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Front page background picture 
Schematic overview of the scooter exposure system (published in Muller et al, 2010, 

Environmental Science & Technology, 44:2632-2638). 
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Summary 
The number of registered scooters, the small two-wheeled vehicles with a maximal 

speed of 45 km/h and an engine capacity lower than 50 cm3, is increasing year by 

year. Depending on the technology, two-stroke scooters can emit high amounts of 

carbon monoxide (CO), nitrogen oxides (NOx), hydrocarbons (HCs), polycyclic 

aromatic HCs (PAHs) and particulate matter (PM) mainly in the nano-scaled size 

range. Compared to normal passenger cars, the emissions can be so high that 

scooters have to be treated as so-called superpolluters. 

In a first project the toxicity of different engineered nanoparticles and diesel exhaust 

particles (DEP) in different cell cultures and especially the differences between 

mono- and co-cultures was evaluated. It could be shown that the interplay of different 

lung cell types modulate substantially the oxidative stress and (pro-) inflammatory 

responses upon DEP exposure (Project 1).  

In order to develop a method to evaluate the toxic potential of scooter exhaust 

emissions, a new exposure system was constructed and established (Project 2). 

After the removal and the dilution (1:100) of the exhaust sample, the exhaust 

emissions were CO2 enriched (5%), humidified (85% relative humidity) and heated 

(37.5°C). The diluted exhaust emissions passed the exposure chamber where the 

cell cultures were placed. Mono-cultures of human alveolar epithelial A549 or of 

human bronchial epithelial 16HBE14o- cells, as well as a co-culture model of the 

human epithelial airways consisting of an epithelial cell layer, human monocyte-

derived dendritic cells at the basal side and human monocyte-derived macrophages 

at the apical side were used. The cell cultures were pre-exposed to the air-liquid 

interface for 24h and then exposed to the exhaust emissions by diffusion processes. 

In parallel to the exposure to exhaust emissions, cell cultures were exposed to 

reference air (filtered ambient air, treated similar to the exhaust emissions). In 

addition a negative control (cells left in the incubator) was included. For the 

establishment of the exposure system, cell cultures were exposed to the exhaust 

emissions for one or two hour time periods followed by a post-incubation for zero, 

four, eight, twelve or twenty-four hours. A two-stroke direct injection Peugeot scooter 

with "worst case" conditions (normal fuel, army oil, normal oil ratio, dummy muffler) 

was used. For the cell analysis, the cell morphology and the tight junction 

arrangement, the cytotoxicity and the (pro-) inflammatory response were measured. 
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The analysis of the establishment and optimization of the exposure system showed 

that the triple cell co-cultures with 16HBE14o- cells exposed to the exhaust emissions 

during two hours and post-incubated for eight and twenty-four hours presented the 

highest differences between reference and exposed cells. For all further comparisons 

of the toxic potential of different vehicles, the previously mentioned settings were 

used.  

In the third project various settings of two different two-stroke scooters (carburetor 

and direct injection), a four-stroke scooter and a passenger diesel car with and 

without a diesel particle filter were tested. The applied settings were worst case 

(same as in the establishment experiments of the exposure system), worst case – 

filtered (filtering out of the particles after the removal of the exhaust), best case 

(Aspen fuel, Motorex oil, only 50% oil ratio, oxidative catalyst, wire mesh filter 

catalyst) and absolute best case (Aspen fuel, Motorex oil, only 50% oil ratio, coated 

particle filter). The overall toxic potential was highest for carburetor worst case 

conditions, followed by direct injection worst case, the four-stroke scooter and the 

passenger diesel car. The technical optimizations for the two-stroke scooters, 

especially the coated particle filter, reduced the toxic potential to a lower level than 

for diesel cars. For the passenger diesel car, the particle filter did not reduce the toxic 

potential. The particle number concentration was found to be the most relevant 

parameter for the toxic potential. 

The newly developed exposure system can be used for standardized testing of 

different exhaust emissions and for the evaluation of the effects on the toxic potential 

of single technical optimizations. The toxic potential of two-stroke scooters was 

higher than of four-stroke scooters and diesel cars and can be reduced with technical 

optimizations, which should be introduced. 
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Abbreviations 
 

CO  carbon monoxide 

CO2  carbon dioxide 

DEP  diesel exhaust particles 

ESI  electron spectroscopic imaging 

HC  hydrocarbons 

IL-8  Interleukin 8 

MDDC monocyte-derived dendritic cells 

MDM  monocyte-derived macrophages 

NOx  nitrogen oxides 

NP(s)  nanoparticle(s) 

PAH  polycyclic aromatic hydrocarbon 

PM  particulate matter 

TEM  transmission electron microscopy 

TNFα  tumor necrosis factor alpha 

TSDI  two-stroke direct injection 
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1 General Introduction 
Humans have always been mobile. In the Stone Age people walked, in the Middle 

Ages they rode horses and later in the year 1769, when James Watt substantially 

improved the efficiency of the Newcomen steam machine, the mobility of human 

beings took a huge step forward: motorized mobility was born. However, with this 

promising motorization, problems were simultaneously created. The release of 

exhaust emissions, which are produced mainly by incomplete combustion processes 

by the motorized vehicles, was found to contaminate the ambient air and to be 

harmful not only for human health. Leonardo da Vinci (1452-1519, a famous painter, 

engineer, architect and anatomist) already realized the adverse effects of dust and 

noted as a comment to a sketched trachea in his Anatomical Notebook “dust is 

harmful”.  

The mobility of human societies is still increasing and to be able to travel at any time 

to any place is taken as a matter of course. The development of new transport 

vehicles is a continuing process and will change mobility furthermore in the future. 

Today the variety of motorized vehicles ranges from electrical bikes to mopeds, 

scooters, motor-bikes, personal cars, buses, trucks and ships to airplanes.  

This PhD thesis focuses on the toxic potential of scootersand diesel car exhaust 

emissions in order to contribute facts to the discussion about possible measurements 

to reduce the release of pollutants into the ambient air and therefore reduce the 

adverse health effects in humans. 

1.1 Relevance of Scooter Exhaust Emissions 

Scooters, the small two-wheeled vehicles with an engine capacity lower than 50 cm3 

and a maximal speed of 45 km/h, are becoming more and more popular. The number 

of registered scooters in Switzerland increases year by year and reached the level of 

about 250’000 in 2008 (source: Swiss Statistics, www.admin.ch). The situation in 

some Asian countries is even more extreme. For example, in India even by 2003 

more than 50 millions scooters were in use (Government of India, 2004). The mobility 

advantages of scooters in urban areas, as well as their low prices, cause the 

assumption that the number of scooters is likely to continue to grow. 

Different scooter technologies are available on the market. There are carburetor 

scooters and direct injection scooters, and additionally there is the differentiation 
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between two- and four-stroke scooters. A two-stroke engine works – like the name 

indicates - with only two phases in the cycle (http://en.wikipedia.org/wiki/Two-stroke): 

(1) During the first phase, the piston is moving up in the cylinder, the air-fuel-

mixture is compressed and a spark plug ignites the compressed mixture. 

Under the piston, the new fresh air-fuel-mixture is sucked into the sealed 

crankcase. 

(2) The second phase is the scavenging phase. The piston moves down in the 

cylinder and opens the exhaust and transfer ports. The exhaust gas escapes 

because of higher pressure. The new fresh air-fuel-mixture in the crankcase is 

compressed due to the moving down of the piston and arrives from the 

transfer channel in the cylinder, rinsing the rest of exhaust gas. Then the cycle 

begins again. 

A four-stroke engine is more complex and thus also more expensive. The cycle is 

divided into four phases (http://en.wikipedia.org/wiki/Four-stroke): 

(1) Intake stroke: the air-fuel-mixture is sucked into the cylinder.  

(2) Compression stroke: is characterized by closed intake and exhaust valves and 

the returning piston that squeezes the mixture. Before reaching the Top Dead 

Center the mixture is ignited by a spark plug. 

(3) Power stroke: the combustion drives the piston back.  

(4) Exhaust stroke: During the last phase the exhaust valve is open and the 

combustion products are pushed out.  

The difference between the carburetor and the direct injection technology is based on 

the method of the fuel nebulization. While the direct injection technology atomizes the 

fuel by pumping it with high pressure through a small nozzle directly into the cylinder, 

the carburetor technology works with low pressure and an intake air stream that 

rushes through the fuel and adds it to the air stream (http://en.wikipedia.org/wiki/Two-

stroke).  

These different working principles of the various scooter technologies result in 

different compositions of the exhaust emissions. Carburetor exhaust emissions 

contain high amounts of carbon monoxide (CO) and direct injection emissions 

contain high concentrations of nitrogen oxides (NOx). For both technologies 

hydrocarbons (HC), polycyclic aromatic HCs (PAHs) and particulate matter (PM) in 

the nanoscale range are typically released at high amounts (Czerwinski and 
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Schramm, 2006; Rijkeboer et al, 2005; Rüdy and Weilenmann, 2006). The exhaust 

emissions are mostly higher than the emissions of a normal diesel passenger car 

with Euro 3 standard. Therefore, in certain major cities all over the world, scooters 

are significant contributors to PM, PAH and CO air pollution (McDonald et al, 2005). 

Furthermore, scooters are discussed to be so-called superpolluters1 (McDonald et al, 

2005; Siegmann et al, 2008). A reduction of these superpolluters by an improved 

technology would decrease the amount of air pollution with a relatively low effort. 

As the European Union and Switzerland constantly renew the legislation regarding 

emission limit values, the discussion about an adaptation of the limit values is on 

going. The current European legislation for scooters (EURO 2 standard, directive 

97/24/EC, chapter 5, annex I) includes only limit values for CO (1 g/km) and HC plus 

NOx (1.2 g/km), but not for PM or PAHs.  

In a previous project at the Bern University of Applied Sciences in Biel, Switzerland, 

different two-stroke scooter technologies were compared with respect to their 

exhaust emissions. In addition, the effects of technical optimizations were measured. 

With the use of different fuels, oils, oil ratios and technical measures, such as wire 

mesh filter catalyst or particle filters, the emissions could strongly be reduced 

(Czerwinski et al, 2006; Czerwinski and Schramm, 2005; Czerwinski and Schramm, 

2006). This fact awaked the interest regarding how this emission reduction would 

affect the toxicity of the scooter exhaust. 

1.2 The Lung as the Relevant Portal of Entry for Air Pollutants 

Every human has to breathe. With every breath more than one million particles are 

inhaled which result in an amount of about 3000 million inhaled particles per day 

(reviewed in Gehr et al, 2010). The important question from a biological point of view 

is now: What happens with this huge amount of inhaled particles in the lung? 

The majority of inhaled particles, about 70%, are exhaled again with the next breath. 

Overall only about 30% of the inhaled particles follow the airflow into the respiratory 

tract and are deposited in the lung (reviewed in Gehr et al, 2010). Depending on the 

aerodynamic diameter, particles are deposited in different regions of the respiratory 

tract (Figure 1).  
                                                 
1 Superpolluters are defined as a source type which is only present in a small percentage of the 
total vehicle fleet but contributes strongly to the air pollution (adapted from Siegmann et al, 
2008). 
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Figure 1. Theoretical fractional deposition of inhaled particles in the different regions of the 

human respiratory tract during nose breathing depends on the aerodynamic diameter. 
(Oberdorster et al, 2005) 

Particles with an aerodynamic diameter > 10 µm do not enter the lung and are filtered 

out in the nasopharyngeal region of the respiratory tract. Particles with a diameter 

< 10 µm can enter the conducting airways. The conducting airways are branched 

irregularly dichotomously and get thinner towards the peripheral regions of the lung 

(Ochs and Weibel, 2008). The smallest particles even enter the respiratory region of 

the lung – where the gas exchange takes place – beginning with the first alveoli 

appearing at the airway wall and ending in the alveolar region (Weibel, 2009). Not 

only the diameter of the airway tubes changes but also the airway wall, lined out by 

an epithelium without any interruptions from the trachea to the alveolar region, shows 

adaptations to their physiological function (Figure 2). At the level of the trachea and 

bronchi, the epithelium is pseudostratified with a thick layer of connective tissue and 

smooth muscles containing glands and capillaries and a columnar epithelial cell layer 

with goblet cells and a mucus layer on the top. Furthermore cartilage is found in the 

airways wall to form the shape. Deeper in the lung, in the region of smaller 

bronchioles, the connective tissue and the smooth muscle layer become thinner and 

the cartilage is not present anymore. The epithelial cells are now cuboidal and the 

mucus layer is thinner as well. The mucus layer is covered by a surfactant (surface 

active agent) film. Finally, in the alveoli, the epithelium becomes extremely thin (Ochs 
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and Weibel, 2008). The alveolar region is lined out by squamous cells, e.g. the 

alveolar type I cells, which are interrupted by cuboidal type II epithelial cells 

(surfactant producing cells). The connective tissue is now reduced to an absolute 

minimum and the smooth muscle layer has totally disappeared. As the main function 

of the alveolar region is the exchange of oxygen from the inhaled air and carbon 

dioxide (CO2) from the blood, the thickness of the air-blood-barrier is minimized to an 

approximately 2 µm thin tissue layer, which allows efficient diffusion of the gases 

(Gehr et al, 1978). In reality, the construction of the airway/alveolar wall is even more 

complex than shown in Figure 2. It is not only fibroblasts, muscle cells, gland cells, 

different epithelial and goblet cells which are part of the airway wall, but in total there 

are more than 40 different cell types, including endothelial cells, nerve cells, lymphoid 

cells, dendritic cell, and macrophages, with various functions which add to the 

complexity of the epithelium in the airways (Ochs and Weibel, 2008). 

When investigating the inhalation of gases, the situation is different compared to that 

for particles. Gases are not filtered out by the airway branches. All inhaled gases 

reach the alveolar region, even though the gases are diluted with the air in the dead 

space and the concentration reaching the alveoli is lower than the inhaled 

concentration.  

The lung has a huge internal surface area of about 150 m2 (Gehr et al, 1978) and is 

in constant and direct contact with the ambient air. Therefore, it is the major portal of 

entry for gaseous and aerosolized pollutants. Other exposure routes such as the skin 

and the gastrointestinal tract are not considered in this study. 

 
Figure 2. The changing structure of the airway wall at three levels in the respiratory tract (Ochs 

and Weibel, 2008). 
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1.3 Particle-Lung Interaction 

Exhaust emissions consist of particulate and gaseous compounds. Whereas the 

contact of the gases with lung structures occurs over normal gas diffusion processes, 

the interaction of the particulate compounds with the lung is a complex issue. 

Although a large amount of the inhaled particles are exhaled without deposition, the 

remaining inhaled particles are conducted to the gas exchange area of the 

respiratory tract and in this way the particles can come into contact with the airway 

wall via diffusion processes (Ochs and Weibel, 2008). After being deposited on the 

airway or alveolar wall, the particles first come in contact with surfactant. Surfactant is 

located at the air-liquid interface of the liquid lining layer covering the cells at the 

luminal side of the airway wall. It is composed of around 90% lipids and 10% proteins 

and its function is to keep the alveoli open, dry and clean (Ochs and Weibel, 2008). 

Once a particle touches the surfactant, it is displaced into the aqueous lining layer by 

surface forces (wetting forces) and may interact with the cells (Schurch et al, 1990). 

After getting in contact with cells of the airway and alveolar wall, particles may be 

taken up by the cells or may even be translocated across the epithelial cell layer into 

capillaries where it may reach other organs via the bloodstream (Elder et al, 2006; 

Kreyling et al, 2002; Mühlfeld et al, 2008).  

In order to prevent the human body from unintentionally inhaled particles, the 

respiratory tract has two main types of defense mechanisms: non-cellular 

components and cellular components. Non-cellular mechanisms include sneezing, 

coughing and also the mucociliary clearance in the upper airways (Kilburn, 1968; 

Mühlfeld et al, 2008). Cell-based defense mechanisms include the continuous 

epithelium with the tight junctions, adherens junctions and desmosomes to tighten 

the cell layer (Ochs and Weibel, 2008), professional phagocytic cells (such as 

macrophages) (Brain, 1988; Lehnert, 1992) and professional antigen-presenting cells 

(such as dendritic cells) (Holt and Schon-Hegrad, 1987; McWilliam et al, 2000). 

Although, these defense mechanisms present effective working barriers, particles are 

able to overcome them. The mechanisms are not yet clear, but particles can probably 

cross the epithelial layer in a paracellular manner via transcytosis (Oberdorster et al, 

2005) or via the cells of the immune system (e.g. macrophages or dendritic cells) 

(Blank et al, 2007; Blank et al, 2010).  
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1.4 Impacts of Exhaust Emissions and Diesel Exhaust Particles (DEP) on 
Human Health 

While the comment of Leonardo da Vinci (“dust is harmful”) only represented an 

observation, today we know that he was right. Several epidemiological studies have 

shown an increased mortality of humans exposed to PM with an aerodynamic 

diameter < 10 µm (PM10) (Peters et al, 1997; Wichmann et al, 2000). Associations 

between exposure to PM10 and DEP and pulmonary and cardiovascular diseases 

have been found in different studies and give evidence for involved mechanisms of 

oxidative stress and (pro-) inflammatory responses (Brunekreef and Holgate, 2002; 

Pope et al, 2002; Pope et al, 2004; Samet et al, 2000). Furthermore, PM10 and DEP 

have been found to be toxic to lung cells and oxidative stress (Brauner et al, 2007; 

Xiao et al, 2003) and (pro-) inflammatory responses (Becker et al, 2005; Donaldson 

et al, 2005) were identified as possible mechanisms for this toxicity. Studies 

investigating the adverse respiratory effects of different size fractions of ambient 

particles showed stronger effects for ultrafine particles (< 100 nm in diameter) than 

for fine particles (< 2.5 µm in diameter) (Peters et al, 1997; Wichmann et al, 2000). 

This indicates the importance of considering the particle size and not only the particle 

mass. 

In addition to the adverse health effects of PM and DEP, gaseous compounds of 

exhaust emissions, for example CO or NOx, are also known to be associated with the 

development of pulmonary and cardiovascular diseases (Ackermann-Liebrich et al, 

1997; Braun-Fahrlander et al, 1997; Ghosh et al, 2010), and oxidative stress and 

(pro-) inflammatory responses are thought to be involved in the disease development 

(Brandsma et al, 2008; Chhikara et al, 2009; Lighty et al, 2000; Sevastyanova et al, 

2007; Solovey et al, 2010). 

1.5 Cell culture models 

Various methods exist to analyze possible toxic effects of xenobiotics. (1) 

Epidemiological studies represent the real exposure for humans, but can only look 

retrospectively to the past. (2) In vivo studies with humans have to use small 

concentrations, whereas animal studies are often carried out with higher 

concentrations and the problem of overload situations has to be avoided. 

Furthermore, because the effects on human beings are of interest, the results have 
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to be extrapolated from the animals to humans which is not always very simple to 

perform. For in vivo testing with humans and animals, specific ethical qualifications 

have to be considered. (3) The third category is referred to as ex vivo exposures. 

Whole tissues from animals or from humans can be cultivated in vitro and exposed 

either submerged or, in the case of the lung, at the air-liquid interface directly to 

exhaust emissions. In the case of submerged exposure, the situation does not 

represent the real in vivo situation in the lung where the tissue is exposed to air. In 

addition the gaseous compounds can not be included in these studies, and 

furthermore the particle characteristics may be changed during the process of 

collection and re-suspension (Teeguarden et al, 2007). Moreover, the particle 

dosage, which comes in contact with the tissue, can not be precisely determined. 

Furthermore, depending on the preparation methods, it is not only the tissue parts 

exposed to exhaust emissions which are also in reality in contact with exhaust 

emissions, but also other parts, e.g. connective tissue. The handling and the 

cultivation of the removed tissue is also extremely complex. When animal tissue is 

used the extrapolation between animals and humans has to be done additionally. (4) 

The final biological exposure mode is in vitro testing. Several culture conditions have 

been described for lung cell cultures: submerged and direct exposure and mono- and 

co-culture systems. When the cell cultures, either mono- or co-cultures, are exposed 

submerged to particles, the same constrictions as mentioned under (3) for the 

submerged ex vivo exposure situations have to be considered. Studies comparing 

mono- and co-cultures have shown differences in the reactions upon particle 

exposure (Alfaro-Moreno et al, 2008; Lehmann et al, 2009; Lehmann et al, 2010; 

Muller et al, 2010b; Rothen-Rutishauser et al, 2008). (5) A fifth method to investigate 

the possible toxic effects of xenobiotics is the use of cell-free assays (Foucaud et al, 

2007; Rothen-Rutishauser et al, 2010). With cell-free assays only short-term effects 

can be investigated and not long-term effects. Furthermore, the extrapolation from 

cell free assays to humans is even more complex than from in vivo and in vitro 

exposures. 

In vitro cell culturing allows studies to be performed at the cellular and subcellular 

level in a well standardized and well defined environment. In order to test different 

vehicle emissions and their influence on lung cells in vitro mono-cultures and co-

cultures offer suitable tools.  
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Following these considerations, we used the well established and characterized in 

vitro triple cell co-culture model of the airway epithelial barrier (Blank et al, 2007; 

Rothen-Rutishauser et al, 2005). The model consists of human epithelial cells from a 

cell line (16HBE14o- or A549), human blood monocyte-derived dendritic cells 

(MDDC) at the basal side and human blood monocyte-derived macrophages (MDM) 

at the apical side of the epithelial cell layer. The model was also characterized for 

use at the air-liquid interface (Blank et al, 2006; Blank et al, 2007; Brandenberger et 

al, 2010b). 

The here used cell culture model and also other in vitro models can not represent the 

whole complexity of the human airway wall with the connection to the blood and 

lymph circulation, connective tissue, muscles etc. However it is a valuable tool for 

screening and for mechanical studies, which tries to consider parts of the complexity. 

 

1.6 Aims 

One aim of my PhD study was to complete the work started during my master thesis 

at the ETH Zurich regarding the differences in the responses of mono- and triple cell 

co-cultures upon exposure to engineered nanoparticles (NPs) and DEP. This study 

was performed using monocultures of the alveolar epithelial type II like cell line A549, 

of MDDC and of MDM, as well as triple cell co-cultures under submersed conditions 

(Rothen-Rutishauser et al, 2005). The effects of single-walled carbon nanotubes, 

DEP and titanium dioxide NPs on the production of reactive oxygen species, on the 

total antioxidant capacity and on the cytokine release (TNFα and IL-8) were 

investigated. Furthermore, particle entry into the cells was shown by transmission 

electron microscopy (TEM) (Muller et al, 2010b; 2.1 Project 1).  

The main goals of my PhD study were the development and application of an 

exposure system to evaluate the toxic potential of exhaust emissions in a realistic 

and applicable way.  

In a first step a new exposure system was developed which allows the direct 

exposure of cell cultures at the air-liquid interface to freshly produced exhaust 

emissions. The exhaust emission was diluted 1:100, humidified, heated and CO2 

enriched. Different cell cultures, such as monocultures of A549 and 16HBE14o- 

epithelial cells, as well as triple cell co-cultures of both epithelial cell lines with MDDC 
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and MDM, were tested. The establishment of the system was carried out with a two-

stroke direct injection (TSDI) scooter of Peugeot with worst case conditions (dummy 

muffler, normal fuel, Swiss army oil, normal oil ratio). For the estimation of the toxic 

potential, the endpoints of cytotoxicity and (pro-) inflammatory reactions were 

considered (Muller et al, 2010a; 2.2 Project 2). 

In a second step the toxic potential of different scooters and cars and different 

technical optimizations were compared. Therefore the TSDI Peugeot scooter, a two-

stroke carburetor Peugeot scooter (both with conditions of worst case, worst case – 

filtered, best case and absolute best case), a Aprilia four-stroke scooter, a diesel car 

with particle filter and a diesel car without filter were tested (2.3 Project 3).  
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2 Results 
 
Project 1: Differences in reactions of mono- and co-cultures upon nanoparticle 
exposure 
 

Oxidative stress and inflammation response after nanoparticle exposure: 
differences between human lung cell monocultures and an advanced three-
dimensional model of the human epithelial airways 
 

Loretta Müller, Michael Riediker, Peter Wick, Martin Mohr, Peter Gehr, and Barbara Rothen-

Rutishauser 

 

Published in Journal of the Royal Society Interface 2010, 7:S27-S40 

 

 

Project 2: Development of an exposure system to estimate the toxic potential 
of (scooter) exhaust emissions 
 

New Exposure System To Evaluate the Toxicity of (Scooter) Exhaust Emissions 
in Lung Cells in Vitro 
 
Loretta Müller, Pierre Comte, Jan Czerwinksi, Markus Kasper, Andreas C.R. Mayer, Peter Gehr, Heinz 

Burtscher, Jean-Paul Morin, Athanasios Konstandopoulos, and Barbara Rothen-Rutishauser 

 

Published in Environmental Science & Technology 2010, 44:2632-2638 

 

 

Project 3: Comparison of the toxic potential of different vehicles 
 

Toxic Potential of Two- and Four-Stroke Scooter and Diesel Car Exhaust 
Emissions In Vitro. 
 
Loretta Müller, Pierre Comte, Jan Czerwinksi, Markus Kasper, Andreas C.R. Mayer, Peter Gehr, and 

Barbara Rothen-Rutishauser 

 
Manuscript submitted to Environmental Health Perspectives, June 2010 
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2.1 Project 1: Differences in reactions of mono- and co-cultures upon 
nanoparticle exposure 

 
Oxidative stress and inflammation response after nanoparticle exposure: 
differences between human lung cell monocultures and an advanced 
three-dimensional model of the human epithelial airways 
 

Loretta Müller, Michael Riediker, Peter Wick, Martin Mohr, Peter Gehr, and Barbara Rothen-

Rutishauser 

 

 

Published in Journal of the Royal Society Interface 2010, 7:S27-S40 
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2.2 Project 2: Development of an exposure system to estimate the toxic 
potential of (scooter) exhaust emissions 
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2.3 Project 3 - Comparison of the toxic potential of different vehicles 
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3 Discussion of the Findings 
This PhD study mainly aimed to develop a new exposure system to directly expose 

lung cell cultures to total exhaust emissions at the air-liquid interface and the 

evaluation of the toxic potential of different vehicle emissions. In addition we 

investigated the differences in reactions of cell mono-cultures and triple cell co-

cultures upon NP exposure.  

This new exposure system allows the direct exposure of cell cultures to total exhaust 

emissions. The direct exposure of cell cultures in vitro mimics the situation in the lung 

as realistically as possible. The flow pattern of diffusion processes especially reflects 

the in vivo situation (Ochs and Weibel, 2008). Additionally the use of the triple cell co-

culture model of the airway epithelial barrier offers a more realistic model than mono-

cultures of one cell type alone (Alfaro-Moreno et al, 2008; Muller et al, 2010b; 

Rothen-Rutishauser et al, 2008). Compared to the in vivo situation in the lung even 

the use of three different cell types (epithelial cells, macrophages and dendritic cells) 

combined in the co-culture model only represents part of the complexity. However, 

the co-culture model can not consider all of the different cell types (over 40) in the 

lung (Ochs and Weibel, 2008), the blood circulation, the lymph circulation or the 

interplay of various organs. The whole complexity of the human lung could only be 

included by using in vivo testing of animals or humans. With the application of in vivo 

exposure of animals at least the complexity of a whole organism can be considered, 

but the problem of the extrapolation from animals to humans still exists. The actual 

experimental design and the cell culture model used need to be adapted to 

investigate chronic exposure as it occurs in the reality. This is a general 

disadvantage of in vitro cell cultures exposed at the air-liquid interface. Further 

experiments will use cell cultures to co-expose them to exhaust emissions and to 

other stressors, such as the influenza virus. Furthermore, it allows the testing of 

single technical optimizations, which would be not possible with epidemiological 

tools. This testing can be carried out even before the technical optimization is on the 

market and can be treated as a pre-test and evaluation of the effects on the toxic 

potential. Industrial players may use such testing as a sales argument and for their 

marketing.  

Comparing the new exposure system with other exposure systems described in the 

literature (Table 2 in Muller et al, 2010a), the probably most important conclusion is 
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the need for more standardization. As the systems use not the same conditions, 

different biological samples and also variable technical settings of the vehicles, it is 

just not possible to compare the results of different publications.  

Only very few and quite old studies about the toxicity of scooter exhaust emissions 

are published. Zhou and colleagues showed the mutagenicity of scooter exhaust PM 

(Zhou and Ye, 1997) and an activation of oncogenes in human diploid cells strain 

cells (Zhou and Ye, 1998b). Further they could show the effects of lubricant on the 

mutagenicity (Zhou and Ye, 1998a). Studies using cell cultures or in vivo studies 

about the toxic effects of scooter exhaust emissions do not exist and therefore the 

results can not be compared to the current research literature.  

The presented PhD thesis showed adverse effects of exhaust emissions in a model 

of the human airway epithelial barrier and a reduction of the toxic potential when 

technical optimizations, such as better fuel, better oil or particle filters, were 

introduced. Following the precautionary principle with this knowledge and the 

knowledge of adverse health effects due to the single components of the exhaust 

(e.g. CO, HC, NOx, particles) (Ackermann-Liebrich et al, 1997; Becker et al, 2005; 

Braun-Fahrlander et al, 1997; Brauner et al, 2007; Donaldson et al, 2005; Ghosh et 

al, 2010; Pan et al, 2004; Xiao et al, 2003), there is a high importance of a (further) 

reduction of the exhaust emissions. For a more precise analysis about which of the 

exhaust emission compounds should be focused on, further studies are necessary. 

Out of the here presented results it can only be concluded that the particle number 

concentration is the most relevant parameter and should be reduced as much as 

possible.  

Effects of particles can be induced by two different ways: Either particles enter the 

cells and interact with cell-internal structures or particles attach to the cell surface 

and activate receptors inducing cell signaling. Further it has to be differentiated if the 

effect is induced by the particle itself or by substances adsorbed to the particle 

surface and released either in the cell or close to the cell surface (Limbach et al, 

2007; Oberdorster et al, 2005). In order to distinguish between the two ways, the 

number of particles localized intracellular should have to be determined. However, for 

exhaust particles it is very difficult and refers to a real challenge. Their sizes are in 

the nanoscaled size range and therefore need to be visualized by TEM. Only bigger 

agglomerates could be detected inside cells, however, since this occurs only in 

suspension experiments in the here presented experimental setup, i.e. air-liquid 
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exposed cells, no such agglomerates could be detected. It has to be assumed that 

smaller agglomerates or single particles entered the cells, but as they are not very 

electron dense and have no well defined shapes, they could only be identified clearly 

including the methods of elemental analysis (Brandenberger et al, 2010a). Element 

analysis by the mean of electron spectroscopic imaging (ESI) is applicable when the 

elemental composition of the particles is known. This requirement is not fulfilled for 

exhaust particles. They have no constant chemical composition and a previous 

chemical element analysis of the particles would be needed. With this information 

ESI could be performed and theoretically particles could be identified intracellular. As 

an elemental analysis of exhaust particles is a time-consuming and expensive issue, 

this was not possible to do within this study and would be an additional interesting 

topic for an ongoing study.  

Finally, it can be concluded that the newly developed exposure system is a tool for 

testing the toxic potential of different vehicle's exhaust emissions in a human 

epithelial airway model, as well as testing the effects of single technical optimizations 

(e.g. particle filter, better fuel and oil). Further, statistically significant differences 

between cell cultures exposed to exhaust emission and such exposed to reference 

air were found. Between the toxic potential of different vehicles or set-ups only few 

statistically significant differences could be shown. Probable reasons for that fact can 

be the short exposure time (2 h), the high dilution of the exhaust emissions (1:100) 

and the low number of experimental repetitions (n=3). The most relevant exhaust 

parameter which might mainly be responsible for the toxic potential is the particle 

number concentration, which should be reduced as much as possible. 

In summary, it can be concluded that a new exposure system to investigate the 

effects of (scooter) exhaust emissions in cell cultures in vitro could be developed and 

established. Furthermore, it was applied to compare the effects of exhaust emissions 

of different vehicles and set-ups. The implementation of modern particle filters in two-

stroke scooters was shown to reduce the toxic potential. Overall, the particle number 

concentration was found to have a statistically significant effect on the toxic potential 

and should be reduced as much as possible. Concerning the cell cultures, it was 

shown that the interplay of different co-cultured cell types (epithelial cells, MDM and 

MDDC) alters the oxidative stress and (pro-) inflammatory responses upon NP 

exposure and can mimic the reality in the airways better than mono-cultures.  
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