is known to be involved in 

processes like epithelial dysfunction, abnormal fibroblast proliferation, EMT or myofibroblast 

differentiation [62], all of which display key events in the course of pulmonary fibrosis development. 

 

2.3 Fibrosis-related adverse outcome pathways 

As consequence of a constantly growing production and identification of (nano)materials (NM) a 

testing strategy apart from time- and resource-consuming animal testing is required to assess the hazard 

of hundreds newly developed or identified materials released to the environment [16, 63]. For this 

reason, the adverse outcome pathway (AOP) concept was established, reflecting a systematic 

mechanistic overview of a certain adverse outcome (AO) and its formation due to a molecular initiating 

event (MIE), which is ideally well-defined. However, in the case of NM it could be a challenge to 

assign a certain MIE, since not all NM involve specific molecular actions with cellular components as 

observed for chemical exposures [63, 64]. Nevertheless, the AOP approach can be applied by either 

describing non-specific interactions, or by defining selected possible MIEs [65]. This primary 

biological interference is followed by a causative chain of key events (KE) resulting in a certain AO. 

Such linear approach allows for defined targeting of relevant cellular or molecular events in toxicity 

assessment and poses a guidance for tiered safety assessment approaches [63, 66, 67]. As a single AOP 

reflects only a particular MIE associated with the formation of a specific outcome, a connection of 

several AOPs in the frame of an AOP network mirrors the outcome development more precisely and 

might enable a more comprehensive and effective testing strategy [68]. 

Pulmonary fibrosis is known to be induced through several MIEs depending on the physical and 

chemical properties of the external stressor. Whereas most AOPs describe a more generalized 

compound or nanomaterial unspecific interaction with residential cell membrane components leading 

to a series of key events (Figure 4), there are AOPs existing which involve compound class specific 

MIEs and pathways [68]. Especially organic, nonpolar chemical compounds like PAHs dissociated 

from the particle surface are readily taken up by the cell through diffusion and interact with the cell by 

aryl hydrocarbon receptor (AHR) dependent or independent mechanisms. The mechanism of AHR 

activation is well understood and is associated with the induction of various signaling pathways such 

as the AHR, transforming growth factor beta (TGF-β), interleukin (IL) 6 or p53 pathways (AOP 415) 

[69, 70]. 
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Figure 4: General AOP of pulmonary fibrosis formation. The adverse outcome (AO) pulmonary fibrosis is 

induced by a molecular initiating event (MIE) followed by a series of key events (KEs) on cellular level involving 

inflammatory signaling and ROS/RNS release, which induces morphological (epithelial-mesenchymal transition 

(EMT)) and cellular compositional changes like fibroblast proliferation and differentiation into myofibroblasts 

followed by extracellular matrix deposition on organ level. Created with BioRender.com.

This activation could, on the one hand, be a potential cause for fibrosis-development itself due to the 

enhancement of inflammation, proliferation or loss of cell-cell adhesion [71], but, on the other hand, 

could also lead to the activation of phase I metabolizing enzymes such as cytochrome P450 (CYP450) 

family members CYP1A1 or CYP1B1 or epoxide hydroxylase (EH, Figure 5). Even though phase I 

metabolism aims to detoxify xenobiotics by adding functional groups to the rather nonpolar 

compounds, it might lead to further toxification in the first step [44]. Commonly known pro-

carcinogens such as benzo[a]pyrene (BaP) are metabolized to reactive electrophilic radical cations, diol 

epoxides or quinones, which should ideally be conjugated by phase II metabolism enzymes to 

endogenous, highly hydrophilic compounds facilitating a fast excretion of the toxicant from the body. 

However, such reactive metabolites are short-lived and particularly prone to react with macromolecules 

such as DNA, proteins or lipids, leading to an altered gene regulation and molecular function, which 

could be associated with lung cancer or fibrosis development [44, 72].

Besides chemical interaction, also physical particle characteristics play a pivotal role in the 

development of fibrosis-associated outcomes. Exposure to high aspect ratio materials (HARMs) like 

asbestos fibers, carbon fibers (CFs) or multi-walled carbon nanotubes (MWCNTs) is associated with 

the event of frustrated phagocytosis, which involves the rupture of the engulfing cells membrane due 

to a particle size exceeding the size of the cell. This is followed by cytokine and reactive species (RS) 

release, interconnected with lung cancer formation (AOP 303), but could also be associated with 

fibrosis development [63, 68]. In addition to that, it should be noted, that nanoparticles such as UFPs 
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are able to translocate to the nucleus and might induce pathways through direct interference with the 

genetic material or cell division machinery like the mitotic spindle [46, 53].

Figure 5: Xenobiotic metabolism. Lipophilic compounds easily enter the cell and are metabolized by phase I 

and II metabolism enzymes. Oxidoreductases such as cytochrome P450-dependent monooxygenases or aldo-keto 

reductases as well as hydrolases such as epoxide hydrolase increase the reactivity of nonpolar compounds through 

the addition of functional groups. This can lead to conjugation reactions with endogenous hydrophilic compounds 

facilitated by UDP-glucuronosyltransferases, sulfotransferases or glutathione-S-transferases enabling excretion, 

or result in a toxification of the compound, which can lead to DNA/protein/lipid adduct or ROS formation.

2.4 Model systems to address pulmonary fibrosis

Due to the complex interplay of various cell types like epithelial cells, macrophages and fibroblasts as 

well as cross-organ signaling, the most common way to assess systemic mechanism of pulmonary 

fibrosis induced by toxicants usually involved animal organisms [73]. Owing to dissimilar anatomy and 

physiology of humans and commonly used test animals such as mice and rats (Figure 6, H), especially 

of the inhalation tract [74], but also to fulfill ethical goals of abolishing or reducing animal testing, the 

development of physiologically relevant in vitro models is of great concern. Furthermore, human ex 

vivo precision cut lung slices (PCLS, I) may be used to predict respiratory toxicology [75], but require 

expert knowledge and are not feasible for high-throughput screening. Particularly for the investigation 

of secondary effects further development of advanced non-animal systems is crucial [76]. Even though 

test systems comprising a single cell type [77] are able to give a first impression of local toxicity, mutual 

intercation of different cell types and their intercellular signaling cannot be considered (A) compared 

to direct co-cultures (B) culturing multiples cell types in one compartment [78]. Another approach 

involves the treatment of secondary cells with the conditioned cell culture medium of already exposed 

cells (C) [79]. In such case, however, the secondary cells are solely exposed to the medium of an 

accumulated and time-delayed snapshot, which does not allow for kinetic studies. Moreover, usually 

sample media are stored for investigation at a later time point, which can influence sample media 

composition and the loss of signaling molecules due to usually prolonged freezing storage. Another 

important factor is that simple test systems are often applied under submerged conditions (A-E). 



I n t r o d u c t i o n  | 9 

 

 

 

However, since the epithelial layer in the lung is exposed to aerosols containing air, transferable inserts 

have been developed, which allow the construction of organotypic cultures on a membrane with the 

apical side facing the air and the basolateral side supplied with nutrients contained in the medium, 

referred to as air-liquid interface (ALI, F+G) [75, 80]. Furthermore, this support enables the cultivation 

and cell-specific investigation of secondary cells of interest on the downside of the membrane 

permitting direct cell-cell contact (F) [76, 81, 82] and further addition of cells on the bottom of the well 

(G). As complexity of the model systems is increasing, the more time-consuming and cost-intensive 

the preparation becomes, nevertheless, physiological relevance and the quality of data is rising as well 

[75].  

 

 
 

Figure 6: Model systems for 

toxicity testing. Simple test 

systems as mono (A) or direct 

co-cultures (B) pose easy-to-

use high-throughput test 

systems but do not allow for 

cell-specific secondary effects 

as conditioned cultures (C) or 

organotypic insert supported 

indirect co-cultures (D-G). 

Cultures gain in physiological 

relevance when apical cells are 

cultured at the air-liquid 

interface (F+G). If in vitro tests 

are not sufficient, animal 

testing (H) or ex vivo tissue 

slices (I) become the tool of 

choice. Created with 

BioRender.com. 
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3. Aims of the study 

As we are continuously exposed to airborne particles and particle-bound chemical compounds through 

outdoor and indoor air pollution, the assessment of associated toxicological effects is of great concern. 

A vast amount of studies deals with the exposure to anthropogenic aerosol, investigating, amongst 

others, health-related effects of aerosols deriving from traffic [77, 83], industry [84] or residential 

heating [39, 85]. Of major concern is the inhalation of fine particulate matter (PM2.5, diameter < 2.5 

µm) [86, 87] and ultrafine particulate matter (UFP, diameter < 100 nm) [88, 89], the toxicity of which 

strongly depends on its physico-chemical composition. The latter is influenced by environmental 

factors such as atmospheric aging, which involves an (photo-)oxidative or photolytic transformation of 

volatile organic compound containing primary organic aerosols (POA) to secondary organic aerosols 

(SOA) [82, 83, 90]. 

Apart from this, indoor air pollution may pose an even greater health risk, as concentrations often 

exceed those of ambient air [91, 92]. Nevertheless, there is less knowledge on specific mechanisms of 

toxicity of indoor PM. Most research is done in the area of workplace safety, especially in the field of 

engineered nanotechnology [37, 93, 94], construction and recycling materials [95-97]. Probably the 

most studied particle and its health-related effects is asbestos, which has caused a certain sensitization 

to the toxic potential of fiber-like materials, especially those possessing a length > 5 µm, a diameter < 

3 µm and a length-to-diameter ratio > 3 and which are thereby considered as hazardous by the World 

Health Organization (WHO; IARC Monographs - 100C). Man-made mineral fibers (MMMFs) like 

carbon nanotubes (CNTs) or carbon fibers are of particular interest, as they pose a high tensile strength 

and durability, which makes them an attractive polymer composite [98] or composite construction 

material in the building sector [99, 100] or in wind turbine rotor blades [101]. On the other hand, it is 

exactly these properties, which increase the durability and biopersistence of the material and make it 

hazardous when releasing inhalable particles. 

 

This study (Figure 7) reports the development of multicellular in vitro models, comprising epithelial 

cells and fibroblasts or epithelial cells, macrophages and fibroblasts, all of which display an important 

function in the development of pulmonary fibrosis. Furthermore, the thesis aims to unravel the 

toxicological potential of various air pollutants like fibrous construction materials such as (thermally 

treated) carbon-reinforced concrete ((tt)C3) or carbon rods (CR) as well as MWCNTs focusing on 

secondary genotoxicity and pro-fibrotic events. Additionally, similar research was performed for 

anthropogenic (naphthalene) and biogenic (β-pinene) SOA, assessing the potential of secondary 

toxicity on endothelial cells to address cardiovascular impairment in the frame of fibrosis. 
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Figure 7: Aims of the thesis. The study aimed to develop fibrosis-specific model systems to assess primary and 

secondary toxicity of multi-walled carbon nanotubes (MWCNTs), UFP, carbon rods (CR), (thermally treated) 

carbon fiber-reinforced concrete ((tt)C³) as well as biogenic (SOAβPIN-SP) and anthropogenic (SOANAP-SP) 

secondary organic aerosols. The model systems contained fibrosis-associated cell types such as epithelial cells, 

macrophage and, fibroblasts as well as endothelial cells. Created with BioRender.com.

Specified description of aims:

i. Development of multicellular test systems comprising main cell types known to 

participate in lung fibrosis

ii. Elaborate chemical, morphological and toxicological differences of particles released 

from dry-cutting of different carbon-based construction materials as risk estimation in 

domestic fire events and the assessment of primary and secondary toxicity of the 

materials regarding fibrosis formation

iii. Validation of the developed triple culture (TC) system with MWCNTs as benchmark 

particle and the comparison of the TC with less complex cell systems to analyze the 

influence of macrophages on cytotoxicity, (secondary) genotoxicity as well as pro-

fibrotic outcomes

iv. Development of a sensitive detection method of glutathione and its disulfide by liquid 

chromatography coupled with tandem mass spectrometry for the use in multicellular 

test systems

v. Investigation of UFP containing aerosols with low and high organic content regarding 

their acute (geno-)toxic potential

vi. Assessment of primary and secondary toxicological potential of biogenic (β-pinene) 

and anthropogenic (naphthalene) SOA (SOANAP-SP and SOAβPIN-SP) and the possible 

involvement in pro-fibrotic conditions
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4. Fundamentals of applied methods 

4.1 Model development 

To address the toxicity induced by airborne pollutants, several in vitro test systems of varying 

complexity were established. The studies were conducted in co-cultures of epithelial cells (A549) as 

well as fibroblasts (MRC-5) or endothelial cells (EA.hy926) at the ALI to investigate the effects of 

exposure to the aforementioned construction materials or SOA, respectively. In addition to that, a 

physiologically more appropriate triple culture model of epithelial cells, macrophages (dTHP-1) and 

fibroblasts was established and compared to a co-culture of epithelial cells and fibroblasts and a 

monoculture of epithelial cells exposed to MWCNTs under submerged conditions. 

In order to create the best test conditions, some pretesting had to be performed. For all multicellular 

culture systems, different culture media were tested for the different cell lines to assure a suitable 

medium for all cell lines, allowing both, rapid growth and proper proliferation of all cell types. 

Furthermore, the seeding order of cells was investigated, as well as suitable cell densities and ratios in 

order to gain viable and physiologically relevant cell models. The triple culture deserved further testing 

to achieve proper fibroblast growth of cells in a uniform and not confluent single cell layer, which 

required an adequate coating of the transwell insert membrane. Furthermore, in this model, THP-1 cells 

are differentiated from monocytes to macrophages using phorbol-12-myristate-13-acetate (PMA), 

which needed the examination of different PMA concentrations as well as different differentiation 

durations to receive the best differentiation and adhesion on the epithelial layer of macrophages. Once 

all conditions were set to optimum, the assembly of the cultures on the transwell inserts could be 

accomplished. 

As depicted in Figure 8, for the combination of the cells, first, epithelial cells are seeded on the upside 

(apical) of the membrane and maintained in cell culture medium. The next day, the insert is inverted 

and either MRC-5 or EA.hy926 cells are seeded in a bubble of cell culture medium on the downside 

(basolateral) of the (pre-coated) membrane for one hour. After turning back the inserts, the triple culture 

requires further seeding of differentiated THP-1 cells on top of epithelial cells before being exposed to 

MWCNTs under submerged conditions two days after. The co-culture and monocultures systems 

involved in this study, were built in the same way as the triple culture, even if no cells were added, to 

achieve the highest comparability. The co-culture models used in the studies of construction materials 

or SOA, are lifted to ALI the day after inverted seeding, followed by exposure to PM2.5 of CR, C³ and 

ttC³ or SOANAP-SP and SOAβPIN-SP the next day. 
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Figure 8: Seeding schemes of the used cell model systems. All cell models used required an inversion of the 

insert membrane containing epithelial cells (A549) with subsequent seeding of fibroblasts (MRC-5) or endothelial 

cells (EA.hy926). The addition of macrophages (dTHP-1) resulted in a fibrosis-relevant cell model, which was 

exposed under submerged conditions to MWCNTs and compared to less complex systems. Co-cultures containing 

either MRC-5 or EA.hy926 were exposed at air-liquid interface (ALI) to carbon rods (CR) and (thermally treated) 

carbon concrete ((tt)C³) or naphthalene and β-pinene derived secondary organic aerosols (SOANAP-SP/SOAβPIN-SP).

4.2 Cytotoxicity assessment

Before performing in-depth toxicological characterization of potential genotoxicity, inflammation or 

gene expression changes, a comprehensive cytotoxicity assessment is required in order to avoid 

misinterpretation of data, evoked due to cell death-related signaling or disintegration of cellular 

components such as DNA. The release of lactate dehydrogenase (LDH) into the cell culture medium or 

the metabolic activity are generally reliable measures of cell viability. However, both assays can be 

negatively influenced by physical interaction of particles with LDH or an interference of particles with 

the absorbance or fluorescence of the detected dyes, which might result in false or inconsistent data 

[102, 103]. Therefore, especially for nanomaterial testing, the use of at least two cell viability tests, 

proper interference controls or the use of non-colorimetric or non-fluorescent endpoints such as cell 

count or colony forming efficiency (CFE) are recommended [104, 105].

4.2.1 Lactate dehydrogenase release

The fairly stable enzyme LDH is increasingly released into the cell culture medium when cells undergo 

cell death, which is accompanied by a rupture of their cell membrane releasing cytosolic constituents 

into the surroundings. The assay (Figure 9) uses the reduction activity of LDH converting lactate to 
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pyruvate by producing the reducing agent nicotinamide adenine dinucleotide (phosphate) NAD(P)H. 

The latter is consumed by a reaction of yellow tetrazolium salt to the red formazan dye displaying an 

absorbance at λ=490 nm, which is quantifiable and proportional to the released LDH and thereby the 

amount of damaged cells, reflecting cytotoxicity [106].

Figure 9: Principle of the LDH assay. Lactate dehydrogenase (LDH) is released into the sample medium when 

the cell membrane is damaged. LDH oxidizes lactate to pyruvate, which favors the color reaction of a tetrazolium 

salt to formazan through the production of nicotinamide adenine dinucleotide (phosphate) (NAD(P)H). The 

absorbance can be quantified and is proportional to cytotoxicity at λ=490 nm. Created with BioRender.com.

4.2.2 Metabolic activity

The resazurin reduction assay (Figure 10) was used to assess cell viability by means of metabolic 

activity and is based on the fluorometric redox-reaction of the blue non-fluorescent dye resazurin (7-

hydroxy-3H-phenoxazin-3-one 10-oxide) to its highly fluorescent reduced counterpart, the pink 

resorufin (7-hydroxy-3H-phenoxazin-3-one) dye. Both indicators are cell membrane permeable, which 

enables the intracellular reduction of resazurin to resorufin by NAD(P)H or flavin adenine dinucleotide 

(FADH) deriving from aerobic respiration processes, and the subsequent release of the reduced 

resorufin into the reagent solution. Resazurin may be reduced by mitochondrial or cytosolic reductases 

such as NADH-ubiquinone reductase 1 or flavin reductase, which makes the redox-pair good metrics 

for the cellular metabolism status by measuring the fluorescence of resorufin at λ=570 nm [105].
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Figure 10: Principle of the resazurin reduction assay. Resazurin is taken up by the cell and metabolized by 

reducing agents such as nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) produced by cytosolic or 

mitochondrial metabolism. Resorufin is released by the cell and its fluorescence can be detected and is 

proportional to the metabolic activity indicating cell viability. Created with BioRender.com.

4.2.3 Cell count and colony forming efficiency

Fluorescence- and absorbance-independent cytotoxicity assays are particularly important when testing 

(MW)CNTs, since they have frequently shown in previous studies to interfere with the applied detection 

agents [102, 107]. For this reason, a combination of cell count and CFE was added to the spectrum of 

cytotoxicity tests used in the present study. After treatment, cells are harvested and counted by 

suspending them with trypan blue dye, which allows to discriminate between alive and dead cells. Since 

the azo dye is not cell membrane permeable, only dead cells with disrupted membranes are internalizing 

the dye [108]. A decreased microscopic live cell count or increasing amount of stained cells therefore 

indicates cell death or cytotoxicity, respectively.

A subsequent examination of CFE is conducted by re-plating the harvested cells into culture dishes at 

a single-cell density and following-up their ability to proliferate and to form colonies. After 

approximately one week the colonies are fixed, visualized with Giemsa stain and counted manually. 

The colony forming efficiency is than calculated according to the following equation [109]:

CFE [%] = Average number of colonies of exposed cells
Average number of colonies of control cells × 100

Advantageously, the percentage of CFE is not only describing cytotoxic effects, but shows also an 

impact on proliferation, why it is often referred to as clonogenicity, which describes the potential of 
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cells to divide. Not necessarily a decreased CFE represents cytotoxic events, but could also display a 

deceleration of the cell cycle as response to increased DNA damage or due to alteration of cell cycle 

controlling enzymes. In pro-fibrotic conditions an increased CFE could be observed due to enhanced 

fibroblast proliferation [34]. Moreover, often it is observed that nanomaterials induce proliferation at 

low particle concentrations, which might be related to the induction of repair or clearance mechanisms 

[110, 111].

4.3 Inflammatory potential - interleukin 8 release

The presence of inflammatory mediators such as interleukin 8 (IL-8) in the exposure medium is 

commonly assessed by an enzyme-linked immunosorbent assay (ELISA) [112]. In this study we used 

the principle of a sandwich ELISA, in which the wells of a 96 well plate are coated with an antigen-

specific capture antibody (Figure 11, 1), which strongly binds the antigen of interest (2, e.g. IL-8). In 

the next step, a biotinylated detection antibody recognizes the bound analyte (3), which is followed by 

binding of a streptavidin-horseradish peroxidase conjugate, which catalyzes an enzymatic color 

reaction of a chromogenic substrate such 3,3′,5,5′-Tetramethylbenzidine (TMB, 4). Subsequently, the 

absorbance can be measured and the exact concentration of the analyte is calculated by using a standard 

curve.

Figure 11: Principle of the sandwich ELISA. A 96 well plate is coated with a capture antibody (1) binding the 

agent of interest (2), which binds a biotinylated detection antibody (3). The latter is bound itself by a streptavidin-

horseradish peroxidase conjugate, which promotes the color reaction of a chromogenic substrate (TMB, 4), the 

absorbance of which can be detected and quantified. Adapted from “Sandwich ELISA”, by BioRender.com 

(2023).
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4.4 Indirect ROS measurement by malondialdehyde 

Malondialdehyde (MDA), one of the end-products of lipid peroxidation, is commonly used as a 

biomarker for oxidative stress since it can be the end product of free radical toxicity [113]. Free radicals 

can either covalently bind to macromolecules such as DNA, proteins and lipids or initiate a chain 

reaction of lipid peroxidation of unsaturated fatty acids, as found in the lipid bilayer of the cell 

membrane. The degradation of fatty acids is propagated as radicals rapidly react with non-radicals, 

again forming highly reactive radicals. However, this chain reaction is terminated when two radicals 

react with each other to form a non-radical product. To finalize the chain reaction, the probability that 

two radicals react with each other must be very high, which implies that also concentrations of free 

radicals must be high. Considering that the cell is scavenging a certain amount of reactive species 

through antioxidative detoxifying systems such as superoxide dismutase or glutathione, radical 

concentrations inside the cell must be already remarkably high when MDA is formed [114, 115]. 

In this study, MDA released into the exposure medium is analyzed by liquid chromatography coupled 

with tandem mass spectrometry (LC-MS/MS) [116]. Since MDA itself is a highly reactive electrophilic 

compound it requires derivatization to detect and measure it. For this purpose, 2,4-

Dinitrophenylhydrazine is used, which is a nucleophilic compound specifically reacting with ketones 

and aldehydes such as MDA. Owing to the increased reactivity, MDA concentrations quantified might 

underestimate the level of ROS, since the measured fraction only represents free MDA and not the 

fraction that might formed covalently bound adducts with proteins or DNA, which also makes MDA a 

possible genotoxicant [113]. 

 

4.5 Genotoxicity assessment 

To assess possible direct or indirect DNA damage caused by the physical characteristics of particles or 

their chemical constituents, the alkaline mini-gel version of the comet assay (Figure 12) was performed 

[93]. This method detects single and double strand breaks as well as alkali labile sites such as apurinic 

or apyrimidinic sites. 

For the assessment, cells are detached from both sides of the membrane by trypsin and single cells are 

embedded in agarose mini-gels on a microscope slide. While the cells are lysed, the nascent DNA is 

set free and gets unwind through alkaline treatment. In the next step, the nucleoids are exposed to an 

electric field, which makes pieces of DNA strands, occurring due to strand breaks, move towards the 

anode, since the DNA is negatively charged. DNA without strand breaks does not move during 

electrophoresis, which results in the formation of comet-shaped nucleoids, bearing intact parts of DNA 

in the head and broken parts in the tail in function of their size. Electrophoresis is followed by a 

neutralization of the slides with subsequent drying overnight. During the whole process it is of great 

importance that the handling is performed under cold (4°C) conditions and that the DNA is not exposed 

towards light. Handling at room temperature does not inhibit DNA repair enzymes and could lead to 

an underestimation of DNA damage. Exposure to ultraviolet (UV) light-emitting sources, on the other 

hand, might increases DNA strand breaks [117]. For quantification, comets are visualized by a 

fluorescent nucleic acid straining dye and are microscopically evaluated. The percentage of DNA in 

the tail is proportional to the degree of DNA damage. 
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Figure 12: Principle of the alkaline version of the comet assay. To quantify DNA damage, cells are harvested 

from both sides of the insert membrane, and single cell suspensions are embedded in agarose mini-gels. After 

breaking down the cell membrane in a jar containing lysis solution, an alkaline treatment helps to unwind the 

nascent DNA, which is afterwards exposed to an electric field in an electrophoresis chamber. During this process, 

damaged DNA migrates towards the anode, whereas intact DNA remains in the head of the nucleoid. This 

formation of a comet is visualized by a fluorescent nucleic acid staining and manually evaluated trough 

fluorescence microscopy. Created with BioRender.com
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4.6 Immunostaining 

The immunohistochemical staining follows a similar principle as described for the ELISA. The goal is 

to target specific antigens such as vimentin or α-smooth muscle actin and to optically analyze their 

changes in protein expression pattern after treatment compared to control cells [118]. 

For this purpose, the insert membranes are fixed with paraformaldehyde, and the cell membrane is 

permeabilized by a detergent such as Triton-X to enable the antibodies to enter the cell. Subsequently, 

reactive sites are blocked by agents such as serum or bovine serum albumin (BSA) to avoid unspecific 

binding of the antibodies, which would increase the background signal while imaging. In the next step, 

the primary unlabeled antibodies bind to the targeted antigens, followed by incubation with the 

secondary antibody, which is labeled with a fluorophore and binds itself to the primary antibody. During 

this step, counterstaining with the DNA intercalating dye 4′,6-diamidino-2-phenylindole (DAPI) or 

phalloidin, which binds to actin filaments, is performed. This additional staining makes the cell nuclei 

and the cytoskeleton visible, which gives important information on cell morphology or cell division 

processes. As a last step, the membrane is transferred to a microscope slide and covered with a cover 

glass to examine the stainings at their specific wavelengths with a fluorescence microscope. To enable 

staining of both sides of the insert membrane, half of the membrane can be scraped removing cells from 

one side, followed by cutting the membrane and inverting one half for staining of the downside. 

 

4.7 Gene expression analysis by the use of microarrays 

The use of microarrays for transcriptome analysis allows the assessment of the expression of thousands 

of genes in parallel by requiring low amounts of RNA. Therefore, it is an ideal tool to get an overview 

about regulatory changes induced on gene level following external stimuli such as particle exposure 

[119]. In principle (Figure 13), microarrays are most often glass slides, usually called “chips”, which 

are spiked with specific nucleic acid fragments on certain locations, which can be assigned later-on. 

The assay uses the hybridization of complementary nucleic acid strands, for which cells are harvested 

and the RNA isolated. The latter is then purified, reversely transcribed to cDNA, cut into fragments 

and fluorescently labeled. In the next step, the microarray is incubated with the sample allowing the 

isolated cDNA to react with their complementary target strand on the chip by forming hydrogen bonds 

between their nucleotide base pairs. Subsequently, remaining unbound strands are removed by washing, 

which leaves behind only strongly bound strands possessing a high amount of hydrogen bonds. Finally, 

the fluorescence of the target DNA along with its complementary labeled strand can be detected and 

quantified [119, 120]. 

In contrast to a method called RNA sequencing, microarrays are cost-effective and time-efficient tools 

to analyze gene expression patterns. However, this technique often displays an unspecific cross-

hybridization background signal and lower resolution compared to RNAseq. The latter gene expression 

method uses next-generation sequencing, which determines the nucleotide order of sample nucleic 

acids strands, which are then compared to a reference transcript. Advantageously, this method allows 

for high-throughput screening by performing transcriptome-wide analysis of high specificity at even 

lower amounts of sample RNA compared to microarray analysis [121]. 
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Figure 13: Principle of the gene expression analysis by microarray. Cells are harvested and the RNA is 

isolated, purified and reversely transcribed. Furthermore, it is cut into fragments and fluorescently labeled, before 

hybridizing the sample cDNA strands to the complementary target strands on the microarray chip. Afterwards, 

the fluorescence of bound DNA is detected and quantified. Adapted from “DNA Microarray”, by BioRender.com 

(2022).

Both, for microarray and RNAseq analysis, gene expression results may be statistically evaluated and 

investigated by assigning the regulated genes to biological processes by data-based gene-ontology 

analysis [122] complemented by an ingenuity pathway analysis (IPA). The latter sets the observed 

expression profiles into a biological context by unraveling pathways, which seem to be associated with 

certain gene regulation patterns [123].

4.8 Glutathione analysis by LC-MS/MS

Glutathione (GSH) is a nucleophilic constituent of the antioxidative defense systems, which either 

scavenges RS directly, conjugates with electrophilic xenobiotics or participates in the antioxidant 

capacity of glutathione peroxidase (GPx, A). The latter can be found in the mitochondria as well as the 

cytosol, making it an important regulator of the antioxidative response by catalyzing the reduction of 

hydro peroxides such as lipid or hydrogen peroxides, which are commonly formed following exposure 

to PM or chemical compounds like PAHs. During this reaction, reduced GSH is oxidized to its disulfide 

form (GSSG), which might be recycled by glutathione reductase (GR) by consuming NADPH [124, 

125].

The ratio of intracellular GSH to GSSG can be used to determine levels of oxidative stress and was 

examined in this study by applying LC-MS/MS (Figure 14, B+C). In contrast to colorimetric GSH 



F u n d a m e n t a l s  o f  a p p l i e d  m e t h o d s | 21

assay, this method might be used for high-throughput applications, involving a fast and cost-effective 

sampling, resulting in higher sensitivity and lower auto-oxidation of GSH compared to color-based kits 

[126, 127]. Moreover, the developed method enables the investigation of GSH levels in model systems 

at the air-liquid interface, considering the depletion of the antioxidant marker in primary and secondary 

cells. In general, exposed cells are immediately incubated with a cold solution of the alkylating agent 

N-ethylmaleimide (NEM) in methanol (MeOH), spiked with deuterated internal standards (ISTD) of 

GSSG and GS-NEM. NEM derivatizes free GSH by binding to the thiol groups and prevents further 

oxidation during the sampling procedure (GS-NEM, B). Moreover, the cold milieu blocks the 

enzymatic activity of GR, thereby inhibiting the recycling of GSSG formed during the exposure. In the 

next step, cells are scraped from both sides of the membrane, collectively harvested in a tube, vortexed 

and centrifuged at high speed (10,000 x g, 7 min) to ensure a complete extraction of GS-NEM and 

GSSG markers. After evaporation of the precipitation and extraction solution (supernatant) under a 

nitrogen stream, the analytes are dissolved in the mobile phase A (0.1% formic acid in H2O/MeOH), 

applied for separation on a C18-column (C). Subsequently, GSSG (m/z 613) and GS-NEM (m/z 433), 

representative for GSH, are detected by targeted mass spectrometry using multiple reaction monitoring 

in positive ionization mode and quantified according to internal calibration applying ISTD and GS-

NEM/GSSG standard compounds.

Figure 14: Glutathione analysis by LC-MS/MS. Glutathione levels are used as indicator for oxidative stress. 

(A) The reduced form of GSH is oxidized to the disulfide GSSG through glutathione peroxidase (GPx), enabling 

the removal of reactive species such as hydro peroxides, e.g. lipid peroxides and hydrogen peroxides. GSSG can 

be recycled by glutathione reductase (GR) consuming NADPH. By derivatization of GSH with N-ethylmaleimide 

(NEM, B), GSH levels present after exposure can be quantified by LC-MS/MS (C). For this purpose, GSH is 

alkylated with NEM and the analytes are extracted from apical and basolateral cells. The extraction solvent is 

evaporated under a nitrogen stream and the analytes are reconstituted in the mobile phase A, followed by 

separation and detection via LS-MS/MS. Created with BioRender.com.
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5. Results & Discussion

5.1 Co-culture of epithelial cells and fibroblasts

A co-culture system of alveolar epithelial cells (A549) and fibroblasts 

(MRC-5) was developed involving two main cell types in close proximity, 

which are known to be especially important in wound healing processes and 

to influence each other substantially driving the progression of pulmonary 

fibrosis. An enhanced accumulation of fibroblasts as well as ECM is driven 

by a recurrent or persistent damage and therefore subsequent signaling of 

epithelial cells [27]. Harmed alveolar epithelial cells release numerous 

mediators such as transforming growth factor beta (TGF-β) [128-130] or 

connective tissue growth factor (CTGF) [27, 131], which initiate the 

activation and proliferation of fibroblasts and the differentiation into myofibroblasts. On the other hand, 

under physiological conditions, epithelial cells synthesize prostaglandin E2 (PGE2) [132, 133] or bone 

morphogenetic protein-4 (BMP4) [134], which suppresses fibroblast proliferation and was shown to be 

reduced in IPF. Furthermore, in IPF, an increased amount of epithelial cells seems to follow an 

apoptotic cell death pathway, which is amplified by activated fibroblast signaling releasing pro-

apoptotic mediators such as angiotensin II and ROS and resulting in a negative feedback loop. As there 

is a strong bilateral interconnection between the two cell types [27, 135], deviant events such as 

genotoxicity or mutations, may lead to a changed gene expression pattern and an imbalance in the 

complex signaling with subsequent initiation of aberrant wound healing and fibrosis progression. For 

this reason, it is extremely important to perform toxicity tests of inhalable materials with models that 

consider outcome-relevant cell types and their direct communication. The technique to co-culture 

different cell types on separate sides of a membrane, enables the easy investigation of distinct cell types 

without losing direct cell-cell communication.

5.1.1 Application (1)

This co-culture model was applied at the ALI to 

investigate how different exposure scenarios to fiber-

containing construction materials could induce 

genotoxicity as well as pro-fibrotic pathways after 2 h 

exposure and after 2 h exposure plus 22 h post-

incubation time, referred to as 24 h exposure. Not only 

workers who come into contact with both the raw materials and the composite materials during building 

or dismantling at construction sites can be exposed to hazardous fiber dusts, but also the civil population 

is subjected to the latter when it comes to the demolition of houses or domestic fire events. Moreover, 

the latter could pose a great health risk for fire fighters, who might be directly exposed to dusts, even 

though not in a continuous manner. The mentioned scenarios were mimicked by dry-cutting of the 

reinforcement material CR, the reinforced carbon concrete C³ as well as the thermally treated C³ (700 

°C), which resembles the released fibers occurring in house fires.



R e s u l t s  &  D i s c u s s i o n | 23

5.1.2 Physico-chemical aerosol characterization

SEM imaging of the particulate matter (PM10; PM ≤ 10 µm) fractions (Figure 15, A) revealed, that dry-

cutting of CR as well as C³ released fibers with median diameters of 6.9 and 6.6 µm (Figure 15, B), 

respectively and are therefore not respirable according to WHO. The dry-cutting of ttC³ on the other 

hand, released fibers with a median diameter of 2.7 µm meeting WHO criteria of respirable fibers and 

for this reason, should be treated with particular caution. For chemical and toxicological analysis, the 

PM2.5 fraction was investigated. The overall number concentration (Figure 15, C) was the lowest for 

particles released by cutting of CR, but derived mainly from those below a particle diameter of 0.5 µm 

with the highest concentration at ̴ 0.2 µm. C³ and ttC³ showed a comparable particle distribution pattern 

with the highest number concentration of ̴ 0.4 µm, nonetheless ttC³ generally showed a lower 

concentration than C³. From the results obtained, it can be concluded that only for ttC³ WHO fibers are 

contained in the PM2.5 fraction guided to the cells, whereas all materials release non-fibrous particles, 

released from the reinforcement material, the epoxy resin or the concrete material. Particles deposited 

on the epithelial layer are in the low microgram range ranging from 3.5 µg/cm² for CR and 45 µg/cm² 

for ttC³ up to 75 µg/cm² for C³, displaying a realistic abrasion scenario but not an equal deposition.

Figure 15: Physico-chemical characterization of the dry-cut construction materials. A) SEM micrographs 

of fibers released by dry-cutting of CR, C³, and ttC³ shows that ttC³ released fibers of lower diameter meeting 

WHO specifications. B) The fiber diameter is decreasing, whereas fiber length and length-to-diameter (L/D) ratio 

of ttC³ is increasing. C) The particle distribution is comparable for C³ and ttC³, nevertheless CR is shifted to 

smaller size and shows a lower number concentration. D) PAHs can be found in all materials, even though to a 

decreased extent in CR particles.
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A chemical analysis of the fine particulate matter (PM2.5; PM ≤ 2.5 µm) fraction of the dry-cutting 

products revealed pronounced concentrations of bisphenol A (BPA; ≤ 383 μg/mg PM) and its 

derivatives in CR [100], most likely deriving from the pyrolytic degradation of the epoxy resin coating 

at the saw blade edge. Furthermore, the PAHs phenanthrene and fluoranthene could be found in the 

released particles of all materials, whereas anthracene and pyrene were only present in the concrete 

materials, with anthracene being more concentrated in ttC³ particles (Figure 15, D). 

 

5.1.3 Toxicological assessment 

The analysis of the PM2.5 fraction showed significant differences between the materials tested with ttC³ 

and CR showing the strongest effects on cell viability, inflammation and primary as well as secondary 

genotoxicity. An increase in cytotoxicity (Figure 16, a+b) could be observed for all materials after 2 h 

(a), but especially after 24 h (b) exposure. The higher effects of CR and ttC³ after 24 h exposure 

compared to C³ could be attributed to the presence of BPA [136, 137] and PAHs [138, 139] known to 

be cytotoxic on A549 as well as MRC-5 cells. In addition, ttC³ might induce phagosome rupture due to 

the presence of fibers with a needle-like shape, which leads to an acidification of the cytosol initiating 

necrosis and an increased release of LDH into the medium. Another marker indicating viability of the 

cells is the metabolic activity (Figure 16, c+d), which revealed slight reductions after 2 h exposure (c). 

Those effects seem to be restored after 24 h exposure (d) for all materials with ttC³ even increasing the 

cells metabolism. The observed metabolism pattern points towards an early oxidative stress response 

of the tissue, which depletes reducing agents important for the reduction of the resazurin dye. A central 

co-factor, which is consumed in such condition is NAD(P)H + H+, which recycles antioxidative 

enzymes like glutathione reductase, but could also be diminished due to respiratory burst to produce 

RONS as immunological defense or signaling molecules. A delayed increased synthesis of mediators 

could restore the antioxidant imbalance and increase metabolic activity after 24 h. Moreover, the 

enhanced activity following prolonged ttC³ exposure, might be associated with an increased 

proliferation of fibroblasts or an acceleration of metabolic processes to meet the energy demand needed 

for fibroblast activation, proliferation and differentiation in pro-fibrotic conditions [140]. 

 

Since PM2.5 is known to initiate a strong inflammatory response, the release of the inflammatory marker 

IL-8 into the cell culture medium was analyzed. A pronounced release could be detected for all 

materials after 2 h exposure (Figure 16, e), which could be restored to untreated control levels after 24 

h exposure (Figure 16, e) in case of the concrete materials. The early inflammatory response could be 

caused by the particle-bound chemicals BPA [141, 142] and its derivatives as well as the detected PAHs 

[139, 143-145], all of which have shown in previous studies to induce an inflammatory cytokine release 

including IL-8, interleukin-6, cyclooxygenase-2 or tumor necrosis factor-α. Moreover, the physical 

structure of the particle itself and its interaction with cell constituents may induce a transient 

inflammation, which could become persistent when particles get smaller in size as it could be the case 

for CR. The exposure to UFP might even lead to the formation of fibroblastic foci [146, 147] or cancer 

formation [148]. 
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Figure 16: Toxicological analysis. LDH release revealed increased cytotoxicity after 2 h (a) and 24 h (b) 

exposure of co-cultured A549 and MRC-5 cells for all materials. The metabolic activity slightly decreased after 

CR treatment. Moreover, the inflammatory potential was assessed via the release of interleukin 8 (IL-8) and 

showed a strong induction after CR exposure and slightly after C³ and ttC³ treatment. Primary genotoxicity (g+h) 

was observed for all materials after 24 h exposure, while secondary genotoxicity (i+j) was only induced by CR 

and ttC³, comparable to the DNA damage occurring after 2 h in epithelial cells.

Inflammation is a process that is receiving more and more attention as a 

driving force in the development of serious diseases caused by particle 

exposure [36, 148]. It seems to be strongly involved in lung fibrosis as 

well as cancer development, all linked by genotoxicity.

Primary genotoxicity on epithelial A549 cells was detected for CR and 

ttC³ after 2 h exposure (Figure 16, g), and for all materials after 24 h 

exposure (Figure 16, h). Since % DNA in tail is slightly lowered again 

for CR and ttC³ after prolonged exposure, it seems like the damaged DNA could be partially repaired. 

Secondary genotoxicity on MRC-5 fibroblasts (Figure 16, i+j) was only observed after 24 h exposure 

(j) to CR and ttC³. There are various explanations where DNA damage might originate from. Primary 

genotoxicity could be caused by enhanced oxidative stress due to the formation of ROS [38, 42, 149], 

which could subsequently lead to an increased inflammatory response as observed for C3 and ttC³ after 

2 h exposure and strongly for CR after 24 h exposure, which is in accordance to previous in vivo as 

well as in vitro studies implicating a pronounced association of inflammation and genotoxicity [36]. 

Moreover, fibrous materials were proven to interact directly with the DNA, inducing stand breaks [53, 

150]. Also, the chemical composition of the particles may play a crucial role as BPA [137, 151] as well 

as PAHs [44, 152] have been shown to possess the potential to cause genotoxic lesions. The latter do 
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not seem to be the cause for the observed secondary genotoxicity, since C³ is not showing any induction 

in DNA damage. ttC³ but especially CR possibly exert indirect genotoxicity via inflammatory pathways 

[36, 67, 153], which are induced as an early response to the materials and seems to become persistent 

for CR. For ttC³ on the other hand, it might be more realistic that fibroblasts are affected by an increased 

formation of ROS [47, 153], causing oxidative DNA damage and an antioxidant depletion, which 

correlates with an increased mitochondrial metabolic activity to counteract this imbalance [154]. 

To shed light on a possible interconnectivity of inflammation, genotoxicity and the development of 

fibrosis, a microarray analysis was performed and revealed significantly regulated pathways on gene 

expression level. Whereas for C³ almost no distinct regulation was observed (not further discussed), 

ttC³ (Figure 17, left) and CR (Figure 17, right) showed a distinctively regulated profile, particularly 

after 2 h (Figure 17, top) and 24 h (Figure 17, bottom) exposure, respectively. Especially the pathways 

intensely upregulated after ttC³ treatment are strongly related to pro-fibrotic conditions. Following 2 h 

exposure, the fibrosis-associated pathways ‘Pulmonary Fibrosis Idiopathic Signaling’, ‘Wound Healing 

Signaling Pathway’ and ‘ID1 Signaling Pathway’ [155, 156] are induced, whereas after 24 h, the 

‘Sirtuin Signaling Pathway’ [62] is attenuated and the ‘Phagosome Formation’ [157] increased, as 

frequently observed in fibrotic diseases. The conspicuous relationship between ttC³ exposure and the 

induction of pro-fibrotic pathways might be caused by the size and shape of the fibers fulfilling the 

hazardous characteristics of WHO fibers. In addition to that, also the cell cycle and division machinery 

is affected, shown by a decrease of the ‘Cell Cycle: G2/M DNA Damage Checkpoint Regulation’ 

pathway and an induction of the ‘Kinetochore Metaphase Signaling Pathway’, possibly responsible for 

the increased genotoxicity and enhanced metabolism following ttC³ treatment [158, 159]. 

While fibrosis-related pathways seem to be downregulated after 2 h exposure of epithelial cells to CR, 

especially after 24 h exposure pathways regulating DNA repair (‘Cell Cycle Control of Chromosomal 

Replication’, ‘NER (Nucleotide Excision Repair, Enhanced Pathway)’ and ‘BER (Base Excision 

Repair) Pathway’) and favoring tumor formation (‘RHOGDI Signaling’, ‘HOTAIR Regulatory 

Pathway’, ‘Autophagy’, ‘IL-17 Signaling’) are predominantly regulated. The up- and downregulation 

of pathways associated with distinctively expressed genes following ttC³ and CR exposure, implicates 

different mechanisms-of-action for the materials. 

This study proved that the developed cell model is able to elaborate complex mechanisms of different 

airborne materials and show differences in terms of adverse outcome. Not only primary effects on 

epithelial cells could be assessed with the model, but also secondary effects on fibroblasts, which 

increases the comprehensiveness and significance of the study. It could be shown that thermal treatment 

of carbon concrete results in the release of hazardous fibers, which are able to initiate pro-fibrotic 

signaling pathways and induce secondary genotoxicity. Moreover, the study revealed that also the 

exposure to the reinforcement material itself could lead to a severe burden of the lung tissue. 
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Figure 17: Gene expression analysis. Microarray analysis showed a pronounced regulation of fibrosis-

associated pathways by ttC³ treatment, especially after 2 h exposure, whereas CR treatment showed a strong effect 

on DNA repair and tumor-related pathways following the prolonged 24 h exposure, indicating different modes-

of-action of the materials.

5.2 Triple culture of epithelial cells, macrophages and fibroblasts

As already highlighted above, inflammation and the activation of immune 

cells such as macrophages are crucial events in the defense of the respiratory 

system against pathogens and toxicants. For potentially pro-fibrotic 

particles, it is critical for the outcome whether those cells are able to 

internalize the stressor for tissue clearance and to which extent an 

inflammatory response is induced, leading to a cascade of mediator release 

and recruitment of other cell types supporting for example to keep 

antioxidant balance and to participate in wound healing at the site of action. 

For toxicity testing, therefore, it is recommended to consider the influence 

of immune cells on the toxicological outcome. Especially fibrotic tissue in diseases like IPF is 

associated with elevated levels of inflammatory markers such as IL-8 and the infiltration of neutrophils 

into the affected areas [160, 161]. Furthermore, there seems to be a strong correlation of inflammatory 

signaling and increased levels of DNA damage [36], which could additionally contribute to the 
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progression of fibrosis. To evaluate the interplay of the main cell types known to be involved in pro-

fibrotic conditions following particle exposure, an easy-to-use cell model comprising epithelial cells 

and macrophages on the top of the insert membrane as well as fibroblasts cultured on the downside of 

the membrane was developed. Advantageously, in contrast to the co-culture system introduced before, 

the contribution of immune cells phagocytic processes and inflammatory signaling is not missed and 

can influence the response to the exposure of the other cell types. Importantly, the separate cultivation 

of cells enables an individual investigation of fibroblasts including secondary genotoxicity, which 

might be substantially influenced by the presence of macrophages and could contribute to the 

manifestation of fibrosis. 

 

5.2.1 Application (2) 

The functionality of the established cell model was comprehensively toxicologically assessed by 

submerged exposure to different concentrations of commercial MWCNTs for 24 h and 48 h. The latter 

are known to possess a fiber-like structure and are estimated to exert similar effects like MMMFs such 

as asbestos due to their high biopersistence as well as their small size enabling them to penetrate deeply 

into the alveolar region. Not only their impact on cell viability, inflammation, genotoxicity and fibrosis 

development was investigated in the triple culture system (TC), but also differences in response 

compared to less advanced systems such as a monoculture (MC) of epithelial cells and the 

aforementioned co-culture (CC) of epithelial cells and fibroblasts. For the sake of comparability all cell 

models were treated in the same way at any time independent of their complexity. 

 

5.2.2 Physico-chemical characterization of MWCNTs 

The high-purity MWCNTs possessed the size specifications of WHO fibers with an average length of 

10-30 µm, a diameter of 25 nm and an aspect ratio > 3, which made them particularly suitable for the 

model validation. According to the manufacturer’s information, the dry powder was of > 99.9 % purity. 

It was assumed that all effects observed derived from the physical properties of the particles only, as a 

contamination of metal catalysts and endotoxins could also be excluded by energy dispersive X-ray 

(EDX) spectroscopy and endotoxin analysis. Suspended particles in cell culture medium revealed an 

average diameter of 267.7 nm at the highest concentration tested as determined by dynamic light 

scattering. The MWCNTs were applied in concentrations of 0, 2.2, 4.5, 11.2 and 22.3 µg/cm² 

corresponding to 0, 5, 10, 25 and 50 µg/mL. 

 

5.2.3 Toxicological assessment 

The toxicological investigation revealed more pronounced and differential effects between the systems 

following prolonged exposure, which is why the following description is focused on the effects 

observed after 48 h only. 

Cytotoxicity assessment, including the cell count (Figure 18, a+b) as well as the release of LDH into 

the cell culture medium (Figure 18, c), showed, that the simpler cell models are more prone to 

MWCNTs-induced necrotic cell death of epithelial cells than the TC, which becomes evident by a 
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substantially decreased cell number and increased levels of LDH in the MC and CC compared to their 

respective untreated control cells. However, in the CC fibroblasts seem to attenuate the membrane 

damage slightly, even though not as much as the TC. The reduced necrotic cell death in the CC could 

be attributed to enhanced fibroblast signaling, as the latter have shown to promote a pro-apoptotic 

milieu and signaling in IPF [162, 163]. Contrastingly, protective effects could be observed by immune 

cells already before [164], and might be associated with the engulfment of the material by macrophages, 

thereby avoiding direct contact of the tubes with the epithelial layer, explaining lower toxicity in the 

TC [165, 166]. Since fibroblasts do not show a direct reduction in cell count, neither in the CC, nor in 

the TC, it can be assumed that they are not directly contributing to the LDH release. 

In contrast to the aforementioned findings, the clonogenicity is the most affected in the co-culture 

system and displays also a substantial reduction in the triple culture (Figure 18, d). CC-effects might 

occur due to pro-apoptotic signaling of affected fibroblasts as mentioned before, whereas the lowered 

clonogenicity of epithelial cells in the TC might only partly be explained by apoptosis, rather than by 

a possible arrest of the cell cycle caused by immune cell signaling [167].

Figure 18: Cytotoxicity assessment. Investigation of the cell count of the apical cells (a) revealed a reduction in 

the monoculture (MC) and co-culture (CC), but not in the triple culture (TC), whereas the fibroblast cell count 

(b) was not affected. A significantly increased LDH release (c), implying necrotic cell death, was detected in the 

less complex systems, but not in the TC, indicating protective effects of macrophages. However, the clonogenic 

potential of epithelial cells (d) was substantially reduced in all model systems, indicating apoptotic cell death or 

a decreased cell cycle progression, which can be influenced by the presence of macrophages.

A central objective of this study was to unravel primary, but especially secondary mechanisms of 

genotoxicity occurring in the multicellular test systems and their potential involvement in the 
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development of pro-fibrotic conditions following MWCNT exposure. Genotoxicity was mainly 

observed in the TC, with a slight increase in epithelial cells (Figure 19, a), but especially in fibroblasts 

(Figure 19, b), showing for the first time secondary genotoxicity in fibroblasts caused by MWCNTs. 

Considering aberrant fibroblast signaling in fibrotic conditions, a manifestation of genetic mutations 

occurring due to oxidative stress, altered DNA repair mechanisms or paracrine signaling, might explain 

an unresolved wound healing response, accumulating ECM deposition and dysfunction of the affected 

tissue. An increase of unrepaired DNA damage might induce programmed apoptosis or senescence to 

avoid proliferation of such persistently altered cells [168]. Remarkably, senescence of fibroblasts as 

well as myofibroblasts is frequently observed in IPF-derived fibroblasts [169, 170] and linked to a 

disrupted wound repair, chronic inflammation as well as a decreased regeneration of the tissue [171, 

172]. Another interesting observation made during genotoxicity assessment, are the generally lower 

levels of spontaneous DNA damage in the triple culture compared to the other models. This finding 

could be explained by a deceleration of the cell cycle allowing for enhanced DNA repair and is in 

accordance with the suppressed clonogenicity discussed above. In accordance with the known 

interconnection of inflammation, oxidative stress and genotoxicity [36], the observed DNA damage is 

accompanied by elevated levels of ROS indicated by increased MDA concentrations (Figure 19, d) 

found in the exposure medium, but especially by enormously increased levels of the marker IL-8 

(Figure 19, c), detected in the medium of the TC. It can be estimated that the high levels of this 

inflammatory mediator are caused by macrophages present in the triple culture, since the other models 

uncover comparably low amounts of it. Furthermore, it was previously shown that co-cultures including 

macrophages react more sensitively regarding their inflammatory response compared to cultures 

without [173, 174], which might be attributed to the fact that macrophages are the first cells in line to 

defend against the pollutant and are able to generate high amounts of cytokines in a short time to initiate 

defense mechanisms [175, 176]. This process might also involve the production of ROS [177, 178], as 

slightly detected for the TC and could lead to oxidative DNA lesions in primary and secondary tissue 

[38, 47]. The increased MDA levels detected in the MC might occur due to direct interaction of 

MWCNTs with cellular components of the epithelial cells. 

The inflammatory mediator IL-8 is used as a biomarker in IPF diagnosis and is negatively linked to 

lung function [160]. Moreover, abnormal fibroblast signaling, possibly linked to genetic lesions, is 

commonly found in diseased lung tissue of IPF patients, which made the examination of potential pro-

fibrotic lesions inevitable. 
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Figure 19: Analysis of the genotoxic, inflammatory and oxidative stress-associated potential. DNA damage 

induced in epithelial cells (a) and fibroblasts (b), was mainly prevalent in the TC. Genotoxicity was accompanied 

by high levels of the inflammatory marker interleukin 8 (IL-8, c), possibly released by macrophages, and

increased ROS formation indicated by rising MDA concentrations (d). The latter was especially pronounced in 

the MC, most likely due to direct contact of the epithelial layer with MWCNTs.

In a morphological assessment of cells treated with the highest concentration used (Figure 20, A), 

significant differences between the epithelial layers of the different models became evident. While, the 

MC showed a substantial loss of membrane integrity combined with dead cells, CC and TC showed an 

intact layer, but with enlarged and dilated cell bodies. Interestingly, in the TC, cells lost their cuboidal 

shape to a spindle-like morphology containing stress fibers. These features are typical for EMT and are 

highly associated with fibrosis-related outcomes [179, 180]. Furthermore, EMT was also reflected by 

the expression of the marker E- and N-cadherin in all models (not shown, found in [17]). Another 

fibrosis-associated hallmark, possibly induced by paracrine EMT signaling [180] and activated 

macrophages [181], is the differentiation of fibroblasts into myofibroblasts, which could be detected 

by an upregulation of vimentin and α- smooth muscle actin (α-SMA) in both, the CC as well as the TC, 

revealing slight changes already in control cells of the co-culture, indicating altered behavior already 

in untreated conditions (Figure 20, B).

Taken together, this study describes the successful development of a multicellular model system, which 

could represent a useful test system reflecting simple lung physiology and avoiding animal testing in 

early screening procedures following the 3R principle of refinement, reduction and replacement of 

animal experiments. The established model is a reproducible, cost- and time-effective tool by 

overcoming ethical justification required for animal testing, which moreover, is often not properly 

suitable due to different respiratory tract anatomy, breathing patterns as well as clearance mechanisms 
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of humans and animals [74]. The model is able to indicate cytotoxic, inflammatory, genotoxic and pro-

fibrotic conditions in epithelial cells as well as fibroblasts under consideration of intercellular cross-

talk. Our investigations have shown, that both, the presence of macrophages as well as fibroblasts, is 

significantly influencing the outcome of the treated model and should not be excluded from toxicity 

testing, especially when fibrotic outcomes are of particular interest. Even though, the TC has shown a 

stronger protective response regarding cytotoxic mechanisms, the inflammation and genotoxicity 

assessment displayed a greater sensitivity of the advanced cell model over the simpler models. The 

strong interconnection of inflammation and genotoxicity, became evident in this study and could be 

linked to pro-fibrotic conditions. Progressive EMT as well as an aberrant fibroblast function could be 

induced by genetic alterations due to primary genotoxicity in epithelial cells as well as secondary 

genotoxicity in fibroblasts. 

Future studies using such model, also applying it at the ALI under more realistic and toxicologically 

relevant conditions, could help to further unravel mechanistic fundamentals of fibrosis development 

and the role of genotoxicity in it. Furthermore, the model is suited to perform early-stage toxicity 

testing, which becomes increasingly relevant due to the permanently ongoing development of HARMs 

and recycling processes of materials containing potentially inhalable and hazardous particles and fibers, 

especially in the construction and wind energy sector, which are faced with a tremendous amount of 

materials that are approaching the end of their service lifes. 

 

5.2.4 Application (3) 

A common result of combustion processes or industrial emissions is the release of UFP. Due to their 

high surface area, which increases the concentrations of potentially adsorbed compounds, their high 

reactivity and their low aerodynamic diameter, allowing the particles to penetrate deeply into the small 

airways and adjacent tissues, the exposure to UFP is of great concern [182, 183]. Nevertheless, whether 

the physical characteristics of UFP are the main drivers of toxicity or whether the particles primarily 

act as carriers of toxic chemicals requires further investigation. To examine the impact of the latter, two 

chemically distinct UFP aerosols with low or high content of semi-volatile organic compounds (SVOC) 

but comparable sizes were produced by a miniature combustion aerosol standard soot generator 

(miniCAST) and investigated regarding their acute (geno)-toxic potential in the developed triple culture 

system at the ALI. 

 

Since exposure to air pollutants such as UFP is often associated with the production of RS, a direct 

measure of the antioxidant capacity gives a more detailed mechanistic background in comparison to 

the analysis of lipid peroxidation markers only. Glutathione is an important factor of the defense 

machinery [184, 185].  Decreased levels of intracellular GSH are not only indicating an enhanced redox 

cycling due to RS scavenging that is coming along with increased GSSG concentrations, but might also 

be attributed to an enhanced conjugation of xenobiotic compounds like PAHs, such as BaP [186, 187] 

or naphthalene [188], or bisphenol A [189](Figure 22, A). 
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Figure 20: Analysis of epithelial morphology and expression of fibrosis-related markers. A staining of the 

cytoskeleton (A, green) showed a disruption of the MC cell layer and increased cell death indicated by round, 

bright blue nuclei after treatment with MWCNTs, whereas the CC and TC revealed dilated cell bodies with stress-

fiber formation in the TC, acquiring a mesenchymal spindle-like morphology. Expression analysis of fibrosis-

related markers vimentin and α- smooth muscle actin (α-SMA) showed an upregulation of markers in the TC and 

CC.
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5.2.5 Physico-chemical aerosol characterization 

Ultrafine soot particles were generated with a miniCAST. Organic compounds were removed by a 

catalytic stripper (CS) along with carbon denuders to produce an UFP aerosol of low SVOC content. 

The applied approach allowed for the generation of two different UFP aerosols, which showed similar 

physical characteristics but different chemical compositions. In-depth chemical and physical 

investigations indicated significant differences in organic content while displaying no significant 

differences in particle mass (90-110 µg/m³), particle number concentration (4.9 -5.3e105 #/cm³)

and particle size (35-45 nm . The high SVOC aerosol showed pronounced levels of PAHs analyzed 

by gas chromatography - mass spectrometry (GC-MS), such as pyrene, benzo[a]pyrene,

benzo[ghi]perylene, or benzofluoranthenes (Figure 21) ,

which could contribute to respiratory toxicity through activation of those compounds by xenobiotic 

CYP450 metabolism. 

5.2.6. GSH method validation and toxicological assessment

For this study, a LC-MS/MS method was established, which enables the precise detection of 

intracellular GSH and GSSG levels. It can be applied to aerosol-exposed multicellular systems and was 

used for the investigation of the toxicity induced by low and high SVOC UFP aerosols. 

Advantageously, this technique requires only low amounts of sample material, enables the investigation 

of unlimited sample sizes with a high sensitivity (GS-NEM: LOQ = 0.3 ng/mL; GSSG: LOQ = 7 

ng/mL) and possesses the possibility to store the samples for later analysis. Moreover, the usage of 

NEM minimizes sampling artifacts, since it results in a low auto-oxidation of GSH. Furthermore, NEM 

is a highly cell membrane permeable compound and able to inhibit the enzymatic activity of GR, which 

achieves a more accurate estimation of GSH and GSSG levels [126, 127].

To validate the functionality of the method, the aforementioned triple culture was incubated with 

100 µM solution of menadione (Figure 22, B), which has shown before to induce ROS in lung epithelial 

cells [190]. For the treated cells, elevated levels of the glutathione disulfide with almost 30 % GSSG 

Figure 21: Generation of 

chemically distinctive UFP 

aerosols potentially forming 

PAHs. Ultrafine soot particles 

were generated with a 

miniCAST and for the low 

SVOC the organic fraction was 

removed by a catalytic stripper 

and a denuder. The high SVOC 

aerosol contained sustained 

amounts of PAHs such as 

benzo[a]pyrene, benzo[ghi]-

perylene, pyrene, or benzo-

fluoranthens.
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of the total intracellular glutathione concentration could be detected. The untreated incubator controls 

on the other hand was displaying GSSG levels below 0.1 %, which can be attributed to the fact, that 

the cell is trying to keep GSH levels as high as possible for antioxidative defense and therefore recycles 

generated GSSG relatively fast [124, 184].

Figure 22: Glutathione (GSH) as defense marker in air pollutant toxicity. GSH possess a reactive thiol group, 

which makes it a strong nucleophile, able to react with possibly toxic electrophilic metabolites of air pollutants 

such as benzo[a]pyrene, naphthalene or bisphenol A, resulting in less toxic glutathione conjugates (A), which are 

more readily excreted. The developed LC-MS/MS method enables the detection of increased GSSG levels (% 

GSSG of total glutathione) following exposure to ROS-inducing compounds like menadione (positive control), 

while displaying low amounts of GSSG in control cells such as incubator control cells (B).

In the future, this method will contribute to the investigation of mechanisms-of-action no matter which 

kind of compound might be tested. It takes into account the depletion of GSH in primary and secondary 

cells. Moreover, the method could be adopted for combined investigation of glutathione levels as well 

as cell uptake studies of organic compounds entering the cell. Due to its cost- and time-efficient 

applicability, it might be considered as lower tier test in compound screening, giving first insight in 

possible mechanisms of toxicity. Additionally, it is a sensitive method, which is able to show minor 

changes in GSH balance and is therefore a suitable technique for aerosol exposure at the ALI, since 

exposure relevant concentrations of outdoor and indoor air pollution are most often rather low.

For those reasons, the method was applied to investigate the two chemically different UFP aerosols, 

besides a cell viability and genotoxicity assessment (Figure 23, unpublished data). Briefly, low SVOC 

UFP induced an increased cytotoxicity accompanied by a decreased metabolic activity of fibroblasts. 

Furthermore, a depletion of intracellular glutathione could be observed, which might be attributed to 

an increased ROS release. The latter might be causative for the observed secondary genotoxicity in 

fibroblasts, exclusively detected after exposure to low organic content UFP. High SVOC UFP did not 

impact cell viability, but an increased DNA damage was observed in epithelial cells, which could be 

caused by DNA-adduct formation of PAHs. All in all, compared to the high SVOC aerosol, UFP with 

low organic content seem to induce a stronger acute cytotoxic and oxidative stress response in epithelial 

cells, which might cause secondary effects in fibroblasts. This observation could be related to different 

cell uptake mechanisms by macrophages and epithelial cells. A previous study by Liu et al. 2021 
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showed, that fine particles coated with BaP are rather taken up by macrophages than by epithelial cells 

and particles with no or lower BaP coating showed a faster cell uptake by epithelial cells [191].

Therefore, low SVOC UFP might directly interact with epithelial cells, exerting immediate toxicity, 

while high SVOC could be initially internalized by macrophages, possibly resulting in a protective 

response or delayed toxicity.

Figure 23: Toxicological assessment of UFP aerosols. The developed triple culture system showed increased 

cytotoxicity after exposure to low SVOC UFP (a) accompanied by a decreased metabolic activity of fibroblasts 

(b). The observed toxicity might be attributed to ROS formation leading to a depletion of GSH and an increase in 

GSSG (d), which might be causative for secondary genotoxicity in fibroblasts after low SVOC UFP exposure. 

High SVOC UFP aerosol did not cause acute cytotoxicity after 4 h exposure, but showed an increased DNA 

damage in epithelial cells. Unpublished data.

5.3 Co-culture of epithelial cells and endothelial cells

Not only the connective tissue is a secondary target of airborne particulate 

matter but also the cardiovascular system is of great vulnerability, especially 

when exposed to particles that are able to penetrate deeply into the alveolar 

system and translocate into blood capillaries. The endothelial lining of the 

latter can be affected through direct contact with the material but also via 

secondary effects, such as oxidative stress and inflammatory or pro-fibrotic 

signaling leading to vascular remodeling and injury [192, 193]. Furthermore, 

endothelial cells might contribute themselves to the progression of fibrosis 

via endothelial-mesenchymal transition (EndMT) to myofibroblasts [192, 

194], inflammatory mediator secretion [28] or maintenance of enhanced ECM deposition [28, 192]. To 

more comprehensively understand the interplay of epithelial and endothelial cells in diseases associated 

with air pollution such as cardiovascular diseases [195, 196] or pulmonary fibrosis, a cell model 

comprising both cell types was established, including epithelial cells on the apical side of the membrane 

and endothelial cells on the basolateral side. Again, the latter allows for separate investigation of 

genotoxicity and gene expression levels of both cell types.
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5.3.1 Application (4)

In this cell model, two model aerosols were investigated mimicking exposure to different dilutions 

(1:30, 1:10, 1:3, undiluted) of anthropogenic (naphthalene, NAP) and biogenic (β-pinene, βPIN)

emissions altered in the atmosphere through aging processes. For this purpose, freshly generated soot 

particles were coated with naphthalene or β-pinene VOC precursors (SOANAP-SP and SOAβPIN-SP) in an 

oxidation flow reactor, leading to distinct condensed secondary organic aerosols containing ultrafine 

particles with a diameter of approx. 115 nm [82]. Even though comprehensive data is lacking to clearly 

unravel mechanisms-of-toxicity, SOA are estimated to exert a stronger toxicity compared to their 

precursors including tissue injury and inflammation, which might lead to a decrease in lung capacity 

and fibrosis development [197, 198]. Accordingly, a more in-depth toxicological analysis of such 

aerosols in relevant model systems is essential.

5.3.2 Physico-chemical aerosol characterization

The generated model aerosols possessed comparable physical properties such as mass, size distribution 

or particle number, but showed a distinctive chemical pattern, which allowed for determination of 

toxicological effects induced by the chemical characteristics only. Whereas in SOANAP-SP especially 

aromatic compounds were detected, comprehensive two-dimensional gas chromatography mass 

spectrometry (GCxGC-MS) analysis revealed a high amount of predominantly cyclic and acyclic 

volatile compounds for SOAβPIN-SP [82]. Aromatic structures, as prevalent in SOANAP-SP, are well-known 

products of photochemical aging, and are estimated to exert toxic effects, especially with increased 

oxidation status (Figure 24), on the respiratory system, involving genotoxicity and mutagenicity, but 

could also be causative for the induction of fibrosis.Further analysis showed, that SOANAP-SP contained 

higher levels of hydrogen peroxides, implying an increased prevalence of ROS, which might occur due 

to the higher photochemical oxidation of 

SOANAP-SP compared to SOAβPIN-SP. Since 

ROS are a crucial stressor for lung 

residential cells, this observation might 

contribute substantially to the formation of 

the adverse outcomes mentioned before.

Figure 24: Oxidation state of SOANAP-SP and 

SOAβPIN-SP. (Left) Measurements of H2O2 show 

a higher prevalence of reactive oxygen species 

(ROS) in SOANAP-SP than in SOAβPIN-SP.

Moreover, the determined O/C ratios (right) 

revealed an increased oxidation state of 

SOANAP-SP compared to SOAβPIN-SP, which 

could be causative for stronger toxicological 

effects.
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5.3.3 Toxicological assessment 

Even though the two aerosols displayed very different chemical characteristics, the cytotoxicity 

assessment (Figure 25, a) showed similar effects for SOANAP-SP and SOAβPIN-SP. Interestingly, both 

aerosols seemed to induce comparable cytotoxic effects following exposure to the undiluted aerosol, 

which is unexpected considering that aromatic compounds and ROS, both known prerequisites for 

cytotoxicity, are more pronounced in SOANAP-SP. This assumption becomes evident in the further 

investigation of inflammation, oxidative stress as well as primary and secondary genotoxicity.

A substantial release of the inflammatory marker IL-8 could be detected for both aerosols (Figure 25, 

b), nevertheless in higher concentrations after exposure to SOANAP-SP. The results are in accordance to

previous studies, especially for exposure to anthropogenic SOA, which has shown to induce 

inflammation in epithelial cells and to activate nuclear factor erythroid 2-related factor 2 (Nrf2)

signaling [199, 200], which regulates the antioxidative response. The latter is also activated through the 

release of ROS by the aerosol or as cell response to injury helping to maintain MDA, the final product

of free radical-induced lipid peroxidation, could be observed for both aerosol (Figure 25, c), yet again

showing a stronger oxidative stress response due to the anthropogenic SOA. It can be assumed, that the 

strong genotoxic potential derives from DNA adduct formation of naphthalene and its metabolites such 

as naphthoquinone as previously shown [201, 202], as well as ROS contained in the aerosol or 

generated during inflammatory and oxidative stress response, leading to DNA oxidation [38]. Noticing 

that secondary genotoxicity is exclusively occurring after SOANAP-SP exposure, and assuming that no 

particles translocate to the downside of the membrane due to its low pore size of 0.4 µm [203], oxidative 

stress signaling might be as well causative for indirect DNA damage detected in EA.hy926 cells 

(Figure 25, d).

Given that inflammation and oxidative stress represent key events in the formation of fibrosis, an 

induction of fibrosis-relevant genes for both aerosols is suggestive. Gene expression analysis 

reveals, that early mediators of EMT, but also EndMT, 

such as the zinc finger protein SNAI1 (SNAI1) [204, 205] and twist-related protein 2 (TWIST2) [206,

207], as well as IPF associated markers like epithelial cell adhesion molecule (EPCAM) [208],

claudin-2 (CLDN2) [209] and fibronectin 1 (FN1) [210] are upregulated, especially after SOANAP-SP

exposure. On the other hand, it should be noted that important late-stage E(nd)MT related markers 

like cadherin-1 (CDH1) and cadherin-2 (CDH2) are inversely regulated of what is known from 

E(nd)MT [211, 212], implicating that pro-fibrotic conditions are not manifested yet and might be

resolved. Nevertheless, the initiation of the cadherin switch is strongly time-dependent [213], and 

requires a preceding activation of several signaling pathways leading to an increased transcription and 

expression of e.g. SNAI1 [214] or TWIST [215, 216], which are significantly involved in the switch, 

and might need to be expressed above a certain threshold to induce the latter. This study successfully 

investigated the different toxicological effects exerted by an anthropogenic SOA deriving from 

condensed soot particle-bound naphthalene as well as a biogenic SOA generated from condensed soot 

particle-bound β-pinene. Cytotoxicity, inflammation, oxidative stress as well as primary and

secondary genotoxicity were examined in a co-culture comprising alveolar epithelial and endothelial 

cells, enabling cross-talk between the distinct cell types. In general, SOANAP-SP induced stronger 

effects compared to SOAβPIN-SP, which might be related to the pronounced levels of aromatic 
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compounds, higher oxidation status and higher prevalence of ROS. As in the studies before, also in this 

study, secondary DNA damage was detected and there are indications for the induction of pro-fibrotic 

pathways. Nevertheless, longer or repeated exposures are required to, firstly, determine whether the 

altered inflammatory and oxidative stress signaling as well as genotoxicity become persistent and result 

in mutagenic or fibrotic conditions and to, secondly, understand how endothelial cells are affected and 

contribute to the formation of such adverse outcomes.

Figure 25: Toxicological assessment. A) The LDH release was similarly increased after 4 h exposure of co-

cultured epithelial (A549) and endothelial (EA.hy926) cells exposed to SOAβPIN-SP and SOANAP-SP (a). The 

inflammatory marker IL-8 (b) and the oxidative marker MDA (c) on the other hand, were more strongly induced 

by exposure to the “anthropogenic” SOANAP-SP. Primary genotoxicity was increased through both aerosols, 

nevertheless to a greater extent by SOANAP-SP, which additionally lead to increased secondary genotoxicity in 

endothelial cells. B) Gene expression analysis indicates a regulation of pro-fibrotic markers, even though, once 

more, to a higher degree by SOANAP-SP.
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6. Conclusion & Outlook

This work presents the successful development of different multicellular in vitro test systems, all 

constituted of competent cell types, which are commonly known to be involved in pulmonary diseases 

such as fibrosis. The applied co-culturing technique allowed the investigation of multiple cell types, in 

compliance with the 3Rs, exposed to various air pollutants like (thermally treated) fiber-containing 

construction materials, MWCNTs as well as secondary organic aerosols derived from soot particles 

coated by naphthalene or β-pinene. Nevertheless, cell-cell communication was constantly maintained 

due to the spatial proximity of epithelial cells, macrophages, fibroblasts or endothelial cells. It was 

comprehensively demonstrated that the latter were strongly affected by the different aerosol exposures 

and exhibited adverse conditions, which are associated with the formation of fibrosis. The findings 

highlight a strong interconnection of fibrosis, inflammation and genotoxicity, especially in the cell 

model containing immunocompetent cells, which are of great importance for inflammatory signaling. 

Interestingly, our investigations revealed at all times the involvement of indirect secondary DNA 

damage, which is usually not considered as a key event in fibrosis-specific AOP design as presented in 

Figure 4. Nevertheless, this genetic alteration could represent, according to our studies, a common 

denominator of several key events such as loss of membrane integrity, EMT and EndMT, or fibroblast 

function. The implementation of secondary genotoxicity could help to derive AOPs of increased 

accuracy or AOP networks as presented in Figure 26, allowing for more precise and effective tiered 

toxicity testing. In addition to that, an advanced and highly sensitive method for the assessment of 

intracellular glutathione levels of multicellular test systems was established. This LC-MS/MS 

technique enables a more detailed understanding of mechanisms of toxicity induced by environmental 

pollutants It involves not only the detection of redox cycling compounds participating in the 

antioxidative defense of the cell, which could be altered by RS signaling and is known to be strongly 

involved in secondary modes-of-action. Furthermore, the method could also unravel xenobiotic 

conjugation mechanisms.

Future studies could increase their relevance, quality and operating range by using multicellular systems 

at the ALI for repeated or long-term exposures with physiologically relevant cell lines, treated at 

exposure-relevant concentrations, depending on the hypothesis or aim. A harmonization of cell culture 

protocols between different laboratories could lead to a higher reproducibility and acceptance of in vitro

models as replacement for animal experimentation. Moreover, such methods may find application in 

the development of integrated approaches for testing and assessment (IATAs), which consider 

information on chemical properties, exposure scenarios, and the relationships of the latter with the 

formation of adverse outcomes, by compiling data gained from in vivo, in silico, in vitro as well as in 

chemico studies. This procedure is more time- and cost-effective compared to traditional toxicity testing 

and could lead to the further reduction of animal testing [217, 218].
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Figure 26: Putative adverse outcome pathway (AOP) network of pulmonary fibrosis development. Following chemical or particle exposure, the stressor 

interacts with cellular components as initiating event, which activates the secretion of pro-inflammatory and/or pro-fibrotic mediators, leading to the 

recruitment of inflammatory cells and a potential increase in ROS production, which could also be induced by the stressors characteristics itself. Those key 

events can lead to primary and/or secondary genotoxicity, which can be, but not necessarily alone, responsible for the loss of epithelial membrane and air-

blood barrier integrity, possibly leading to epithelial (EMT) or endothelial (EndMT) mesenchymal transition. Fibroblast function and differentiation into 

myofibroblasts might be altered directly by genotoxicity or through E(nd)MT, which results in increased, unresolved extracellular matrix deposition and the 

formation of pulmonary fibrosis. The adverse outcome could also be induced by apoptosis or senescence of involved cell types and their insufficient clearance. 

Blue: events influencing all cell types; red: events affecting the vascular system; green: events influencing fibroblast homeostasis.
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