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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 cm®, is increasing year by
year. Depending on the technology, two-stroke scooters can emit high amounts of
carbon monoxide (CO), nitrogen oxides (NOy), 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 CO» 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 16HBE140™ 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 (fillered 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 16HBE140" 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 scocters 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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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, NOy, 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 scoaoters 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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In view of a new amendment to the European legislative
regulation on emissions from two-stroke mopeds a study was
carried out to comprehensively characterize exhaust gases

of mopeds complying current EURO-2 emission standards. Three
mopeds with different engine types (carburetor, direct
injection, and electronic carburetion system ECS) where
investigated by applying two different driving cycles, the
legislative cycle ECE47 and the worldwide motorcycle test
cycle WMTC. Thereby, particulate matter (PM), regulated
compounds, carbonyls, volatile hydrocarbons (VOC), and particle-
associated polyaromatic hydrocarbons (PAH) were analyzed
and ozone formation potentials (OFP) as well as toxicity equivalents
(TEQ) determined. The ECE47 emission factors for almost all
species and moped types were much higher in the nonregulated,
prior cold phase than in the hot phase, which is considered
forlegislation. Great differences for the mopeds could be observed
for NO,, VOC, and PM, whereas discrepancies between the
driving cycles ECE47 and WMTC were smaller. In addition, a
positive influence on exhaust composition caused by technical
modifications of the ECS engine was determined. Results
indicate that regulation of total hydrocarbons (THC) alone might
not be sufficient to regulate PM, especially for direct injection
engines. Moreover, recommendations for a revised future

test protocol are demonstrated and discussed, whereby the
cold phase and the hot phase are taken into account.

Introduction

Powered two-wheelers (PTW) play an important role in the
transport sector. In some countries mopeds with two-stroke
engines and displacements of not more than 50 cm® represent
a large fraction of PTW particularly in southern Europe and
Asia. Across the 27 European Union (EU) countries 18.4
million registered motorcycles compared to 12.9 million
mopeds in 2006 (I). In Asia, PTW account for up to 75% of
the whole vehicle fleet, and approximately 85% of these are
powered by two-stroke engines (2). It is known that for many
exhaust constituents yields from two-stroke engines are
higher than those of four-stroke engines because of the

* Address correspondence to either author: E-mail:
dr-thomas-adam@gmx.net (T. A.); covadonga.astorga-llorens@
jrc.ec.europa.eu (C. A)).
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required mixture of gasoline and lubricant oil, which results
in a substantial fraction of unburned or incompletely
combusted oil e.g. ref 3.

Consequently, contributions of PTW to overall road
transport emissions and therefore to air pollution must be
taken into account. In the past decade, exhaust pollutants
from light and heavy duty vehicles have been reduced
significantly in the EU by continuously implementing stricter
emission regulations. However, a similar gradual reduction
for pollutants in moped exhaust has been delayed since first
legislation came into force in 1999 (4) with one amendment
being passed in 2002 (5). Supporting Information (SI) Table
S1 illustrates all legislative regulations for PTW emissions
and for comparison the three most recent permitted emission
levels for diesel and gasoline passenger cars in the EU.

While there is a lot of literature on exhaust emissions of
passenger cars and heavy duty vehicles available, compre-
hensive surveys on PTW, particularly on mopeds are rare. A
few research groups have investigated the particle fraction
of moped emissions e.g. refs 6—8. Recently, some work on
polycyclic aromatic hydrocarbons (PAH) e.g. ref 3, 9, 10,
selected volatile organic hydrocarbons (VOC) as well as
carbonyl species (3) have been published.

In view of the preparation of a new amendment to the
European directive 97/24/EC (4) the European Commis-
sion - Joint Research Centre (EC-JRC) Ispra carried out a
comprehensive study in order to evaluate emissions of
mopeds complying with the present legislation EURO-2.
Thereby, main goal was that a wide range of exhaust
constituents in gas and particulate phase were investigated
together. Chemical analysis performed included the regulated
species total hydrocarbon (THC), nitrogen dioxide (NO,),
carbon monoxide (CO) as well as carbon dioxide (CO,), and
particulate matter (PM) mass. In addition, particle-associated
polyaromatic hydrocarbons (PAH), carbonyl compounds, and
volatile organic hydrocarbons (VOC) were studied. PAH are
known to strongly contribute to human health effects (11).
Carbonyls and VOC cause photochemical smog and ozone
formation (12). Some of them are known to be carcinogenic
(13).

Moreover, tests were carried out by applying two different
driving cycles, the European legislative driving cycle for
mopeds, ECE47, and a new proposed driving cycle for
motorbikes, WMTC.

Experimental Section

All experimental work was carried out at the Vehicle Emissions
Laboratory (VELA) of the Institute for Environment and
Sustainability (IES) at the EC-JRC Ispra, Italy.

Test Fleet. The test fleet consisted of three new mopeds
of different manufacturers with two-stroke engines, dis-
placements of 50 cm? and oxidation catalysts. All three
complied with the latest European emission legislative
standard for mopeds, EURO-2, but had three different engine
technologies. In particular, one moped (moped-CA) was
equipped with an ordinary carburetor, one moped (moped-
DI) had direct injection technology, and the third moped
(moped-CAec) was equipped with an electronic carburetion
system (ECS). Latter one consists of an engine control unit
(ECU) and an electro-actuated carburetor, whereby the air/
fuel (A/F) ratio and the oil dosing are electronically controlled
according to several engine operating conditions.

For all tests semisynthetic oil (API TC, Jaso FC, ISO-L-
EGD) and a certified reference fuel (CEC RF-02—99 oxy
0.8—1.2; SI Table S6) were used.
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