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Darin besteht das Wesen der Wissenschaft. Zuengt dean an
etwas, das wahr sein kénnte. Dann sieht man naehesoder

Fall ist und im Allgemeinen ist es nicht der Fall.

Bertrand Russell (1872-1970)






SUMIMIATY L.ttt e e s ettt e ttb e e e e e e e et aet e e e e e e e et et s mmmat s e e e e e e e e eeb b nn e e e e eeeeeebban s

ZUSAMMENTASSUNG ...eevviiiiiiiiiiiieiiiiiiirnrreress s s s e s s e e s e e e e e e e e e e e aaeaaeaaaaaaeaasaaaaaasaasaaaaasaassaaaasaaaaasasaens [l
R [ 011 (0T [ BTt i o] o [T P PP PPPPPPPP 1
2 Main Goals and Outline of this StUAY ........ccceeeiiiiiiiii 3
3 Scientific Background of Wood COmMbBUSLION .......cccevviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeneee e 5
3.1 Popularity Trend of Small-Scale Wood CombustioniDes ............cccoeeeviiiiiiiiiiniinnenenn,
3.2 Impact of Residential Wood Combustion on Air QUalit...............eeveeviiiiiiiiiiiieinnnnns 6...
3.3 Completeness of Wood Combustion and its InfluemcEmissions ...........ccccoeeeevevvvnnnen.
3.4 Regulations on Emissions from Small-Scale Wood Qgstibn Devices .......................
3.5 Toxicity of Wood Combustion EMISSIONS.......ceoiiiiiiiiiiiiiiiiiiiiiiiiiieiieieevieveeeeenee s 8
3.5.1 EpidemiologiCal STUIES........coeuiiiiiiiiiceeeee et nee e 8
3.5.2  IN VIVO STUAIES ...ttt eeeeee ettt ettt et et e e eeeeeaeeeeeseesneneeaeaeaaeaas 12
3.5.2.1 Studies With HUMANS ..........ooo e 12
3.5.2.2 ANIMAl STUGIES ...oeiiiiiiiiiiiie et 13
3.5.3  INVILIO STUAIES .ooeiiieiieie e et 15
3.5.3.1 General Approaches of in Vitro TeChNIQUES «........ccevvvevviiiiiiiiiiiiiiiiiiiiiieeens 15
3.5.3.2 Toxicity Tests With Cell INES........ccuuuiiiimiiiiir e 18
3.5.3.3 Microorganisms as Test ODJECLS. ... . eerrrrrrririeiiiiiiiiiiiiiiii e 19
3.5.3.4 Main Drawbacks of in Vitro StUdIES ...ccceeiiiiiiiiieeiiiiiiiiieeee e 20
4 Material and MeEtNOUS..........uuiiiiiiii e e e 23
4.1 Reagents and ChemICAIS .........couiiiiiiii e e e 23
4.2 Tested SAmMPIES ... 24
4.2.1  TyPeS Of SAMPIES ..o ettt ee et et sbe e bbbmneneeeeeeeeeeas 24

4.2.2  CombUSLION EXPEIMENTS .....uuuiiiiiiis s come et smmnmnee e 24



4.2.2.1 BUIK FINE DUSt SAMPIES .....evvviirtammmmmn s sss s sssssssss e s s e s sesssnsnsnenes 24

4.2.2.2 Filter SAMPIES ...t 25
4.2.2.3 Simulated Atmospheric Transformation of &10NS...............eeveiiiiiiiiiiiiiiinnnnns 26
4.2.3 Physico-Chemical CharacCterization ..........ccceeeeieevieiiiiiiiiiiieieiiieiieeireiieieenienee 27
4.2.4 Sample Preparation and CONIOIS ...........commmmmseeeeeeneisisieieeeieeeeeee e e e eeeeens 28
4.3 TESEOIQANISIMS ..o eiiiiii e e e e e e e e e e e e e e e e e e e e e e e et e et e eaaaa e s s s e e e e e e e e e e aaeaaas 29
4.4 APPIEA BIOASSAYS .. .ceiiiiiiiieie ettt nnnnr e e e e eeeeeeeee e 29
4.4.1 Microbial Assays and ModifiCations...........ccccciiiiiiiiiiiiiiiiiieeeeeeeeee e 29

4.4.2 Bioassays with Nematodes and Cell LINES ... eeeiiiiiiiiiiniiiiiieiieeneeeeeee. 33

4.5 Combined Exposure of Zn and FPs or FIuOranthene w........ccccoeeeeiiiiiniiiinieneneenn, 34.

4.6  XRD MEASUIEIMENTS .....cciiiiiiiiiiieeeee ettt s e e e et eeb e e e e e et e ees e e e e aaaaneeeeeesnnnnnnas 35
4.7  StatiStICAI ANGIYSIS ....eveieiiiiiiiiiiiieitimemer et aa e e e e 35
4.8 Overview of Applied Methods ... 35

5.1 Parameters of Adapted TeSt SYSIEMS .......coummmeennnniiiaiiaaeaaaeaaeaseeeees e e e seeeeeneeee 3

5.1.1 Activity Measurement by ReSazurin TUIMMOVEY ..ccccaeuiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiienes 37
5.1.2 Variability of Modified Test Systems ... 39
5.2  BUIK FINE DUSE SAMPIES ....civiiiiiiiiiiiiiiimmmenene e e e e e e e aneanas s 39
5.2.1  ChemiCal ANAIYSIS.....uuuuiuueiiuuuiie e e eeeeeeeeeeeeeeeaeessesessssssssesssrnneneeeseseeeees 39
5.2.2  BIOtESE RESUILS .....uiiiiiiiiieiii ittt e e e eas 42
5.2.2.1 Unspecific-Mode-0f-ACtION-TESES..... oo 42
5.2.2.2 Specific-MOde-0f-ACHION-TESES ....... cmmmmreeerrerrrrrrrerrrerennrnnnnnnennnnnen e 44
5.2.3 Bacterial Baseline Toxicity in Relation to Zn COMEe................evvvevvvrvevememenennnenns 45
5.2.4  XRD RESUILS.....cciiiiiiiiiiiiiiiiieiitit s+ e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaaanaa s e e e e e e e e eas 46
5.3 Filter Fine DUSt SAMPIES ...ttt me e e e e e e eee e 49

5.3.1  ChemicCal ANAIYSIS.......uuuuiuiiiiiii ettt ettt ettt eeeeeeeeeteesessesbessbameenneeeeeeeees 49



5.3.2 BCT and UmU-TESt RESUILS ......oouniieieie sttt e et e e e e eaeenan s 51

5.4 EXPEriMENtS Wt ZN .....uuiiiiiiiiiiit comms ettt emmmmme e e e eeeeeseeees 52
5.4.1 Zn Addition t0 BUIK FPS .....oeiiiiiiiiii e 52
5.4.2 Zn Addition to Filters Loaded with FiN€ DUSL ...........cccoeeiiiiiiiiiiiiiiiiieeeeies 58.
5.4.3 Zn Addition to FIUOraNtNENE ............coi it 59

5.5 Experiments in the Atmospheric Simulation Chamber..................cccc. 61.
5.5.1  ChemicCal ANAIYSIS.......uuuuuuiiiiiii ettt ettt eeeeeeeeeeeeeessesbesbessbbmeeeneeeaaaeees 61
552 UMU-TESE RESUILS ..ottt ee e e e e aeeaee s 64

L B T U 2] o) o PP PP PP TOPRPP 65

6.1 Evaluation of Modified TeSt SYSIEMS ........uuuuiiiiiiiiiiiiierrr e seeeeeees 65
6.1.1 Reasons for Selected Microbial BIiOtestS.........ccccooiiiiiiiiiiiie e 65
6.1.2 Beneficial Modifications of the Bioassays... e ..oeciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiees 67

6.1.3 Growth Calculation via Resazurin RedUCtioN . . eevveeieieeiiieeeeeieeieeeen . 69,

6.1.4 Reproducibility and Robustness of Adapted Umu-das-Test ............cceeeeeeennnn. 70
6.2 Combined BIOtESt BAIEIY ......couiiiiiiiiiiie e 71
6.2.1 Chemical Composition and TOXICILY...........ummme i 71
6.2.2 Unspecific Toxicity in Bacteria, Cells and Nematsde..............cccccvvveiiiieeriennnnnns 72
6.2.3 Specific Toxicity in Bacteria, Yeast and CellS.u..........cccccevviiviinen b
6.3 Role of Zn for Baseline ToXiCity iN BACteria .........cccoevveiiiiiiiiiiiiiiieeeeeeeeveeeee 77
B.3.1  BUIK FPS ettt e e et n et 77
6.3. 1.1  ZN-TOXICIY oottt ettt bt e e e n e e e e e e e e e e e e e e e eeaees 77
6.3.1.2 Identified Zn-species IN DUIK FPS .. evvvviiiiiiiiiiiiis e e 78

6.3.1.3 Sorption Abilities of FPs and Possible G&dditive Zn-Toxicity in Presence of
FP 79

6.3.2 Pure and Mixture Toxicity of Filter SAmMpPIeS .. ..oeeeieiiiiiiiiiie e 80

6.3.3  Zn and FLA Combination EffECES ........oouin e e 81



6.4 Influence of Atmospheric Transport on FormatiomN@tfoarenes...........cccoeeeveeiiieennennn. 82

A ©7o ] 11 11 153 o o [T 85
8 OULIOOK ...ttt e e et e e e e e e e et e et e e e e e e e e e e aeeaes 89
8.1 Trends in Small Scale Wood ComMbUSEION DEVICES.cuuarevvviiieeeiiiiiiiiiiiiiiieeeeeeeene 89
8.2 Advances in Toxicity Testing of FIN€ DUSL ... .o .coeeiiiiiiiiiiiiiiiiiieeeeeeeveeeeeeee 90

8.2.1 Improvements in Combustion EXPerimentsS......cccooeuevviiiiiiiniiininiieeei e, 0.9
8.2.2 Challenges in PM Characterization ..........cccceeeeeiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 90
8.2.3 New Exposure TeChNIQUES ... 90
8.2.4 Genetically Modified Microorganisms as Test ODJecCtS.............uvvvvvvveriviienininnnn. 91
8.2.5 Necessary Linkage between Acute and Chronic Effects...........cccccceeiiiin. 92
8.3 ECOLOXICItY Of FP .. e aenaneaes 93
O RETEIEINCES ... e 95
1O APPENAICES ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaa e e e e e e e e e e e e e e e e e aaaaaaaaaas 105
10.1  Supporting INfOrMALION .........uuuiiiiiiiiiiimmeme e 105
10.3  ADDIEVIALIONS ..ot 107
10.4 LISt Of TABIES ... 109
10.5 LISt Of FIQUIES ...t 111
= T 0 T T 113

D= 1| GT= o U] o 115



Claimed as renewable energy source, wood is inciglgsused in stoves and boilers for heating
purposes in western countries due to economic msasmd environmental consciousness.
Consequently, domestic wood combustion contribugiggificantly to atmospheric loads of
particulate matter (PM) nowadays. Epidemiologiaad @ontrolled human, animal, atma vitro
studies have proven that wood smoke exposureusonis to human health. In this context, three
standardized microbial assays, the bacterial comtsgay BCT Arthrobacter globiformi} the
Umu-Test Salmonella typhimuriumTA1535/pSK1002) and the Yes-Tesbaccharomyces
cerevisiaeBJ3505) were adapted in this thesis in order taeaeha toxicological characterization
of PM bound compounds in direct contact with th& t@rganisms. Modifications included the
assessment of bacterial and yeast viability vieazesn reduction, thereby replacing the
conventional optical density measurement (OD600)is Thew endpoint indicated a higher
sensitivity to compounds that affect organism’svagt Seven bulk fine dust samples and 13
filters loaded with PM with varying soot fractiongge. representative for complete and
incomplete combustion, were tested as aqueous rssispeor small filter cutouts. Regardless of
the combustion type, all assumed types of toxisieye detected among the samples. Compared
to other mode-of-action bioassays with nematoddshaman cell lines in the overall project, the
BCT turned out to be most sensitive for detectibbaseline toxicity. Water content and type of
wood of used pellets most likely influenced thedbag toxicity. The assumption that aqueous
and thus bioavailable Zn may dominate PM basebreity was not proven by X-ray diffraction
or mixture experiments with Zn and PM samples. Elge over-additive toxicity of Zn when
exposed simultaneously with the PAH fluoranthens wat observed. Furthermore, emitted fine
dust that was subsequently oxidized in an atmosgpheansport simulation chamber was
assessed. Oxidized samples were only genotoxic t@sted on the nitroarene sensitive NM3009
Salmonellastrain not on the conventiondhlmonellastrain of the Umu-Test. Non-oxidized PM
was not genotoxic, proving the formation of nitrAHs during atmospheric oxidation. The
microbial test battery presented provides a scnegt@chnique for unknown fine particles that is
rapid, sensitive, easy to handle and low-pricedlentffering high-throughput testing. Therefore,
it constitutes an excellent tool for evaluationddferent stoves and boilers and can contribute to
possible mitigation actions. For a cost-benefithggia of small-scale wood combustion devices,

obtained toxicity results should be related torthatial emission loads and heating values.






Holz wird als erneuerbare Energiequelle angeselnehauws dkonomischen Grinden sowie
okologischem Bewusstsein in Ofen und Kesseln vertmah Heizungszwecken eingesetzt.
Daher tragt heutzutage Holzverbrennung in Privaghalten deutlich zur Feinstaublast in der
Luft bei. Epidemiologische Studien, kontrollierteu@ien mit Menschen und Tieren, sowie
vitro Studien bewiesen, dass die Exposition mit HolZnaschadlich fir die menschliche
Gesundheit ist. Vor diesem Hintergrund wurden imsdr Arbeit drei standardisierte
mikrobielle Testsysteme fir die toxikologische CGliderisierung von Feinstduben angepasst:
Der Bakterienkontakttest BKT A¢throbacter globiformiy der Umu-Test Salmonella
typhimurium TA1535/pSK1002) und der Yes-TesBaccharomyces cerevisia®J3505).
Anpassungen umfassten die Messung von Bakterieth-Hafenvitalitat iber die Reduktion
von Resazurin und ermoéglichen den direkten Kontdkt Testorganismen mit den
Feinstduben. Dadurch wurde die konventionelle Mes$sode Uber die optische Dichte
(OD600) ersetzt. Der neue Endpunkt zeigte eine febBenpfindlichkeit gegenuber Stoffen,
die die Aktivitdt der Organismen beeinflussen. 8Srellose Stdube und 13 mit Feinstaub
beladene Filter mit unterschiedlichen Rufl3gehaltéayon vollstandiger und unvollstéandiger
Verbrennung herrihren, wurden in Suspension odsr kdtine Filterstiicke getestet.
Unabhéngig von der Art der Verbrennung wurden adlianuteten Toxizitaten innerhalb der
Proben detektiert. Im Vergleich zu anderen modaebien bioassays mit Nematoden und
humanen Zelllinien im Gesamtprojekt, zeigte sicisdder BKT am empfindlichsten fir die
Erfassung von Basistoxizitat ist. Wassergehalt unolzart der verwendeten Pellets
beeinflussten dabei hdochstwahrscheinlich die Wigkubie Annahme, dass wasserlgsliches
und daher bioverfiigbares Zn hauptverantwortlich di@r Basistoxizitat der Feinstaube ist,
wurde nicht anhand von X-ray diffraction oder Komdtionsexperimente mit Zn und
Feinstaubproben bestatigt. Eine erwartete Ubetigddloxizitat von Zn bei gleichzeitiger
Exposition mit dem PAK Fluoranthene wurde nicht lmechtet. Dartber hinaus wurde
Feinstaub, der in einer Atmosphéarensimulationskammméeliert wurde, bewertet. Oxidierte
Proben waren nur als genotoxisch zu erkennen, vesmmmit dem NM3009Salmonella
Stamm, der empfindlich fur Nitroarene ist, getestetirden. Die Testung mit dem
konventionellenSalmonellaStamm im Umu-Test ergab keine Genotoxizitat. Natitierte
Proben waren nicht genotoxisch. Dies bewies dieluBigj von Nitro-PAKs wahrend der
atmospharischen Oxidation. Die hier vorgestellterobielle Testbatterie bietet ein schnelles

und kostengunstiges Screening von unbekanntentiabymoben mit einfacher Handhabung
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und hohem Probendurchsatz. Daher stellt sie eirgeaeschnetes Werkzeug fir die
Bewertung von Ofen und Heizungskesseln dar und kama mdglichen
ToxizitatsminderungsmalRnahmen beitragen. Fir ein@stdl-Nutzen-Analyse von
Kleinanlagen fur die Holzverbrennung sollten Tobtdergebnisse auf deren

Gesamtemissionen und Heizwerte bezogen werden.



As a result of increasing costs for fossil fuelsewable energy resources such as wood have
become highly popular in Europe and the U.S. witthia last decades. For instance, in
Germany and Finland approx. 25% of private houskhose wood logs, pellets, briquettes or
woodchips for heating either as the exclusive gneayirce or in addition to the conventional
fossil fuels (Fachagentur Nachwachsende Rohsto¥fe 2010, Ohlstrom et al., 2000).
Fine particles from such small-scale combustiopsesent a new source of air pollution that
needs careful evaluation with regard to human amdr@enmental risk assessment. Since
stoves and boilers for residential heating are idenably less regulated by national
governments than larger power plants, the incrgasimber of small wood incinerators may
locally contribute significantly to the total eneitmental fine particle load. Indeed, high
particle concentrations resulting from wood comimmstused for heating purposes were
observed especially in rural areas (Hellén et28l08). However, particle concentration is too
general a descriptor for human and environmengél assessment as size, total mass and the
chemical composition of these fine particles vang do factors like the type of burner and
fuel, as well as the operating conditions emplojeatbach Bglling et al., 2009, Tissari et al.,
2009). Among the toxicologically interesting compats of these fine particles are
polyclyclic aromatic hydrocarbons (PAHs) and heamgtals (Larson and Koenig, 1994).
There is increasing attention to possible toxicmlalgeffects on humans: In case-control
studies the exposure with such particles wereeaeél&n adverse health effects (Chen et al.,
2006, Orozco-Levi et al., 2006). In both animal amhtrolled human studies exposure to
wood smoke indicated an increase of disease relatethtive stress and neutrophils or
cardiovascular risk factors in tissue and blood@am(Ghio et al., 2011, Park et al., 2004).
These studies focus on the correlation betweenifspbomarkers and diseases associated
with wood smoke. They do not provide a suitabld foo a rapid risk assessment of fine
particles from different wood combustions sinceytfece ethical issues, are time-consuming
and high in cost.
However, in order to compare different small-scal®od combustion appliances, a
standardized procedure in high-throughput mannereeded for toxicity testing of emitted
fine dust. Toxicity assessment of varied combustma stoves or boiler types would be
highly beneficial for the technical advancement iofproved devices and combustion
conditions and thus also lower the impact of woorhloustion fine particles on humans and
environment. Representing principal cell functiomsgroorganisms may serve as eligible test
subjects for primary toxicity testing of complerdi particles originating from the combustion
1



of wood. In contrast to human cell lines, interoadlly standardized toxicity tests with

bacteria and yeast cells for soil, sediment or agsesamples already exist. Against this
background, this study presents a microbial te§ehafor a first and rapid toxicity screening

of fine dust from wood combustion.



Main goal of this study was the examination of gehees between type of appliance, type of
combustion, type of used wooden fuel and toxicitymitted PM on the basis of a suitable
test battery. Dominating chemical causatives faseobed toxicity patterns of different fine
dust samples (FPs) were looked for. The implemiemtadf a suitable microbial test battery
that can be applied for bulk fine dust and filteraded with PM from wood combustion was
prerequisite for a successful toxicity screeningaticulate matter (PM). One integrative and
two selective microbial tests were chosen of themenous existing microbial test systems.
The bacterial contact test (BCT), an integrative,tevas explicitly developed for detecting
baseline toxicity of solid samples (Ronnpagel et295). The Umu-Test (selective test with
bacteria) was designed to detect genotoxic subssanehereas the Yes-Test (selective test
with yeast) responds to estrogenic chemicals. Tineettest organisms have an affinity to
particle surfaces, where contaminants are bouretwirst and Ahlf, 1996, Rénnpagel et al.,
1995, Weber et al., 2006). They were chosen inra@address the potential bioavailability
of toxic compounds that have been mainly analyzeavood combustion PM: polycyclic
aromatic hydrocarbons (PAHs) and heavy metals. PAtésknown to be mutagenic and
showed weak estrogenic activity in short-term bsags (International Agency for Research
on Cancer, 1983, Santodonato, 1997). However, hewtgls can also be genotoxic (Asakura
et al., 2009). Since it has been demonstrated,piudicle bound contaminants contribute to
toxicity, which could not be extrapolated by tegtichemical extracts of particles, this study
focused on aqueous suspensions to assure the cbregect of test organisms and fine particle
samples. Chosen microbial assays were adaptedimveay that PM samples could be tested
effectively. Besides the evaluation of the devetbfest battery, differences in toxicity of bulk
fine dust samples and filter samples were studisthgu these modified bioassays.
Relationships to particle size, carbon content threio physico-chemical characteristics of
different combustions were examined. A comparisath wther bioassays with nematodes
and human cell lines in accompanying studies waslwcted with regard to suitability and
toxicity outcomes under consideration of their MoA=urther research questions were

developed on the basis of obtained results.
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In the past, wood furnaces were commonly used éwking and space heating. Simple
devices, with open furnaces, for instance, haven eainly used by the poorer part of the
population in developing countries (Faaij, 2004aeRer et al. (2007) estimated that around
10% of the global direct energy consumption is mtest by biomass (wood and agricultural
wastes). Nowadays in industrialized countries #@mgient energy source is undergoing a
revival on a high technical level. Private wood @wstion for primary or supplementary
heating purposes has become very popular espetialgsidential rural areas as it has been
reported for Denmark (Glasius et al., 2008), FidlafHellén et al., 2008), Portugal
(Goncalves et al., 2011) and Germany (Bari et2811,1). For example, Hellén et al. (2008)
mentioned 2.2 million fireplaces in Finland, altighuFinland has only around five million
inhabitants. In 2010 25% of German households werated with wood (Fachagentur
Nachwachsende Rohstoffe e.V., 2010) and such agekatypically range from a few kWth
to 25 kWth (Faaij, 2004).

There are three main reasons for increased saldsméstic small-scale wood combustion
devices: economical, ecological and life-styletdrms of money, heating with wood is much
cheaper than with gas or oil. The German assoaidtinenergy wood and pellets reported in
March 2012 that heating with pellets (5.23 ct/kWitb3ts 46% less than with oil (8.24 ct/kwh)
(Deutscher Energieholz- und Pellet-Verband e.V120Similar scenarios are expected for
other countries that depend on the import of fossiérgy sources. Gas and oil prices are
increasing worldwide (Deutsche Rohstoffagentur, 2200rganisation of the Petroleum
Exporting Countries, 2012). Financial support foe purchase of individual heating systems
and/or the production of renewable energy thakesrgted from tax are common policies in
Germany, Austria, Finland, France, Netherlands,irS@ad Sweden (Faaij, 2004). For
instance, the purchase of domestic combustion @pins is subsidized by the German
government in order to promote the transition fréwssil to renewable energy sources
(Bundesamt fur Wirtschaft und Ausfuhrkontrolle, 3D1From the environmental aspect
wood is a renewable energy source. Thus, distmbutd wood stoves advertise domestic
wood combustion appliances with “heating with aacleonscience” (Frankfurter Allgemeine
Zeitung, 2001). There is a third, less concretesorawhy owners of family houses and

apartments decide to install a wood combustion iappe: Heat from a wood stove is
5



perceived as more comfortable than heat from aatadithat is usually run by oil or gas

boilers. Moreover, relaxing in front of the furnaalea wood stove is synonymous with a cozy
home. Having your own wood stove is consideredhasritey and cozy” (Stiftung Warentest,

2011, Umweltbundesamt, 2007).

"% ( ! ) *
As a consequence, emissions from increasing numbérprivate wood combustion
appliances contribute significantly to air pollutitevels nhowadays. Compared to large-scale
combustion plants which are regulated by law anttain gas-cleaning devices, small-scale
combustion devices mostly lack dust collectors areloperated by private, untrained people
(Wiinikka, 2008, BMU: Thran and Pfeiffer, 2012).08€s and boilers in private households
can release high gaseous and particle emissionstauarong handling or old, less
sophisticated devices (Bari et al., 2011, Johanssah., 2004). The German Environmental
Agency (UBA) estimated 2007 that the amount of fthest emitted from domestic wood
combustion and small production companies is etpdine dust emitted from automotive
traffic - a rising tendency (Umweltbundesamt, 2003imilar observations were made in
Denmark and Finland (Glasius et al., 2006, Hellérale 2008). One third of total Pyl
(particulate matter < 10 um) emissions was assatiaith domestic wood combustion in a
rural area in Italy (Caserini et al., 2010). Similal8% was reported for Portugal (Borrego et
al., 2010). In addition, inversion conditions emahlgh loads of ambient PM due to lowered
atmospheric transport. Especially in winter, thamieeating period, the influence of PM on
air quality is highly noticeable visually and in aseirements of specific biomass combustion
products such as levoglucosan (Bari et al., 20Lkp&um et al., 2007). Levoglucosan is a
combustion product of cellulose and is used asrgénaolecular tracer for biomass burning.
By means of levoglucosan level in ambient air s&she contribution of biomass burning to

total air pollution is assessed (Puxbaum et aD,/20

! $ ! +

Type and total masses of emissions from wood cotidrusan differ strongly. In general, the

main components of wood are cellulose and lignithwmall amounts of resinous materials
and inorganic salts. Combustion converts thesetsires to smaller molecules, mainly €0

and water. Besides, inorganic gases (CO, NO andl, 8Qatile organic hydrocarbons (VOC),

polycyclic aromatic hydrocarbons (PAHs) and PM areduced. The latter consists of salts

with, for example, trace elements like potassiuoot &nd adsorbed organic material (Boman
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et al., 2003, Larson and Koenig, 1994). Operatiauaditions are crucial for quantity and
quality of emissions. Loading of the chamber infloes furnace temperature which
determines besides oxygen supply whether emitteticies contain mainly soot or alkali
salts. Continuous oxygen supply and high initiahperatures ( > 800 °C) result in grey fine
particles as inorganic salts dominate the partitkction (complete combustion). Air
deficiency and low temperatures (300-500 °C) cduligek fine particles consisting mainly of
soot (incomplete combustion). Pellet stoves enss lgne particles than other stoves since
pellets consist of homogenous material, combusigsooperated automatically and thus is
close to complete (Umweltbundesamt, 2007). Witlaredo size categorization, particles are
typically classified as coarse (2.5 — 10 um) oefin 2.5 um) (Naeher et al., 2007), whereas
wood smoke particles are on average um (Larson and Koenig, 1994, Naeher et al., 2007
The sizes of particles are strongly affected bydtsapleteness of the combustion. Complete
combustions generate less and smaller particléd2f<nm) than incomplete combustions (<
600 nm) (Kocbach Bglling et al., 2009, Tissarilet2008). Ultrafine particles with 0.1 pm
can reach the alveolar region of the lungs angass into bloodstream (Oberdorster et al.,
2005). Due to their large surface area per massethltrafine particles are considered to pose
higher adverse health risks as studies on cellsaandals revealed (Kocbach Bglling et al.,
2009). Nevertheless, the influence of size may beveighed by chemical or physical
characteristics of applied fine dust samples. Kkan®ple, in the study by Jalava et al. (2007)
coarse particles from ambient air of six Europetiescelicited much higher inflammatory
responses in a mouse cell line than fine partidéesides the completeness of combustion,
type and quality of wooden fuel affects emitted P&yarding mass, size and chemical
composition (Johansson et al., 2003). The use mferous wood (softwood) leads to fewer
emissions than deciduous wood (hardwood) as ther labntains more components that
enable the building of aerosols. Rising water aklmntent in wood fuels results in higher
emissions (BMU: Thran and Pfeiffer, 2012). Poorwlemige about handling wood stoves and
the usage of old appliances heavily increase mhgaseous and particle emissions (Bari et
al., 2011, Johansson et al., 2004). How users’\nehaype of wood and combustion device
influence emissions was recently observed in Gre&sea reaction to the financial crisis, the
Greek government increased prices for heating Y#®%. Not being able to afford oil, the
Greek population started to collect any waste wiheg could find on the street and burned it
for heating purposes in old stoves. As a resultheSe uncontrolled wood burnings, severe
deterioration in air quality has been reportedhm/énvironmental agency in Athens (Thomas
Bormann, 2013, Schiétzer, 2012).
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In reaction to the increasing influence of wood baostion on air quality, political actions
were made in western countries. For instance, Qeigoaernment enacted in 2010 a federal
immission control ordinance that restricts emissiafues for new small-scale combustion
devices (1. BImSchV, Bundesimissionschutzverordjurigstallation, constitution and
operation of small scale wood combustion devicesadso regulated. Modern (pellet) stoves
are conforming to emission values requested fram laegislation for old stoves and boilers
is planned for the future. In order to reduce emiss originating from private wood
combustion, the U.S. EPA has since 2005 suppoestpaigns where the replacement of old
ovens by modern EPA-certified devices is sponsorady produce about 70% less emission
than old appliances. Besides education, some W&munities introduced “burn bans”
during air inversions in winter when air quality teleorates particularly as a result of
emissions from wood combustions (U.S. EnvironmeRtaltection Agency, 2009). Current
research focuses on the reduction of emissions $maill-scale wood combustion appliances
as primary action. Gas treatments of such devieeseaondary action are less investigated
(Wiinikka, 2008, BMU: Thran and Pfeiffer, 2012). Watheless, the amount of emissions
does not necessarily correlate with their ovemdldity. Thus, a toxicological characterization
of emissions of different wood combustion deviced their relationship to the occurrence of

diseases is needed in addition to measurementaisien levels.

: ! +
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In order to elucidate the development of reseabdutthe relationship of exposure to wood
combustion emissions and adverse health effectgmvarview of epidemiological findings

published in the last ten years is given in théofwing (Table 1). Relevant sources of high
emissions from wood combustion are forest fires rasdiential biomass burning. As cooking
with biomass is common in developing countries ordexposure to wood smoke is much
higher than in developed countries where emissairnsnodern) residential heating devices
disperse into the outdoor atmosphere (Fullertonl.et2008). In a review by Naeher et al.
(2007) wood smoke concentration of 750 pg PM/ mYewdefined as nonhazardous.
Compared tor developed countries, much higher $etredn 1 mg PM/ m3 were reported for
indoor concentrations in developing countries. Hentis not surprising that wood smoke-
related diseases are predominantly reported in lolewe countries. Children are often

considered in particular in such studies as thespiratory defense mechanisms are not fully
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developed and thus are more susceptible to ade#fiesets of air pollution. In this line, Smith
et al. (2000) conducted a critical review on theib@af epidemiological studies in developing
countries and highlights acute respiratory infatdi@as the major cause of death of small
children. The authors reviewed 13 recent studigb ®0-1000 children, mostly case-control
studies, and detected a significant increasedfaslALRI for children living in households
with biomass burning compared to the control gradpwever, they could not quantify the
impact of wood smoke due to the inconsistency ¢d.daoman et al. (2003) evaluated nine
studies with adults and children conducted in th®.JCanada and New Zealand and found a
significant relationship between the incidence cfita asthma and environmental PM.
Relative risks increased when wood smoke was armsajarce of PM. Most listed reviews in
Table 1 report significant relationships betweepasxre to emissions from wood or biomass
combustion and ALRI. Although there was also evadenf cardiopulmonary disease and
mortality with ambient air pollution with high caitiution of wood smoke a significant proof
was impossible due to a lack of data (Boman et28l03). This possible relationship was
strengthened five years later in the review by lasnt1988) and Naeher et al. (2007). The
authors concluded from cohort studies that finet desn combustion (traffic and biomass
burning) was an important risk factor for cardiopohary and lung cancer mortality.
Similarly, Fullerton et al. (2008) concluded in itheeview that it was “highly likely” that
cardiovascular diseases were related to exposur@wofass burning. According to Naeher et
al. (2007) COPD, acute lower respiratory infectidngndness by cataracts and tuberculosis
were associated with cooking with biomass in dgwelp countries. Though, number and
character of reviewed studies did not allow probfaosignificant relationship. The same
conclusion was also drawn by Fullerton et al. (300Bhe authors reported that non-
respiratory diseases such as tuberculosis, irttatdting disease or blindness due to cataract
occurred after exposure to emissions from biomassdw burning predominantly in
developing countries. Regarding tuberculosis, Laarhband Kipen (2012) emphasized that
epidemiological evidence for the association witbod smoke was not sufficient. As the
number of studies about interstitial lung diseaseaiaract and biomass burning was also
very limited, this may also apply to those illnessgelikoff et al. (2011) and Laumbach and
Kipen (2012) partially confirmed in their reviewsigences between both respiratory and
non-respiratory diseases. The authors assumednitigidual chemicals that occur during
wood combustion most likely weaken the immune sysaéed lead consequently to observed
diseases like tuberculosis. Zelikoff et al. (20&fBntioned amn vitro study where metabolite-

induced opaci cation and lens hyperplasia, hypgtig and epithelial cell multilayering
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were detected after exposure to wood smoke. Coesdguadverse ocular effects may likely
be associated with exposure to wood combustion stonis. According to the reviews of
Fullerton et al. (2008), Naeher et al. (2007), kadhi et al. (2011) adverse birth outcomes like
low birth weight are very likely due to maternal @gdbsmoke exposure. More studies exist
about the evidence of biomass/wood smoke exposute(lang) cancer. The International
Agency for Research on Cancer classified biomasskenn their 2010 report as “probable
carcinogenic” (Group 2a) (International Agency Research on Cancer, 2010).

Besides case-control studies, stove exchange pnsgoffer investigation possibilities about
adverse health effects of wood smoke. In the ressgwLaumbach and Kipen (2012) such
studies were reported. Open furnaces for cookinge weplaced by improved appliances in
669 households in Mexico. Significant reductionredpiratory symptoms and reduced harm
to lung function were detected one year later. Binailar study in Guatemala, incidences of
severe pneumonia significantly reduced when imptoseoking stoves were installed. The
replacement of old wood stoves with high emissibpaew certified devices led to fewer
reports of asthma-related symptoms in childrenhie U.S. (Epidemiology, 2010). Such
intervention studies underline the crucial roleqgoiantity and quality of emissions of used
wood stoves for toxicity outcomes.

In general, wood smoke-related diseases seem ftterpa both developing and western
countries, albeit different wood combustion apptes are used. Although many cohort and
case-control studies about the relationship betwemmd smoke exposure and occurrence of
illnesses exist, an evaluation or drawing critivalues for indoor emissions from wood
combustion is not possible for following reasonkeThumber of test subjects vary widely
among studies. Confounding factors like cigarett®lgng are sometimes not clarified nor
considered. A differentiation of specific emittedgngpounds, both gaseous and particulate, is
not made. Wood smoke exposure is rarely quantiied sometimes is limited to vague
reporting of studied patients, about their cooknadits, for instance. The later drawback was
also raised as an objection in the reviews by Lewe907) and Naeher et al. (2007). To
tackle this problem a recent review has suggestmietimg exposures (Laumbach and Kipen,
2012).
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Table 1: Epidemiological reviews about diseasestedl to biomass/wood combustion
exposure in chronological order. n.i.. not indichtex: evidence of relationship to
biomass/wood smoke exposure, (A)RLI: (acute) lowespiratory infections, (C)OPD:

(chronic) obstructive pulmonary disease.
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Besides investigating direct links between wood len@xposure and illnesses, human
biomonitoring featured more prominently in reseamh toxicity of wood combustion
emissions. In these kinds of molecular epidemidalgistudies biomarkers for metabolic
genotype, DNA adducts, DNA repair, metabolites ofypyclic aromatic carbons (PAHS),
and urinary mutagenic activity are monitored in lams who live in areas with combustion
emissions, often not exclusively from wood comhust{Collins and Azqueta, 2012, Lewtas,
2007). Measurements are done in body fluids (elgody urine). As biomarkers monitor
individual exposure concentrations and are likelyoe precursors of diseases, such studies

can provide more mechanistic insights into the genef diseases. Lewtas, 2007 concluded
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by reviewing human biomonitoring studies that theses a significant correlation between
exposure to Pl (particulate matter < 2.5 um) of combustion enoissi and metabolic
genotype, DNA adducts, PAH metabolites, and urinaytagenic activity. A very recent
study analyzed urine samples of 79 pregnant Peruwiamen for 1-hydroxypyrene, a
metabolite of pyrene (Adetona et al., 2013). Highgdroxypyrene concentrations were
detected in women who cooked with wood or kerosmmapared to those who used gas or
coal briquette. Another study conducted in 2013gssted levoglucosan, a tracer for wood
combustion emissions in ambient air, as biomarkenuman urine samples (Wallner et al.,
2013). The authors measured levoglucosan and Iokyplyrene in urine samples of mothers
and children in different communities in Austridnéfe was evidence of a correlation between
those biomarkers and wood smoke exposure. Thetdaststudies show that the field of
human biomonitoring with regard to wood combusionissions may advance rapidly in the
near future.

Nevertheless, classical and molecular epidemiokbgstudies often face societal, ethical,
legal and financial issues and thus are complerddmgen vivo/in vitro studies (Zelikoff et
al., 2011). Furthermore, compared to epidemioldgstadies,in vivo/in vitro studies can

provide reproducible experimental set-ups.

Besides epidemiology studies, controlled humanaamuohal studies are conducted in order to
investigate the direct influence of wood smoke wmglfunction and on biomarkers related to
disease factors in bodies. Similar to moleculademiological studies, exposure biomarkers
comprise measurements of body fluids (e.g. blooithe), tissue samples or exhaled breath.
Particle concentrations below ~400 ug PM/ m3 aexlus human studies and are considered
as nonhazardous, but environmentally relevant sidemtial areas (Riddervold et al., 2012,
Zelikoff et al., 2011). Although they are conductatter controlled conditions, studies with
humans are rare due to ethical and financial issuésw are described in the following.

In the study by Barregard et al. (2006) 13 healtthgnan subjects inhaled wood smoke (240-
280 pg PM/ m3) and clean air for four hours eacthwan interval of one week in between.
Blood and urine samples were taken before and aftgposure. An increase of a
cardiovascular risk factor and a slight effect tve balance of coagulation factors were
detected; there was the indication of a possiblerease in radical-mediated lipid

peroxidation, which indicates inflammation. In amat study ten volunteers were exposed to
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both clean air and wood smoke particles (485+8# Mg m3) at intervals of three weeks apart
(Ghio et al., 2011). During exposure, test subjestsrcised for the duration of two hours
resting every 15 minutes. Pulmonary function, heartability and repolarization were not
affected by wood smoke exposure. In contrast, bl@ainples and bronchial and
bronchoalveolar lavage exhibited an increase oftrophils indicating systemic and
pulmonary inflammation. In a recent study 20 atomtunteers (allergic reactions observable
on the skin) were exposed to clean air, and 200 40@ pg PM/ m? for three hours
(Riddervold et al., 2012). Expiratory charactedstinasal patency, and markers of airway
inflammation in exhaled breath and nasal lavageeweeasured. Whereas there was weak
evidence of inflammation in exhaled breath condensather endpoints were not affected
significantly. With regard to the human studiesspraged, inflammation seems to be the

prevalent effect in humans after short-term exposoimwwood combustion emissions.

As in human studies, animals are exposed to emssfoom wood combustion under
controlled conditions; usually only acute effecte eonitored. Test animals comprise mice,
rats, rabbits, sheep, dogs and guinea pigs. Thxeen@e studies are described in the
following after which an overview is derived by exiaing the findings of a review paper.
Rats as test objects were exposed to 1000, 10.60BMY m3 or clean air in the study by
Tesfaigzi et al. (2002). Exposure times were 3 si@uday, 5 days a week for four or twelve
weeks. Highest particle concentration caused retlpedmonary functions, and particularly
carbon monoxide-diffusing capacity. Furthermore, [dmichronic inflammation and
morphology changes of epithelia cells of the laramd mucous cell lining in airways were
observed. Number and pigmentation of lung macrophdgnmune cells) increased. All in
all, the immune system of the rats was weakenedeBat al. (2006) exposed ovalbumin-
sensitized mice with preexisting lung inflammatimnwood smoke (30, 100, 300, or 100 ug
PM/ m3) and partially to ovalbumin for 6 hours ayda three days in a row. Ovalbumin-
sensitized mice were used in order to differentia¢éveen ovalbumin and wood smoke-
induced lung inflammation reactions. After 18 hoafexposure bronchoalveolar lavage and
blood sampling were conducted, showing that indiogésallergic airway inflammation
increased minimally, but only when ovalbumin ha@rpbgiven beforehand. In another study
anesthetized adult male sheep were exposed tadliffeoncentrations of wood smoke by
tubing the tracheostomy, four or five sheep forheaoncentration (Park et al., 2004).
Concentrations were defined as 0, 5, 10 and 16 wititch consisted of five breaths each unit.

Blood plasma and exhaled breath samples were &keny six hours. After a total exposure
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time of 48 hours sheep were euthanized and histalhg examined. A dose-effect response
was observed for a few oxidative stress indicessamples taken. Similarly, injury of
tracheobronchial epithelium and lung parenchymee@med when doses increased. In order to
ensure reproducible and defined dosing anesthe@rmahals are mechanically ventilated
throughout exposure. This kind of exposure is qaeable as it does not mimic normal
breathing situations.

A detailed overview of outcomes in animal studigthwvood smoke was presented in the
review by Naeher et al. (2007). The authors focumedtudies with most natural exposure
routes (i.e. nose-only/whole body inhalation in ®@ous animals) and differentiated between
acute and subchronic exposures. Among acute exgm$uree early studies conducted in the
1980s with rabbits described changes in lung celipmology, including epithelial cell loss
after high wood smoke emission exposurely07 ppm, 120 min). Further, effects on
inflammation occurred as it was observed all thhauwg the studies reviewed by Naeher et al.
(2007). In short-term experiments with guinea paysl dogs a reduction in pulmonary
compliance was observed as a consequence of immatdtmoderate levels of wood smoke.
Animals recovered within several days. In a stud®G®1 high-dose exposure to wood smoke
led to altered pulmonary histology, induced an mraatory response, increased static lung
compliance, and increased lavageable cytokine seftgiportant for immune response) and
cell counts in mice. As a sign of an upregulatednune response the number of alveolar
macrophages increased while these cells wererfiatied less active. Acute low-dose exposure
to wood smoke caused less phagocytosis and intrkgekilling of pathogen bacteria by
macrophages in a study with rabbits conducted i®8419he authors suggested that such
weakened intrinsic immune defense may make the buoahe susceptible to infections. This
relationship between weakened immune defense anrony diseases like tuberculosis was
also assumed almost 30 years later as describedehgiaumbach and Kipen, 2012, Zelikoff
et al., 2011). Acute high exposure of wood smokesed epithelial cell loss, lipid
peroxidation and changes in lung antioxidant enzyrdae to oxidative stress in rats as
described in a study of 2002. In the same veindistuconducted in the 1990s with rats
measured an increase of hydroxyl radical burderes sign of oxidative stress after exposure
to wood smoke.

While there are numerous short-term animal studoegy-term studies are rare. Around the
year 2000 three studies with rats revealed aftpeated wood smoke exposure (e.g. 750
pg/m3, 1 hour per day for 4 days) suppressed haktelearance of pathogen bacteria.

Moreover, production levels of superoxide anions @estroying such pathogens were
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reduced. Another study exposed rats and mice vith@0 g/ m3 for one week up to six
months. Among other outcomes that were detecteorden other studies, slight effects on
hematology were observed. Long-term studies with eamice (6-15 months of wood smoke
exposure) classified wood smoke as weak carcinagdacer. Similarly, the review by
Lewtas (2007) reported positive results in a malge tumor initiation assay conducted on
whole animals in three studies after exposure afiquéate organic matter from wood
combustion.

All effects considered, morphological alteratioisumg tissue, inflammation, oxidative stress
and reduced respiratory immune defense are thalgr@veffects upon wood smoke exposure
in animal studies. Furthermore, wood smoke may dterpially carcinogenic. Both human
and animal studies presented here all reportednmfiation as a reaction to wood smoke.
Among many other relationships occurring in bodielammation can be linked to oxidative
stress, weakened respiratory immune defense, @besaof lung tissue and other adverse
outcomes which in turn can be precursors of diseableus, both molecular epidemiologic
studies, and human and animal studies can providee rmechanistic insights into the
development of illnesses. Still, the transferapibf results from animals to humans may be
difficult since the respiration tract of rodentsathare commonly used in such studies is
different, they breathe, for instance, via the n@s® breathing rates are distinct (Naeher et
al., 2007). Consequently, deposition and clearahfi@e dust or gaseous components may be
distinct to those in humans. More comparative ssidvith humans and animal models are
required in order to specify extrapolation valuelewever, as animal and human studies
encounter ethical and legal issues as well as biglenses, toxicity of wood combustion
derived fine particles is also investigatednirvitro studies.

non

Compared tan vivo tests, inin vitro studies research is narrowed down to very specific
mechanistic questions and endpoints. In genergjrodd toxicity can be divided into specific
and nonspecific mode of action (MoA) (Escher andnitns, 2002). The latter describes the
disturbance of membrane structures and functioamdyis considered as the minimal toxicity
of any chemical. In contrast, specific modes ofoamst are receptor-mediated toxicities like
estrogenicity. Due to the universality of basalldal structures and functions in different
organisms and target tissues it is assumed thatdvwAarget sites might be the same despite

different organismic levels (Escher and Hermen€220Consequently, it is assumed that
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toxicity assessment of fine dust on the basis b ce@ microorganisms may complement each
other and can give hints on possible adverse sffactoth humans and organisms. This was
shown for the bacterial Ames-test for mutageniaitych predicts rodent carcinogens with a
high degree of certainty (Reifferscheid and Hei§98). Environmental samples with
endocrine disruption potential such as estroggnaan impair the endocrine system and thus
can cause developmental abnormalities in wildlifganisms and lead to cancer (Metzler,
2001). Hence, detecting estrogenicity in environtalesamples inn vitro studies may alert
possible effects on living organisms including hasa

The MoA of individual compounds that are formed idgrwood combustions have been
studied widely (Table 2). Such health-damaging dbal® are either emitted as gases or
associated with PM. Therefore, such MoAs were algeected when testing fine dust from
wood combustion. In the majority of vitro studies, only PM is tested, not gaseous emissions
due to experimental feasibility reasons. Howeveayeh approaches try to consider both
particulate and gaseous phases of wood combusiiomdans of air/liquid exposures. It
consists in the cultivation of test cells on a pmranembrane in transwell inserts. Before
emission exposure, medium is removed above ths,oghereas below the membrane the
medium remains for a sufficient nutrient supply {éerheide et al., 2003). Examining the
occurrence of single compounds by chemical analgsebles the possible MoAs of whole
fine dust samples to be estimated. Based on supbceed MoAs suitable biological test
systems can be chosen. Depending on sample priepagid chosen test system, such

toxicity testing of fine dust samples can providereninformation about:

1. Mixture toxicities of complex fine dust.
2. Bioavailability of previously analyzed compounds

3. Existence of compounds that were not chemieaiblyzed.
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Table 2: Toxicologically relevant components thamh dorm during wood combustion. Table
adapted from Lewtas (2007), Naeher et al. (200d)zmiikoff et al. (2011).
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Besides known toxicants that are formed during woaabustion (Table 2), emitted PM can
undergo atmospheric transformation processes iretiveonment and form new toxicants.
Such chemical transformations occur due to reastwith gaseous and particulate molecules
and UV radiation (Kocbach Bglling et al., 2009)th&dugh wood smoke particles can change
in size, morphology and chemical composition, regdeamainly focuses on chemical
modification of substances groups during transpiorialt is known that the photo-oxidation
of PAHSs leads to the formation of oxy- and nitroHsA(Arey, 1998, Lundstedt et al., 2007).
These newly built molecules might have a highercwgical relevance than their precursors
(Arey, 1998, Yan et al., 2004). Comparing ambignsamples from six European cities the
highest inflammatory activity was measured in sumsemples from two Mediterranean
cities (Barcelona and Athens) (Jalava et al., 200fe authors suspected the high
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photochemical activity and ozone concentrationryuisummer to have transformed particles
and their associated molecules into potent inflatongainducers. However, to the author’s
knowledge basic research about atmospheric tranat@mn processes and their influence on

particle’s toxicity is scarce and needs to be sdpyp.

|
Cell lines are cultures of eukaryotic cells andstiare assumed to give principle insights into
the emergence of adverse health outcomes in wingenisms. Toxicity of fine particles from
wood combustion has been studied on human and bogihdines, such as, for instance from
mice or hamsters as has been documented in cestadies (Danielsen et al., 2008,
Tapanainen et al., 2011) and the review by Koclizaling et al. (2009). Immortalized cell
lines originate from (cancer) epithelia, fibroblastacrophage or monocytic cells and are
cultivated alone or in co-culture as lung epithead&lls, for example, which coexist with
macrophages in the lung. In some cell studies Mecéhcentrations applied are indicated in
ng PM/ m? instead of ug PM/ mL as cells grow inelesy Common tests with cell lines
comprise the MTT test for cytotoxicity, the comesay and the micronucleus test for
genotoxicity, the measurement of cell-signalingokytes for inflammatory reactions and the
depletion of glutathione as a signal of oxidatitress. In the MTT test the turnover of 3-(4,5-
dimethylthiazol-2-yl)-2,5-10 diphenyltetrazoliumdmnide (MTT) by dehydrogenases in the
cell is related to cytotoxicity. In the comet-as$§ayA strand breaks are quantified by means
of electrophoresis. In the micronucleus test thhenédgion of a micronucleus during cell cycle
is monitored. This kind of formation is a sign ¢tframosome aberration, thus, the test detects
genotoxicity. As glutathione is an antioxidant,depletion indicates oxidative stress. Besides,
genetically modified cell lines are used in order detect the presence of bioavailable
chemical groups or certain receptor mediated emdgpolor this purpose, specific receptors
such as the Ah receptor are inserted into thescBINA and coupled to detectable reporters
such as the enzyme luciferase. Estrogenicity orpesence of PAHs were detected in
ambient air samples and fine dust from wood conmbudty the CALUX® assay that was
constructed in this way (Walker, 1997, Wenger gt2409).
Tapanainen et al. (2011) exposed mouse macroplfi@g@4 hours to different concentrations
(15 — 300 pg/ mL) of fine dust suspended in wakare dust samples were gathered from a
pellet boiler, a conventional masonry heater andaana stove. Measured endpoints
comprised cytotoxicity by means of the MTT testdurction of a pro-inflammatory cytokine

and chemokine, programmed cell death (apoptosts) DA damage by means of the comet
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assay. Cytotoxicity, inflammation and genotoxicitgre detected in all PM samples, whereas
emissions from the conventional heater caused higheptosis rates and DNA damage than
the pellet boiler. Particles from the sauna stdven®d extensive cytotoxicity. Inflammatory
responses were similar in all samples. Chemicdlyses of PAH contents, for instance, did
partially reflect toxicity results. The authors ctuded that PM from incomplete combustion
(conventional masonry heater and sauna stove) rbighoxicologically more potent. In the
study by Danielsen et al. (2008) both organic exsraf PM from combustion of wood and
their respective native samples (2.5 — 100 pg/ mwéysed DNA damage (tested in the
micronucleus test) in a human lung epithelial arldukemia cell line. Similarly, the review
by Kocbach Bglling et al. (2009) reported chromosdimeakage detected in a micronucleus
test after PM exposure of lung fibroblast cell liftem Chinese hamsters. Exposure was
conducted by suspending fine dust particles frofierdint wood stoves in cell media. In the
same review five studies with human macrophagédsimaan lung and epithelial cell line or
co-cultures of monocytes and pneumocytes were cadpén all studies increased levels of
cytokines were measured after exposure to PM ofdwoambustion. Besides, biological
responses comprised cytotoxicity (MTT test), oxiatstress (glutathione depletion) and
apoptosis.

Regardless of differences in sample preparatiogaoc extracts, agueous extracts or native
samples), cell types, PM samples or applied conagons in cell studies, examinéa vitro
studies present a similar picture of toxicologicalitcomes after exposure to wood
combustion-derived PM ag vivo studies: Inflammation, cytotoxicity, oxidative ess, and

genotoxicity. Thusin vitro cell studies accompany vivo studies.

# $ %&'

Being unicellular as cells but less challengindgimoratory maintenance, bacteria are another
promising tool for primary toxicity testing of comem fine particles originating from the
combustion of wood. Representing principal cellchions, microorganisms have been used to
assess common toxicities of environmental samiésifpagel et al., 1995). On the basis of
microbial bioassays environmental pollution wasased by testing aqueous samples as well
as solid matrices like soils and sediments. Tha kaswn bacterial test for mutagenic
substances is the Ames-test. It was developedeid¥70s and has been used intensively for
studying mutagenicity of both single substanceseandronmental samples since then (Ames
et al., 1972, Reifferscheid and Heil, 1996). Orgaextracts of wood smoke were tested as
mutagenic in the Ames-Test in studies from the $9868viewed by Naeher et al. (2007)) as

well as in recent studies (Vu et al., 2012). Anotbemmonly used bacterial assay is the
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Vibrio scheri bioluminescence inhibition test. The decrease mitescence which indicates
respiratory activity reflects baseline toxicity@fposed samples. With this bioassay Kovats et
al. (2012) tested untreated outdoor aerosol sanspléscted in Budapest and discovered them
to be ecotoxic. In the study by Barbosa et al. 22Qhe bioluminescence test was part of an
ecotoxicological test battery with five indicatapplied on eluates of fly ashes from wood
combustion. These fly ashes were classified asorimowhereby the bioluminescence assay
was most sensitive. For estrogenicity testing thmdn estrogen receptor (hER) gene was
implemented into yeasSaccharomyces cerevis)agnd coupled with the production of the
detectable enzyme galactosidase. Soot particlels dbaved from wood combustion in
Chinese villages were tested positively with suaasy bioassay (Wang et al.,, 2003).
Additionally, as with the CALUX® assay with cellnks bacterial sensor-reporters are
constructed in order to target specific chemicabsés or compounds. Such reporter assays
were used for environmental risk assessment otifgallsites with BTEX (benzene, toluene,
ethylbenzene and xylenes), for instance (Teconvandder Meer, 2008). Similar approaches
were conducted by Funaska et al. (2003) with anmibéénsamples. In search of strongly
mutagenic nitroarenes the authors tested urban satmeoic particles with a nitroarene
sensitiveSalmonellastrain and obtained positive results. To the atghknowledge such
bacterial sensor-reporters have not yet been appite PM exclusively from wood
combustion, but this may attract more attentiothia research field in future.

In general, microbial bioassays offer a promisimgitro technique for toxicity screening of
PM from wood combustion. They can be applied tedssdmples like fine dust, are simple in
laboratory handling and are efficient in terms iofig¢ and cost. Besides addressing solely
human toxicity, ecotoxicity testing of fine dust yna future become more important for risk
assessment since wood combustion emissions refieredt environmental compartments as
a result of atmospheric dispersion. Testing sohd aqueous environmental samples on
microorganisms has a long tradition in ecotoxicglstudies. Standardization of several tests
(e.g. for Umu-Test or th¥ibrio fischeriinhibition test) exist and are thus obtained rssul
accepted from authorities (Bilitewski, 2007). THere, microbial bioassays may provide an

excellent tool for testing both human and ecotayiof fine dust from wood combustion.

( # ) &*
No matter how they are expose,vitro models with cells or microorganisms have certain
significant drawbacks: Due to their lower organmatlevel they cannot mimic interactions

between different cell types, tissues or organs aloaur in higher levels. Nevertheless, they

can give answers to specific mechanistic reseatsstopns such as binding processes of
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xenobiotics on sensitive molecules like the DNArtkermore, m vitro models exclude the
complex inhalation process in the whole respirativagt and its dependent processes like
retention, clearance and alteration of particlescfach Bglling et al., 2009). Therefore,
vitro studies should be complemented by geometric mdtalscalculate deposition in the
respiratory tract. The international commissionradiological protection considered in its
model, for instance, breathing rate and percentdgar that finally reaches lung cells and
blood stream (Bailey, 1994). Nowadays transport @eybsition of aerosols are simulated in
computational models. Such silico models are generally in good concordance witlivo
studies (Longest and Holbrook, 2012). Advances asirdetry models for pharmaceutical
aerosols overlap with those for cigarette smokeantient air. Synergistic outcomes can be
expected. In generaln vitro andin vivo studies cannot replace each other and should be
considered as reciprocally complementary instdadsilico models might become more
important in future for simulating deposition preses in lungs. Botin vitro and n vivo
studies may benefit fromm silico models.

Altogether the given overview about the increasisg of (private) wood combustion, its
impact on air quality and on human and environnmenalth underlines the necessity of
toxicological evaluation of different small-scaleoed combustion appliances. This is a
prerequisite for further technical advancement amtigation actions. The microbial test
battery which is presented in this study may odfieiexcellent tool to meet this goal.
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Medium and solutions in the BCT and the Umu-Testew®epared according to the German
Standard Protocol (DIN 38412-48) and the GuidelB® 13829 respectively. The solutions
of the Yes-Test were prepared according to thergdmmns provided by McDonnell et al.
(1991a, b). Growth medium ingredients in the BGIE, Umu- and the Yes-Test were obtained
from Carl Roth, Germany. Resazurine and resoridinkg Chemie, Germany) were buffered
with 3-(N-Morpholino) propanesulfonic acid (MOPS}&rl Roth, Germany). For the Umu-
Test, B-buffer and phosphate buffer were composéddisodium hydrogenphosphate
dihydrate (Na2HPO4x2H20), sodium dihydrogenphospinadnohydrate (NaH2PO4xH20),
sodium dodecyl sulphate and magnesium sulphatalmggtate (MgSO4x7H20) from Carl
Roth, Germany, and potassium chloride from Flukar@ile, Germany. D(+)-Glucose (99.5%,
Sigma-Aldrich, Germany), L-histidine-HCI, 4-(2-Hykyethyl)piperazine-1-ethanesulfonic
acid (HEPES) from Merck, Germany, were used in lothUmu- and Yes-Test. The reaction
medium in the Yes-Test contained copper (ll) salf&thydrate (CuSO4 * 5 H20) from
Merck, Germany. Antibiotics in the Umu- and the ¥lesst were ampicillin (Merck,
Germany) and streptomycin (Carl Roth, Germany).i8uadcarbonate (Na2CO3) from Carl
Roth, Germany, served as stop reagent. O-NitropgHeimpgalactopyranoside (98%)
(ONPG), lyticase and [3-mercaptoethanol 99%) was obtained from Sigma-Aldrich,
Germany. Metabolic activation was carried out usiAljicotinamide adenine dinucleotide
phosphate sodium salt hydrate (3'-NADP) 98%) (Sigma-Aldrich, Germany) and S9 rat
liver extract, induced by Arochlor (Trinova Biochef@ermany). Benzyldimethyl-hexadecyl-
ammoniumchloride (BAC), mitomycin C (MMC), 17R3-athiestradiol ( 98%) (EE2), 2-
aminoanthracene (96%) (AA) and 1,3 Dinitropyrene (99%) from Sigm#dAch, Germany
served as positive controls. DMSO from Sigma-Aldri@o. was used to dissolve lipid soluble
chemicals. For combination experiments zinc chr{@nCh) ( 97%, p.a., Carl Roth,
Karlsruhe), Fluoranthene (FLA) (p.a., Carl Roth,rlgaihe) and a mixed cellulose ester

membrane (Schleicher & Schiill, 0.2 pum) was used.
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Fine particle samples (FPs) comprised bulk matémah different stoves and boilers (9-15

kW) and PM loaded on @ 47 or 150 mm quartz filigm 360, Munktell, Sweden) (Figure
1). Some samples were led through an atmospheniglaion chamber before deposition on
filters (described in ‘4.2.2.3 Simulated Atmosphérransformation of Emissions’). As model

crystalline and amorphous quartz particles (d 50%042, 2, 4, 125 um) were non-toxic to

bacteria or yeast, size-segregated toxicity wasoaosidered in this study

Figure 1: Bulk fine dust and fine dust precipitateda @ 150 mm quartz filter and @ 47 mm.

e +3$

( +*)

All fine dust samples that were collected by elestiatic precipitation were delivered as dust
samples from the German Biomass Research Centdf{Beipzig and the Technology and
Support Center, Straubing. In a field experimeruatB00 kg non-pretreated wood briquettes
(hard and soft wood) and 1 m?3 split logs were bdrf@ heating purposes in winter
2008/2009. The fireplace was a manually operatied tstove oven (9 kW nominal heat
output), installed in a private household. Finetiper sample A (FP A) is a mixed sample
gained from the flue gas canal, the electrostagcipitator and the chimney. FP C and D was
produced by firing beech split logs in a wood stovbatch mode (for 270 and 245 min every
0.5 h logs were put into the stove). FP B and FRveZe collected by an electrostatic
precipitator, installed in the flue gas duct dihket&tehind the furnace. For FP B, E, F and G an

automatic pellet boiler was operated under expariadeconditions with standardized wood
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pellets. The furnace was carried out in the combnustaboratory and the fine dust
precipitated electrically 3-4 m away from the fureaThe colors black and grey reflected the
amount of soot that is generated depending on whétie combustion was close to complete
(grey) or incomplete (black). Besides the soot amhogas emissions (e.g. CO values)
characterized a complete or incomplete combustiable 3 gives an overview of fine

particle origin.

Table 3: Origin of bulk fine dust samples.

! " #
0& > (# 2 > 3 $A #
0 # # B A #
0. # 2 2> ' 3 9% #
01 # 2> ' 3% #
0C # # B A #
0 # # B A #
0D # # B A #

( ’
Precipitated particulate matter from a high quabéyiet boiler (Pelletti Il from Paradigma, 20

kW) was gained electrostatically on multiple quafilters at the DBFZ. Electrical

precipitation took place 3-4 m away from the fuma®©ne or more filters (@ 45 mm) were
used for chemical analysis, one for toxicity td€#s150 mm). The combustions were close to
complete as CO exhausts and produced carbon centen¢ very low. Used pellets varied in
water content, location of cutting, type of wooddaash content (Table 4). If not indicated
otherwise, pellets consisted of spruce without baitk a water content of 7.05 £ 0.95 %.

Dried loaded filters were weighed and stored atC20ntil testing.
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Table 4: Overview of variations of the pellets. Tibeation indicated two different sites of

cutting.

<B E - E

( -

DIN-Norm pellets of spruce were incinerated in amoanatically loaded 7 kW pellet boiler
(entry 1, Table 5) and beech logs were burnedrmodern 5 kW wood stove (entry 2, Table
5). All combustions were close to complete as tl@ &nissions were ca. 4 ppm (pellet
boiler) and 940 ppm (wood stove). Emitted fine duste led through a 19 hatmospheric
simulation chamber and subsequently collected @mtgdilters. A detailed description of the
aerosol chamber LEAK at the Leibniz Institute foropospheric Research (TROPOS) is
given elsewhere (linuma et al., 2009). Afterwars flow through the chamber was stopped
and the chamber was closed. Detected NO and-dé@centrations derived from the
emissions. For aged samples (ighttime) or @+sunlight (daytime) was fed into the
chamber. After ~ 2 h of chemical processing patickere sampled again (aged samples) (Q
= 8 L/min, V= 0.48 m?3) for one hour on two pre-heghimicro quartz fibre filters (& 47 mm,
MK 360, Munktell, Sweden) per trial. One filter wased for elemental/organic carbon- and
PAH-analysis, the second filter for toxicity tegfinfThe FP weight was estimated on the basis

of volume size distribution. Loaded filters wererstd at -20°C until testing.
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Table 5: Sampling set up and occurrence of gassmuponents. rh: Relative humidity.

&(C )-& ( )& ( ) & ( %
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For bulk FPs and filter samples loaded with nondagjee dust PAHs were analyzed
according to the German Standard Protocol DIN EN495 Samples were extracted by
accelerated triple solvent extraction with dichlethmane in Dionex ASE 150 Extraktor and
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Dionex SE 500 Concentrator. The subsequent detedstias carried out in an Agilent
gaschromatograph 6890 and quantified with a mas$scteee detector Agilent 5975C.
Elemental and organic carbon was determined byaetxdn and thermodesorption on the
basis of the German protocol VDI 2465/1. The VDIB2A method includes removal of
organic carbon (OC) by solvent extraction and tluetesorption in nitrogen to determine the
elemental carbon (EC) fraction by subsequent cotibusOC is determined by difference
between total organic carbon (TOC, combustion ef whole sample) and EC. For metal
detection FPs were treated in a microwave and sdggewith HNO3 p.a., diluted with
deionized water and analyzed with a ContrAA 700matoabsorption spectrophotometer.
Anions were analyzed after a 30 min water extractipermanent shaking) by ion
chromatography (DIONEX ICS 90) and photometry {t@)r Particle sizes and zeta potential
were measured in aqueous suspensions of bulk €ise(dot filter samples) with a Zetasizer
Nano ZS (Malvern Instruments GmbH, Herrenberg, Geryh For technical reasons the zeta
potential of the grey colored FPs (complete combo¥ytwas determined 1 mg/mL
suspensions, whereas for the black colored FPsor(iplete combustion) 0.1 mg/mL
suspensions were used. Particle sizes and zetatipbteeasurements were kindly made by S.
Gauggel at the University of Konstanz.

For filter samples originating from simulated atmlosric experiments PAHs and nitro-PAHs
were analyzed. PAHs were detected by Curie Poinbl¥&sis-GC/MS (Aufderheide et al.,
2003). For nitro-PAH analysis 1.2 m3 were sampledhe filters, quantification was based on
the method described by BMU: Thran and Pfeifferl20The method was optimized for 7
nitro-PAHs (1-nitropyrene, 1-nitroperylene, 2-nfttmrenone, 3-nitrofluoranthene, 7-
nitrobenz[alanthracene, 6-nitrochrysene, 6-nitrabgmpyrene). Quantification of 9-
nitroanthracene and the dinitro-PAHs was not pdéssb no corresponding signal (mono- or
di-derivatised amino-PAH) was found from the GC/Mi%alysis. Metals were not analyzed
for aged FP since they were not relevant for chdgeassay (Umu-Test with tester strain
sensitive to nitro-PAHS).

$#$

A stock suspension (1000 mg/L) of each bulk finetdsamples was prepared with deionized
water in falcon tubes, vortexted for 1 min, ultnaisated (35 kHz) for 15 min and shaken
horizontally for 24 h at room temperature before.u3eionized water without particles was
employed as control for all three assays. In thetdvel contact test bulk fine dust samples
were tested without prior overnight shaking addially. Final test concentrations are

specified in Table 6 and Table 7. For filter sarsmenall cutouts (@ 5 mm) of loaded filters
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(2 150 mm and @ 47 mm) were taken along the fiielius and placed in each well of a 96
well plate. Each @ 150 mm quartz filter sample wested 3 times with 6 internal replicates.
Filter evaluation of aged samples (4 47 mm) coedist 3 independent test repetitions with 4
small cutouts (internal replicates). The bioassagse performed as with the bulk fine dust
replacing the FP suspension with deionized watesr the bacterial contact assay
benzalkonium chloride (64 mg/L) served as posite@ntrol, for the Yes-Test 17(3-
ethinylestradiol (1 ng/L), for the Umu-Test mitomy€ (0.25 mg/L), 2-aminoanthracene (2.0
mg/L) and 1,3 Dinitropyrene (0.1 ng/mL) served asifive controls.

The bacteriumArthrobacter globiformiswas obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ — Braunsdgwésermany). TwoSalmonella
strains were used in this study: The conventioesker strainSalmonella typhimurium
TA1535/pSK1002 and the nitro-PAH sensitsalmonella typhimuriurflM3009 strain. Both
Salmonellastrains and the recombinant ye&stccharomyces cerevisidl3505 (Protease
deficient; MAT , PEP4::HIS3, prb-1-deltal.6R, HIS3-delta200, 1862, trpl-deltalOl,
ura3-52gal2canl) were kindly provided by the GerrRaderal Institute of Hydrology (BfG —

Koblenz, Germany).

In the present study three standard microbial lsiags common for testing soil, water and
sediment samples, were adapted for the investigatiovood combustion fine particles. One
integrative test for baseline toxicity and two séle assays for genotoxicity and
estrogenicity were chosen according to expected $/10A

The bacterial contact test (BCT) wilkrthrobacter globiformisan aerobe soil bacterium as
target organism, is used to test baseline toxmitgolid environmental samples like soils or
sediments (Ronnpagel et al.,, 1995). The test wafrpsed according to the German
Standard Protocol (DIN 38412-48) and miniaturizedtioe basis of Heise and Ahlf (2005).
The initial inactivation step by heat denaturatiminthe samples was left out due to the
absence of endogenous dehydrogenase activity inTFesfluorescence was measured every
15 minutes for 1 hour (Fluorimeter FLx800 TBIE, Biek). Its increase was directly
proportional to the dehydrogenase activity and eftge a degree of the toxicity of the

samples. In order to account for a potential quirtcleffect on the fluorescence signal of
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dark stained FPs (Ahlf, 2007), a calibration focle&P was carried out as follows: 80 uL of
ratios of isomolar (0.179 mM) resazurin and resar@/0, 3/4, 1/2, 1/4) were added to all
used concentrations of FP. By means of this cdldwahe produced mol% of resorufin was

calculated after test performance and related tattke control samples as follows:

Slope of mol% - resorufin over 1 h of the control

Slope of mol% - resorufin over 1 h of the sample

Among the selective tests, the Umu-Test was chdseassess genotoxicitysalmonella
typhimurium TA1535/pSK1002 is used as genetically modifiedtetesstrain in the
conventional Umu-Test. The coupling of the umuCegand the lacZ-gene, which encodes 13-
galactosidase, enabels the detection of DNA damBgenducing the transcription of the
umuC-gene, DNA damage becomes visible. A se@ualthonellastrain was used in order to
detect the possible formation of nitro-PAHs durisighulated atmospheric transport. This
NM3009 Salmonella strain overexpresses O-acetyltransferase Overesipre of O-
acetyltransferase and nitroreductase genes wa®vachivia an insertion of a specific
promoter thereby increasing the sensitivity of NM30exposed to nitro-PAHs. Both
Salmonellastrains were created by Yoshimitsu Oda (Oda 1885, Oda et al., 1993).
Conventional growth measurement on the basis otapdensity (OD) was replaced in both
the Umu- and the Yes-Test. Instead, viability assent of test organisms was performed via
reduction of resazurin. This method is based orhgarolytic activity of the test organisms
using the blue redox-substrate resazurin and thseswent kinetic measurement of the

fluorescent product resorufin (Figure 2).

30
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Figure 2: Methodological scheme of modified Umud afes-Test.

The detection of the induction of the umuC-gene pagormed on the basis of the standard
protocol (Guideline 1ISO 13829) including viabilitgsting and a filtration and centrifugation

step for FP suspensions as follows: For better Imegpydthe test volume in one well was

reduced from 270 pL (conventional test) to 210 modified test). For umuC gene detections
150 pL of the sample mixture were filtered throlgh um filter plates by centrifuged (766 g

for 10 min). The clear filtrate was measured at #20 photometrically for 3-galactosidase
activity as in the conventional test (endpoint-measient). After the incubation and before
filtration absorbance of the controls were measate®D0 nm to check if the lysis of the cells
was successful. Bacterial viability was determibgdhe addition of 90 pL resazurin (0.179

mmol, 1 mM Mops-buffer) to 180 pL of the originalape and a subsequent fluorimetric

measurement (545/590 nm) of resorufin every 5 mamykinetics-measurement) until the

fluorescence signal decreased (after 355 min)s Phcteriotoxicity was only measured in

the plates without metabolic activation (S9-mix)ths enzymes of the S9-mix metabolized
the resazurin. But as both plates (with and with®8tmix) were prepared simultaneously
growth data of the plate without S9-mix were usadcalculation of both plates. A calibration

plate was measured in parallel to the BCT.
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The induction ratio (IR) of the modified Umu-Tesasvcalculated as followed:

=1/ x (/% N %% ) ()
1'% Extinction of the sample well at (420 £ 20) nm

I'# Extinction (mean value) of the control at (420@) Bm

I'# % Extinction (mean value) of the blank at (420 + 26)

Growth factor

3)
Slope of mol% - resorufin of the sample

Slope of mol% - resorufin of the control

The receptor-mediated yeast estrogen screen (Y&3}-UigingSaccharomyces cerevisias
test organism was the second selective test instidy. The detection of estrogenicity is
achieved by implementing a human estrogen recequopled to the lacZ gene. Although
several optimizations of the test were proposed BDever et al., 2001, Kase et al., 2008),
there has been no internationally standardized odeio far. The loading of the plate was
performed according to Kase et al. (2008), whetkad3-galactosidase assay was started by
the transfer of 60 pL of the suspension to 100 filacZ mixture containing the substrate
ONPG and subsequent incubation for 1 h at 37°C,rp6@ Having added the stop reagent
and shaken at 1400 rpm, filtration, centrifugat@om subsequent measurement at 600 nm and
420 nm was carried out as described above for theu-Uest. Photometric viability
measurement was also replaced by resorufin kinegdi@quL of resazurin (0.179 mmol, 20
mM Mops-buffer) were added to the original platel amxed properly at 1400 rpm. Thereby
the elevation of the pH from acidic (pH=3) to naltr slightly alkaline conditions (pH=8) by
the addition of buffered resazurin is notable. Refso was measured (545/590 nm) every 5
minutes while shaking the plate at 400 rpm untibfescence descended (after 110+30 min).
Every 10 min the plate was shaken for 30 s at 1400 to prevent agglomeration and
precipitation of the yeast. A calibration plate fesazurin and resorufin was done as in the
previous tests. Growth and induction ratio waswdated according to equation (2) and (3). In
order to relate the 3-galactosidase activity togbiency of estradiol, a dilution series of 50

and 100 ng/L of 1§-ethinylestradiol was tested in parallel to eactags
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The main goal of the toxicological part of the alkiproject was to find an eligible test
battery for a first toxicity screening of PM fromoad combustion. The evaluation of all
applied biotests in this project was done in thislg. Bioassays which were not performed
from the author of this study are described infdtlewing.
Among unspecific MoA tests were one the MTT assay the Nematode Reproduction Test.
In the MTT assay dehydrogenases transform the weBg4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to the purplerdmazan via NAD(P)H-dependent cellular
oxidoreductase enzymes which is then measuredrepbotometrically. Thus a reduction of
MTT transforming capability of human lung epithélia-549 cell line as described in
Gauggel et al. (2012), can be used to determir@axitity (loss of viable cells) . A-549 cell
lines were obtained from the German Collection oicrvbrganisms and Cell Cultures
(DSMZ — Braunschweig, Germany). The Nematode Reprtioh Test withCaenorhabditis
elegansdetermined the number of offspring per exposed ¢eganism, as described in
Guideline 1SO 10872.Caenorhabditis elegansvere obtained from the Caenorhabditis
Genetics Center (CGC), University of Minnesota. Amospecific MoA tests were an
estrogen- and androgen receptor assay. The MELK-HIVIFERE-bGlo-Luc-SVNeo) and the
PALM- (PC3-AR-Luc-MMTV) cell lines, developed by é¢hgroup of Patrick Balaguer at
INSERM, Montpellier, France, detect estrogen andragen agonists, respectively, due to
combination of the estrogen- and the androgen tecepth the luciferase reporter gene.
Measured luminescence is proportional to estroganandrogenicity, respectively. The
MELN-assay was performed according to Witters et(2010), the PALM according to
Freyberger et al. (2010) with the exception of tytecity assessment, which was assessed by
the MTT test. The commercially available PAH CALUX&oassay (Biodetection Systems,
Amsterdam, the Netherlands) links the Ah-receptih & luciferase gene and thus detects
Ah-receptor agonists like PAHs or dioxins, and #&pable of detecting picograms (10-12
grams) of benzo[a]pyrene equivalents (EQs), lardelyending on the sample matrix. Culture
of PAH CALUX® cells as well as the bioassay weraadwcted as previously described by
Gauggel et al. (2012). An overview of applied bgss and tested concentrations is given in
Table 6 and Table 7.
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Table 6: Overview of applied tests of unspecificddoof Action. BCT: Bacterial Contact

Test.
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Table 7: Overview of applied tests of specific Madeé\ction.
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Besides testing previously described PM samples,céonbination experiments different
ZnCl, concentrations (0.5, 4, 8, 16 uM) with bacteriatdies ranging from 0 to 40 % were
tested together with all bulk FP and three leagttblter samples (30 - 70% bacteriotoxicity)
loaded with non-aged fine dust. Chosen Zn conceotis were below E&. Furthermore

three non-toxic concentrations of the PAH fluoramiy (FLA) (1.2, 2.5, 4.9 uM) and seven

ZnCl,-concentrations (0.5, 4, 8, 16, 31, 63, 125 uM)enested together. A stock solution of
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ZnCl, (0.01 M) was prepared in ultrapure water and Isted by membrane filtration. All
subsequent dilutions were prepared in ultrapureewa#t stock solution of FLA (250 mg/L)
was done in 100% DMSO which was reduced to 1%nal fiFLA dilutions. Due to possible
evaporation and attachment to glass walls, FLAtdihs were prepared and immediately

applied before test began.

4 5(&

Placed on a rotating holder, the crystalline strrecbf fine particle samples were measured by
a Siemens D500 X-ray diffractometer that producesyé by a CU ceramic tube, type K FL
Cu2K. 2 -Scanning ranged from 7 to 67° with increments.060 and 3 sec per step. Pattern
analysis was done with the software DIFFRAT (Version 11, Bruker AXS) and
DIFFRAC’™EVA (Version 2005) that uses the JCPDS powder atiffion file of the
International Centre for Diffraction Date (ICDD).idter quantities of mineral phases result
in higher peak heights though no exact quantificais possible. As only mineral structures

are diffracted by X-rays, amorphous samples cabeaharacterized by this method.

"6 )

In order to validate the Umu- and the Yes-Test toefficient of variation (CV) was
calculated for induction ratios. Significant difégices to the control (no particles) were tested
with the unpaired t-test (p=95%) with SPSS (baateyeast, nematodes) or with a One-Way
Anova with Dunnett's Multiple comparison Test falled by a Bonferroni post test using
Graph Pad Prism ® (cell lines). &fvalues were calculated when possible. LOEC rdfers
the lowest concentration applied that showed aifsignt effect. Bivariate correlations

(Pearson) between chemical species and toxicityteewere calculated with SPSS.

770 )88

This study consisted in three main research stdggsare shown in Figure 3. First, toxicity
screening of bulk FPs and filter samples was catediucn the basis of the modified microbial
test battery. Obtained toxicity results were cormegdato those of nematode and cell line
testing. A relationship to physico-chemical chagastics of test samples was looked for.
Regarding possible relationships, Zn was suspedot@thy a major role for baseline toxicity.

To clarify this assumption, Zn was exposed simdtarsly with PM samples and FLA.

Additionally, XRD measurements were used to exanexisting Zn species. The third part
consisted in genotoxicity testing of FPs that wargficially oxidized in an atmospheric

35



simulation chamber. Since it was expected that @sno nitroarenes predominantly form

during atmospheric transport, a nitroarene ses8almonellastrain served as test organism.

Microbial toxicity screening of different fine dust samples

. p—
Testing of <§%o
Fine dust as bulk 0.‘. E— * Baseline toxicity (bacteria)
and filter material ~ *® *  Genotoxicity (bacteria)
*  Estrogenicity (yeast) \

Relationship to physico-
chemical characteristics
Differences in of fine dust?
* Stoves and boilers

*  Type of combustions

*  Type of wooden fuel

Comparison with toxicities detected on
nematodes and cell lines

X &
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Role of Zinc on baseline toxicity
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o

Testing baseline toxicity ——
Calculation: Correlation of Zinc content with baseline toxicity?
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Sorption capacity of fine
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Figure 3: Methodological scheme of this study tt@tsists in three main research parts.
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In order to establish a biotest battery for theediéédn of PM bound chemicals, the test
procedures had to be modified for the specific domk. Suspensions of fine dust do not
allow photometric measurements for the analysisnmfroorganisms’ growth. Therefore, at
first the standardized test procedures had to kekgd for validation criteria and, in case of

need, were modified.

oy (1
In order to account for particle bound contaminatgst organisms were exposed to aqueous
suspensions to assure the direct contact of tganmms and fine particle samples. Thereby,
one crucial modification of selective bioassays waeded: In the original Umu- and Yes-
Test procedures, the growth factor G is determingidg optical density measurements at
600 nm (OD600). Since such turbidity measuremedtsturbed by the presence of particles,
determination of G needed to be changed. Theretoreyentional growth measurement was
replaced by viability assessment via reductionesbeurin. This way, the adapted versions of
the Umu- and the Yes-Test presented here emplasadufin kinetics (fluorimeter) in order
to exclude fine particle induced turbidity and t@yde for a more accurate count of viable
bacterial cells than established with mere turpiditeasurements. For calculation of the
enzyme kinetic factor only the linear resorufin tomr of the production curve (= equivalent
to maximal resazurin turnover) was considered. Thusnitoring of resorufin was stopped
when the exponential phase was characterized witleast five data points. Speed of
resorufin production and maximal resorufin amouit¢rad0 min was Umu-Test > BCT >
Yes-Test (Figure 4).
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Figure 4: Production of resorufin in the Bactefaintact Test (BCT), the Umu-Test and the
Yes-Test under control conditions (no particleseatjd

The growth factor G calculation within the contratsthe adapted method was compared to
the conventional method. In the Umu-Test G was utaled for the positive control
mitomycin C (MMC) (n=14) which inhibits DNA replit@n. Using OD600 G was on
average 16% significantly higher than that deteadinsing resazurin reduction (Table 8). In

the Yes-Test G calculations for the solvent contitéb ethanol, did not differ significantly
from each other (n=8).

Table 8: Comparison of growth factor G calculatidmg optical density (OD600) and
resazurin turnover and their statistical differefd®C — Mitomycin C. EtOH — Ethanol.

D !
95 J 5
4 @
44, EC/8
/1< $M @ M
v 3 BM M $
1 D B$SMS$ E M E

38



RE

In the modified Umu-Test the coefficient of varaati(CV) for the induction ratio IR was 20%
(-S9) and 18% (+S9) respectively, in the adapted-Vest 16%. Dose-response curves of
17R3-ethinylestradiol (EE2) (1.56 — 100.00 ng/L) evdetermined in the Yes-Test in order to
calculate ethinylestradiol equivalents (EEEQ). Thean EGy of EE2 in the adapted test

version was 44.0 = 16.6 ng/L.

=" 3 & %

After modification of the toxicity tests, they weapplied to bulk fine dust samples. For
this validation phase larger quantities of fine tdwere required collected by electrostatic
precipitation and chemically analyzed. Results wext@mined for repeating toxicity patterns

and relationships to, for instance, different costlmn types and chemical analysis.

- )
The chemical analysis of the bulk FPs presentddibile 9 shows that incomplete combustion

FPs resulted in high contents of carbon (black rgploomplete combustion FPs in low
contents of carbon (grey color). Except this, neroital substance class was correlated to the

type of combustion.

Table 9: Overview of chemical categorization ofkdfihe particle.
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The mean zeta potential of the agueous suspensions was -33.7 + 4.5 mValfoPM
suspensions. Based on the negative Zeta poteeitarded, FPs did not demonstrate an
increased likelihood of aggregation. Detailed cleaincharacterization of all FPs is provided
in Table 10, Table 11, Table 12 and Table 13.

Table 10: 16 US EPA PAHs measured in bulk FPs.

0&8 *2(2 ! + 0& 0 0. 01 oOC 0 0D
# P@ P @ @ P @ <
& # ' P @ P P@ P @ $ $
& # P@ P @ P P @ P @
P@ P@ P P@ P @ @
0 B @@ B B$
& B P @ P B
< BB
0 B B @$
i NO B@ B P B $ @
< P B
i NO B P $ @
;NO B B P P @ $
; N O#' @ P P @
-I'N
O @ @ P B P @ B
1 ;N O B P @ P P @ < P @ B
N2 O# B = < P @
BB < B BB B@

40



Table 11: Detected metal contents of bulk FPs.
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Table 12: Detected anion contents of bulk FPs.

202 1+ 0& O 0. 01 o0C 0 0D

! P @ P @ B P @

! @ @ BB P @ @< @< $ $
P @ P @ B BB P @ @<

P @ P @ B $ $$
0 # P @ @ P @ PBP @ P @P @

B < B $ << $B
$< @@ B $3 @BB < @

41



Table 13: Detected carbon contents of bulk FPs.
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Baseline toxicity of FPs was assessed employingBthé& (bacteria), the MTT Test (human
cell line) and the nematode reproduction test. pxoé FP C all samples from incomplete
combustion showed baseline toxicities in at leas assay (Table 14), whereas all samples
from complete combustion were toxic. In the BCTARBNd FP C were not toxic. The LOEC
of toxic FP F and G was below the minimal appliedaentration in the BCT. FP F was most
toxic according to the Ef value. The maximal applied concentration in the TViEst
(25 pg/lcm? 44 mg/L) did induce cytotoxicity only in FP D with LOEC corresponding to
this concentration. In the nematode reproducticst &l FPs except FP C and D had a
significant effect on the offspring production (&ig 5). No clear dose-response-relationship
was observable in neither of the FPs. The amendaofehing/L of FP E, F and G caused less
offspring than higher concentrations. Indeed, FBhBwed tendencies of an inverse dose-
response-relationship. The LOEC or g@alues of neither of the baseline toxicity test$ d
correlate with type of combustion, total or singleemical species. Overall, the results show

different sensitivities towards applied FPs.

42



Table 14: Effect concentrations of the FPs in thaeseline toxicity tests. Applied
concentrations are indicated behind test name. e significant effect.._1 FP from
“complete” combustion.
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Figure 5: Average number of offspring in the nerdatoeproduction test (+ SD) when treated
with 0, 1, 10, 100, 1000 mg/L of FP A, B, E, F, Gand 100 mg/L were not tested in FP A
and B. FP C and D was not significantly differerdnfi the control (0 mg/L) and thus not
plotted. * Significantly different from the control t-test.
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Although the Umu- and the Yes-Test were especiddlyeloped to detect specific toxicities,
viability (baseline toxicity) was also assessedreisazurin reduction in these assays. This is
of great importance since neglected baseline tiyxaain cause false positive target toxicities,
namely genotoxicity and estrogenicity (Toolaram akt 2012). FP A and G showed
nonspecific toxicity (baseline toxicity) in the Urfiest and the Yes-Test. FP D and E were
baseline toxic only in the Umu-Test (Table 15). Gteric activity was detected for FP A, B
and C with LOEC corresponding to the highest (FBn8 FP C) or second highest (FP A)
applied concentration. Compared to FP A and FPFCBRvas positively tested also without
metabolic activation by S9 mix in the Umu-Test. Ahduced estrogenicity in the Yes-Test
with a full dose-response curve allowing the caltoh of a LOEC and an Egvalue. All
other FPs were tested negatively in the Yes-Tasgl.dése-response curves were obtained in
the PAH-CALUX® bioassay for FP A, B, E and G witlferent LOEC and Eg; values. In
remaining FP C, D and F the highest applied comagoh caused minimal positive effects
and thus high LOECs. The MELN and PALM assay ditlsiow any positive results (data
not shown). This means that among the tests foo@ime disruption potential, estrogenicity
was only detected by the Yes-Test, though only ime csample. Altogether, the
PAH-CALUX® bioassay seemed to offer highest sewvisjtiamong the specific MoA assays.
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Table 15: Effect concentrations of the FPs in #eeptor-mediated tests. No significant effect
was detected with the MELN and PALM cells. Applieahcentrations are indicated behind

test name. — no significant effect. / calculatioot possibleL 1 FP from “complete”
combustion.
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As Zn, a known toxic compound, was highly abundaitiiin all fine dust samples (bulk and
filter samples) (Table 11, Figure 8) a relationsbgiween toxicity and Zn was assumed. In
consequence, pure Zn-toxicity was determined inBRd. Furthermore, Zn contents were
calculated for each tested FP concentration anlepl@gainst measured baseline toxicity of
FP concentrations (Figure 6). With the exceptionFef A and C, measured Zn-toxicity
(ECso = 16 uM) was in good concordance with FP-toxieisywith rising Zn content detected
baseline toxicity increased as well. As a poss#xplanation for the lack of toxicity in FP A
and C, it was taken into account that non-bioablan-species were present in non-toxic
FP A and C in comparison to all other toxic FPserElfore, all FPs were examined for
specific Zn-species by XRD. The identification abdwailable and non-bioavailable Zn-
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species would allow statements about the influeocehemical specification of Zn on
observed toxicity patterns. If non-bioavailable gpecies were only found in non-toxic FP A
and C, but bioavailable Zn species in all other ,ARs assumption that Zn is mainly

responsible for measured baseline toxicity of FBald/be intensified.
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Figure 6: Zn concentration calculated on basisppiiad FP concentration versus measured
relative inhibition in the BCT compared to pure txicity (£ SD). For clarity purposes

standard deviations for FPs were omitted.
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XRD patterns were examined for most abundant chedrstcuctures and Zn species. Heights
of diffraction patterns differed strongly among tb@mples (Figure 7). This indicated that
differences in quantities of chemical compoundsewpronounced. Diffractable chemical
composition was dominated by KCl and3Os. This agrees well with high amounts of these
ions measured in the chemical analysis (Table ableT12). FP C was not crystalline at all as
no peaks occurred. BesidesSQ,, FP D showed not identifiable crystalline carbaacs
components (not sketched in the graph). FP C anef@ mainly composed of carbon (Table
13). According to XRD results such can be considless totally or mostly amorphous
structures for FP C and D respectively (Figure While the diffraction pattern of FP A
indicated the presence of ZnO, FP B exhibited tleanCl, and possibly little amounts of
ZnO. FP E showed little contents of both ZnO an@EnZnSQ, was not identified reliable in
any of the samples as the main peaks of e.g. KEtlapped the much smaller peaks of Zn-

sulfates. No crystalline Zn-species was found irFRihd G.
46



Lin

40 -

30

FP A

FP B

il "‘
\’ k‘ J f“J‘

10 20

RENTATNE U B Y SR YT
30 50

60
2-Theta - Scale

FPC

I @ Arcanite, syn - K;SO,

20 4

10

|
".“J‘ M/ A :'[,, Aha A AL A ane t, A A v \
0 J'J\‘l“wb.'."'ﬂh /LKA ,I’ Wy ‘ ...ﬁ R i i L L e
gl
b

30 40 50 60
2-Theta - Scale

Figure 7: Diffraction spectrum and identified maimemical and Zn species in FPs. In order

to provide a qualitative not quantitative overviei detected species y-axis’ scales are
different among FPs.
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Figure 7 (continued): Diffraction spectrum and iged main chemical and Zn species in
FPs. In order to provide a qualitative not quatitieaoverview of detected species y-axis’

scales are different among FPs.
48



FP G

Figure 7 (continued): Diffraction spectrum and iged main chemical and Zn species in
FPs. In order to provide a qualitative not quatitieaoverview of detected species y-axis’

scales are different among FPs.
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For quartz filters loaded with PM a suitable tegiplecation that circumvent an
extraction of PM from filters was looked for. Fugtmore, filter material should not disturb
bacterial activity. The latter was proven by tegtiblank filters in the BCT. Regarding
exposure, small cutouts of @ 5 mm covered with #0183 mg PM incl. blank filter were
placed in each well of the 96 well plate and testtéria were added to ensure direct contact
between PM and bacteria.

X )

Filter samples loaded with fine dust had negligibkrbon contents as it is typical for
complete combustions. PAH concentrations were et¢adable or low, ranging from 0.5 -
12 ug total PAHs per g of loaded @150 mm filtefal{le 16). With increasing bark content
metal contents, which were dominated by Zn, in@dass well (Table 16, Figure 8). Detailed

chemical characterization can be found in “10.1@ugng Information”.
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Table 16: Total metal and anion content of filtemples loaded with non-aged fine dust.
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Figure 8: Contents of most abundant metals exctp#ali and alkali metals of PM collected

on filters from complete combustions with differéypes of pellets.

L 9% (
Direct testing of filter samples was successful #meteby this exposure way constitutes a
novel and rapid method avoiding the extraction bf ffom filter material. This way, PM
sample is less disturbed in structure and chemidlhyilter samples caused baseline toxicity
in the BCT (Figure 9). Pellets consisting of pireused less toxicity than cottonwood or
spruce. Spruce was used for all pellets if notaatlid otherwise. Higher water contents
resulted in lower toxicities. Such causal relatldpswas not observed for location or bark
content. The Umu-Test showed elevated inductionogatfor the sample “water
content_2.9%”, “type of wood_pine” and “bark 30 wit%bredominantly after metabolization
with S9 (data not shown). But since decreased bakttgrowth occurred simultaneously,
observed genotoxic effects could not be separated bacteriotoxicity and were probably

false positive. No estrogenicity was detected enfilber samples in the Yes-Test.
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Figure 9: Baseline toxicity (x SD) expressed aatnet inhibition to blank filter (control) of

fine particles collected on filters from completarbustions with different types of pellets.

_II’ +'$ 0
On the basis of toxicity results of bulk fine dasid filter samples, Zn was expected to
play a crucial role for baseline toxicity of tesingples. In order to investigate this assumption

more profoundly, experiments with Zn were conducted

) 3
As pure Zn-toxicity was in good concordance withamtent and toxicity of bulk FPs except
for FP A and C (see “5.2.3 Bacterial Baseline Tibxien Relation to Zn Content”), Zn

possibly dominated baseline toxicity. From the naaistic point of view this would make

sense since Zn inhibits the bacterial respiratdegteon transport system (Choudhury and
Srivastava, 2001). In order to study expected igelahip, toxic Zn was added FPs. It was
assumed that the admixture of toxic Zn to FPs wautdease toxicity in the BCT. But only

when negligible carbon content (complete combujtraracterized FPs. Otherwise Zn is
adsorbed to carbonaceous compounds like soot (jpleden combustion) and thereby
becomes less bioavailable. This would cause les®xinity than expected. Indeed, an over-
additional effect was expected within FP from coetglcombustion (low carbon content) due

to the mixture of Zn and PAHs present in FP. Suckture effect of PAHs and metals was
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observed before in bacteria extracted from soilg@ev and Wilke, 1997). To examine this
possible combination mechanism, Zn and fluorantl{fEhd) were tested together.

For Zn-FP-combination experiments Zn concentrati@3s — 125 pM ZnGlcausing 0-90 %
relative inhibition) plus highest non-toxic FP centrations were chosen: 6 mg/L of all FPs
and additionally 400 mg/L of non-toxic FP A andI€.Figure 10 and Figure 11 measured
toxicity of combined exposures of Zn and FPs wasmared to pure Zn-toxicity. Using the
highest non-toxic concentration of FP A and C (400/L), the addition of Zn to FP C
reduced Zn-toxicity much more than with FP A (Figdo0).

Zn-toxicity was not (FP A) or less (FP C) reducedew FP concentration was lowered to 6
mg/L (Figure 11). The addition of FPs from both gdete and incomplete combustion (in
non-toxic 6 mg/L concentration) lowered Zn-toxicity middle range Zn-concentrations and
did not alter Zn-toxicity in high concentrationsidére 11). Within FPs from complete
combustion the amendment of FP E and G causedrhigkieities of 0.5 and 4 uM Zn than
only Zn. All other FPs caused lower or unchangeeaicity at low Zn-concentrations (0.5,
4 uM). These results show that FPs from both cotepd@d incomplete combustion show
sorption capacities for Zn. Over-additional toxicivas only observed within two FP from
complete combustion amended with low Zn concemnati Thus, expected mechanism
exerted by combined incubation of PAHs (preserRs) plus Zn is questionable as it would
have occurred within all FPs from complete comlmustind higher Zn concentrations as well.
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Figure 10: Pure Zn-toxicity (x SD) compared to camell toxicity of FP A and C in non-

toxic concentration (400 mg/L) and Zn.
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Figure 11: Pure Zn-toxicity (£ SD) compared to camell toxicity of all FPs in non-toxic

concentration (6 mg/L) and Zn.
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Figure 11 (continued): Pure Zn-toxicity (+ SD) camgd to combined toxicity of all FPs in

non-toxic concentration (6 mg/L) and Zn.
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Figure 11 (continued): Pure Zn-toxicity (+ SD) camgd to combined toxicity of all FPs in

non-toxic concentration (6 mg/L) and Zn.
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Figure 11 (continued): Pure Zn-toxicity (+ SD) camgd to combined toxicity of all FPs in
non-toxic concentration (6 mg/L) and Zn.
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In order to assess the possible enhancement obXcity by fine dust from complete
combustions (see explanation in “5.4.1 Zn AdditiorBulk FPs”), four concentrations of Zn
were tested together with three filter samples tthatived from complete combustions.
Chosen Zn concentrations (0.5, 4, 8, 16 uM) alanesed relative inhibitions ranging from O
to 40 %. Filters with least toxicity (30 - 70%) weused for combination experiments: “water
content_7.3 %", “water content_ 12.1%” and “typewaiod_pine”. Pretrials showed that the
presence of blank filter did not alter Zn-toxic{yata not shown). In Figure 12 measured and
calculated additive toxicity was compared. Measunédbition of filter samples plus 0.5 or 4
UM of Zn was higher than predicted by calculatidé.puM of Zn caused less inhibition than
the sum of both toxicities, whereas 8 uM Zn did natise apparent differences between
calculated and measured toxicity. This toxicitytpats indicated an over-additive toxicity
only within lower Zn concentrations. As higher Zoncentrations caused less toxicity than
expected by calculation, the assumed mechanisnerthencement of Zn by PAHs that were
present in PM, was questionable.
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Figure 12: Baseline toxicity (x SD) of differentra@ntrations of Zn plus three filter samples
loaded with fine dust originating from complete dmmstions with pellets varying in water
content and type of wood. “Rel. Inh. — measuredidates relative inhibition measured in the
BCT, “Rel. Inh. — additive” indicates relative iftition when summing up pure Zn-toxicity

and previously measured toxicity of filter samples.

) 3
In order to examine the possible mechanism foriptsly observed over-additional toxicity
in combination experiments with Zn plus fine duat, and FLA were tested together. Such
enhancement of Zn by FLA was shown before on iedlabil bacteria (Gogolev and Wilke,
1997). A full dose-response curve of FLA could hetmonitored since FLA was not soluble
above 20 uM (Figure 13). An Egof 7.1 uM was calculated for obtained FLA dosepase
curve. Combined exposure of non-toxic concentratiohFLA (1, 2 and 5 pM) and rising
concentrations of Znglcaused the same or less toxicity than calculayeddalition of both

toxicities (Figure 14). The over-additional effelal not occur.
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Figure 13: Baseline toxicity (x SD) of fluoranthe(feLA), higher concentrations were not

applicable due to limited solubility in 1% DMSO.

Figure 14: Combined baseline toxicity (+ SD) of @nd fluoranthene (FLA). “Rel. Inh. —
measured” indicates relative inhibition measuredthe BCT, “Rel. Inh. — calculated”
indicates relative inhibition when summing up Zndd&LA-toxicity.
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Once fine particles are emitted into the environtnghey undergo atmospheric
transformation processes due to reactions withayssand particulate molecules and UV
radiation (Kocbach Bglling et al., 2009). For im&ta, oxy- and nitro-PAHs are built by
photo-oxidation of PAHs (Arey, 1998, Lundstedt bt 2007). Whereas oxy-PAHs might be
less mutagenic than their parent original PAH (Lstedt et al., 2007), it is known that nitro-
PAHs are more mutagenic than their precursors vibsted in the Ames-Test (Arey, 1998,
Pitts, 1987). In order to detect expected formatdrsuch toxicologically highly relevant
nitroarenes during atmospheric oxidation, simulatExperiments were conducted in an
atmospheric simulation chamber. Oxidized PM preaipd on filters which were
subsequently tested for genotoxicity in the UmutTesng a nitroarene sensiti&almonella

strain.

)

During transformation in the atmospheric simulationamber @ NO and NQ were
monitored (Table 17). Detected NO and Nsdncentrations derived from the boiler and stove
emissions. The soot amount of subsequently takiem §amples was low (< 15%) providing
for grey fine particles as it was expected for ctetgpcombustions (data not shown). Aged
samples contained less non-substituted PAHs thain eélquivalent non-aged samples (Table
18). Despite the reasonable detection limit (1.85 Inequals 2.5 ug per filter) no nitro-PAH

was detected in any of the fine dust samples.

Table 17: Sampling set up and occurrence of gassmuponents.
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Table 17 (continued): Sampling set up and occug@igaseous components.
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Table 18: Analyzed PAHSs in exhaust, - below detectimit, * genotoxic in Umu-Test with
NM3009 strain.
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NM3009 Salmonellashowed enhanced sensitivity towards the referesmapound 1,3
Dinitropyrene (LOEC = 0.08 ng/mL) compared to thenwentional TA1535/pSK1002
Salmonellastrain (LOEC = 0.41 ng/mL). No genotoxicity of thiker samples was detected
with the conventional Umu-Test. All aged samplegshwihe exception of one (sample
Daytime 1 _aged) were tested positive in the Umu-Teth the nitroarene sensitive strain
(Figure 15). In comparison, none of their parentaged sample provided for a significant
positive response. This indicated the formatiomitfoarenes during prolonged presence in
the atmospheric simulation chamber. Sample Day2neged provided for a higher IR than
the corresponding nighttime aged sample. Therenwdmear correlation of IR and deposited
FP masses, though, lowest masses were calculatedofgenotoxic Daytime 1 samples
(aged and not-aged). Among genotoxic samplesngubation time caused significant higher
induction rates than 2 h incubation.

Figure 15: Total fine particle sample (FP) massesvbole filters (not cutouts) and induction
ratio (IR) in the Umu-Test with the NM30(@almonellastrain after 2 and 5 h of incubation,
the Umu-Test with the conventional tester strainswaegative (data not shown),

* significantly different from control (empty filtg, ** significantly different from each other.
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The increasing use of wood combustion appliancegprimate households makes risk
assessment of related emissions necessary. Fopuhp®se, epidemiological as well &s
vivo andin vitro studies have been conducted in the gastitro studies mainly focus on the
use of immortalized human cell lines. As described'3.5.3.3 Microorganisms as Test
Objects” and in the following discussion microorgans might provide another promising
tool inin vitro toxicity testing of PM in direct contact mannefftekwards, toxicity screening
of tested FPs is discussed in relation to posstalesatives. A comparison with other
bioassays regarding suitability and toxicity outesnfollows. Zn was suspected to influence
baseline toxicity predominantly. This expectatioasvexamined more precisely by testing Zn
together with PM as well as one selected PAH. Kinahe importance of atmospheric
transformation processes for PM’s genotoxicityhieven by discussing Umu-Test results that

were obtained for artificially oxidized fine dust.

4 ¥

4
In general, bioassays are used for toxicologicahratterization of single chemical
compounds, their mixtures and environmental samfitssher et al., 2005). The impact of
xenobiotics on the integrity of structure or functiof single biomolecules like proteins, DNA
or other cellular components like the cell wall ¢enstudied on microorganisms as well as on
cell lines in microscalen vitro tests. Main idea is that certain MoAs are the savitRin
different species regardless of the organismicl)ld@herefore extrapolation of biotest results
to higher organisms are aimed for. Biotests reggnnall sample volumes and are thus eligible
for screening a large number of sampless. Inrasnto cell lines, microorganisms are easily
and rapidly cultivated. Moreover, bioassays witltnmbrganisms are simple in handling, less
expensive and test results are obtained withintghoe. Microorganisms are unicellular and
represent principle cell functions. These charasties made them a popular tool for toxicity
testing of environmental samples from water, spgediment (Fai and Grant, 2010) and thus
can also serve for PM testing. Summary effectsn@irenmental samples such as baseline
toxicity are often assessed on the basis of stdima microbial bioassays like the freshwater
algal test or theVibrio scheri bioluminescence inhibition test. Standardized nb@b

biotests targeting specific toxicities like mutaipétly or genotoxicity, for instance, comprise
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the Ames-Test and the Umu-Test (Bilitewski, 200Microbial receptor based tests for other
specific MoAs like neurotoxicity or endocrine diption potential are not standardized yet.

In this study two bacterial bioassays and yeastiese chosen due to following reasons. The
BCT was preferable applicable to assess baselixieitio of PM since itstest organism
Arthrobacter globiformisfeatures a high affinity to surfaces (Figure 1&almonella
typhimuriumand Saccharomyces cerevisjagst organisms of the Umu- and Yes-Test, are
also known to attach to particle surfaces (Frettvainsl Ahlf, 1996, Weber et al., 2006). This
trait makes these test organisms highly benefiimaltesting solid matrices like FPs. As
particle-bound contaminants can add to toxicity I{Adt al., 2009) whole particle testing
provide more realistic exposure routes than extrasting and thus was performed in this
study.

The BCT was standardized for soil samples (DIN 2848) and miniaturized by Heise and
AhIf (2005). The Umu-Test was standardized for agsesamples (Guideline ISO/FDIS
13829). Under the supervision of the German Fedématitute of Hydrology (BfG)
standardization for the Yes-Test is currently ldweet Standardization of chosen test systems
makes them reproducible and accepted by authortiesce, the evaluation of different small
scale wood combustion devices on the basis of ptedemicrobial test battery would
supposedly be approved by decision-makers and cdatdinstance, influence political
actions that aim for mitigation of emissions froraad combustion.

Furthermore, applied bioassays were selected sietain unspecific and specific toxicities
were expected from PM from wood combustion. Geniottyx(Umu-Test) and estrogenicity
(Yes-Test) as well as narcosis (BCT) were assunoedbet the main MoAs caused by
polycyclic aromatic hydrocarbon (PAH) and heavy ahebntamination of PM from wood
combustion found in this and other studies (Talfle Tlable 11) (Larson and Koenig, 1994,
Kocbach Bglling et al.,, 2009). The latter are known induce baseline toxicity in
microorganisms (Giller et al.,, 1998). Some heavytalsecan cause mutagenicity and
genotoxicity in bacterial bioassays (Codina etE95). Single PAH species can induce both
genotoxicity and estrogenicity in genetically maelif bacteria and yeast (Nakamura et al.,
1987, Santodonato, 1997). The Umu- and the Yes-T@mstassessing genotoxicity and
estrogenicity respectively were employed on finetipes earlier. Funaska et al. (2003)
examined organic extracts of atmospheric suspepdeiicles in the Umu-Test. Similarly,
organic extracts of wood combustion particles fiGhmnese villages were positively tested in
the Yes-Test (Wang et al., 2003).
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The BCT was preferred over other bacterial viapii@sts because it might be more sensitive
to toxicants like metals compared to other badtsofid-phase tests like tHehotobacterium
phosphoreumntest (Rénnpagel et al., 1995). Moreover, inheresizurin reduction capacity
measured in the BCT reflects bacterial viabilityteethan mere growth measurement (Niles
et al., 2009). The Umu-Test was picked insteachefwidely used Ames-Test, as the former
works with only one bacterial strain and test rissate obtained within one day (Ames-Test:
48 h). Furthermore, small volumes and no sterilekiag conditions as in the Ames-Test are
required (Hamer et al., 2000, Oda et al., 1985). dtagle substance testing there is a very
good concordance (93%) between genotoxicity resuitsthe Umu-Test and rodent
carcinogenicity (Reifferscheid and Heil, 1996). Fhindicates a possible transferability of
Umu-Test results to higher organisms, thereby ssgqily allowing predictions about human

and environmental toxicity.

Figure 16:Arthrobacter globiformion cellulose, small cutout and large cutout.

Besides microorganisms that were used in this sty nematod€aenorhabditis elegans
and different human cell lines were evaluated fotability for toxicity testing of PM in the
overall project. Compared to bacteria, yeast atidices, nematodes ingest particles and thus
provide for both an additional exposure route anauticellular organism. Deriving from
human tissue, human (cancer) cell lines are conmynas®d in toxicological studies assessing

fine dust.
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As used microbial test subjects have an affinitgdbd phases as described in “6.1.1 Reasons
for Selected Microbial Biotests”, it is assumedttbantact between test organisms and PM
occur when aqueous suspensions of PM are used.wHyisapplied bioassays account for

both the aqueous and solid phase of PM which nbghtrucial for a realistic environmental
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exposure route (Kovats et al., 2012). In contrassuspension testing which is used in this
study, in the majority of then vitro studies PM from wood combustion deposited onr§lte
were extracted with organic solvents like methamidthloromethane, acetone, hexane or
benzene and trespassed to a 1% DMSO solution bekp@sure to cells or microorganisms.
This procedure is done due to two reasons. Fireglevfine particle material needs to be
separated from the filters. Second, authors exgettte highest toxicity from the organic
phase as toxicologically relevant groups like PAdtis soluble in it. However, testing either
the organic phase or the aqueous phase of whotelparcan over- or underestimate the
toxicity of whole particles themselves depending type of toxicity and strength of
adsorption. For example, in organic extracts omamumponents are desorbed from PM
which under normal circumstances e.g in lung waelchain in the particle matrix. In the
study by Baulig et al. (2009) organic extracts wha@spheric PM caused higher biological
responses in human bronchial epithelial cells tagneous extracts of the same fine dust
samples. Moreover, toxicity results of whole paetitesting differed from those of their
respective extracts. In the study by Danielsenl.e(2808) organic extracts of PM caused
higher DNA damage in a human lung epithelial andkéania cell line than their respective
native samples, although lower concentrations apmied from organic extracts (2.5 or 25
pg/mL of organic extracts, 25 or 100 pg/mL fromivetPM). Such differences in magnitude
of toxicities were also observed by Fretwurst ardf £1996). The authors investigated the
influence of a model sediment phase on the genatgxaf three genotoxins in the Umu-Test.
Prior to testing genotoxins were shaken togethd#r thie particle phase. Subsequently, porous
water was obtained by centrifugation. Both porous whole particle suspensions were tested
in the Umu-Test. Results showed that genotoxicigs wnderestimated when testing only
porous water because genotoxic compounds accurdutatethe particulate matter and
became less bioavailable. These studies show olatity findings obtained from extracts
differ among type of used solvent and might notdmtetoxicity from whole particles.
Consequently, the conclusion drawn by Kocbach Bgilkt al. (2009) “particles from poor
combustion induced more severe effects on bothayitwty and DNA damage than particles
from more complete combustion conditions” mightdedicient and need further investigation
since the authors based this statement on revisowaaty studies that used various particles
exposure ways, hamely organic and aqueous extoagigrticles suspended in cell media.
With regard to type of combustion, the amount aftsehich is typically higher in incomplete
combustion than in complete combustion can heawilyence bioavailability of chemical

compounds. Soot can adsorb toxicants and make lgssybioavailable (Talley et al., 2002).
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This could mean that PAHSs that are present in Pligloth types of combustions might be less
bioavailable in PM from incomplete combustion (Ggelget al., 2012). In this line, the
influence of the particle matrix on Zn-toxicity watudied in this thesis and is discussed in
“56.4 Experiments with Zn” later on. Testing fine siususpensions allows direct contact
between whole PM sample and test organism and #dwgsunts for bioavailability of
adsorbed toxicants and therefore was used in ting/SAs PM undergoes physico-chemical
changes when applied as suspension, their phydieahcterization (size, zeta potential) was
an obligatory prerequisite prior toxicity assesshaditionally to chemical characterization.

In order to enable prefered whole-particle testingchosen bioassays, one important
modification of the Umu- and the Yes-Test was ndedeeasurement of optical density for
determination of conventional growth was replacgdviability assessment via reduction of
resazurin.This modification was beneficial due to two reasdrsst, solid samples as fine
dust cannot be tested by OD measurement as tyrliditurbs the photometrical signal. In
contrast, the fluorescence signal of resorufin,clhis the resulting product of resazurin
reduction, is purely influenced by turbidity. Cogaently, resazurin reduction can be
employed on PM (that causes turbidity). Secondig\th assessment via OD is less sensitive
than viability testing with resazurin turnover amractive cells give also a positive signal in
photometrical OD measurement. Further discussioautabncreased sensitivity of the
resazurin method is given in “6.1.3 Growth Calaolatvia Resazurin Reduction”. Resazurin,
also known as AlamarBlue®, has been used sincel®#®s in dairy production for the
detection of bacterial and yeast contaminationsvdtays it is applied on cell lines, yeast and
bacteria in order to estimate cell proliferatiord aassess baseline toxicity (Fai and Grant,
2009, O'Brian et al., 2000, Ronnpagel et al., 199%) turnover of resazurin is directly
linked to bacterial viability (Niles et al., 2009put cell location of the reduction and
responsible enzymes such as certain dehydrogeaadexidoreductases were identified only
partially (O'Brian et al., 2000). Resazurin is reoa¢ and cells do not need to be killed prior
measurement as with tetrazolium substrates in tA@-Bksay or dehydrogenase activity
measurements in soil (O'Brian et al., 2000, Thalmd®68). For these reasons this relatively
old viability test was considered as “simple, ragmtficient, reliable, sensitive, safe and cost-

effective” (O'Brian et al., 2000) and employedhiststudy.
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The linear shape of all three resorufin producttomves suggested a diffusive efflux from
water soluble resorufin from cells (Figure 4). \aions of observed resorufin kinetics may

have resulted from dissimilar membrane structufe&. @lobiformis(BCT), S. typhimurium
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(Umu-Test) and yeast (Yes-Test) entailing diffeesdn resazurin uptake and resorufin
release. Eukaryotic yeast with a relatively thi@tl evall, in comparison to the prokaryotic
bacterial cell wall, is less permeable and thuwidefor a lower mass transfer into the cell
(Walker, 1997), leading to a smaller velocity okarufin production and time-delayed
maximal turnover of resazurin in the Yes-Test coragdo the BCT and Umu-Test. Indeed,
as a result of genetic modificatioi®s typhimuriumproduce less lipopolysaccharides (rfa-
mutant) thereby increasing the permeability of te®é membrane to many chemicals (Oda et
al., 1985), and therefore presumably increasing #ige influx of resazurin as well as the
efflux of the resorufin.

Lowered resazurin reduction by MMC (0.25 mg/L) imetUmu-Test indicated baseline
toxicity, which would have remained undetected bg bptical density method (Table 8).
Earlier studies using 0.25 mg/L MMC ®B. typhimuriumdid not report toxicity for growth
determined by OD600 (Giuliani et al., 1996). Henegbility assessment via resazurin
turnover might be more sensitive than OD600 measent. In comparison, in the Yes-Test
the difference between growth of 1% ethanol catedleby resazurin turnover and OD600
was not significant. Viability impairment of yedsy 1% ethanol was not expected as it is
commonly used as negative control in yeast asdagsBoever et al., 2001, Denier et al.,
2009). In earlier studies higher sensitivity of ttesazurin reduction method compared to
mere turbidity measurement was shown for bacterthyeast. For instance, in a preliminary
work of our research group MMC and other known gexios were tested in the Umu-Test
using resorufin fluorescence reading and turbidigasurement for cytotoxicity detection
(Toolaram et al., 2012). The latter proofed to lssl sensitive for bacterial viability
assessment than resorufin fluorescence readingilaByn Fai and Grant (2009) tested
fungicides on yeast comparing both viability asses# methods. The authors measured
resorufin fluorescence at a fixed point of time metkinetics as in this study. The resorufin
fluorescence inhibition bioassay turned out to lb¢hbfaster and more sensitive than the
growth inhibition bioassay (OD600). In view of aleogtata and discussed literature, resazurin
reduction was considered as more sensitive foiilit\atesting than the conventional turbidity
measurement. Furthermore, resazurin is non-toxiodither bacteria nor humans, water
soluble and thus, easy in handling and disposiag #Rd Grant, 2009). Its use in the BCT
makes this baseline toxicity test highly attracfieehigh-throughput screening of PM.
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Results obtained with the modified Umu-Test prooted be stable when repeated, as

variations within measured IR values (IR -S9: 26%9: 18%) were similar to CV (IR —S9:
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18%, +S9: 25%) reported from an interlaboratorydgtun the ISO-norm (Guideline
ISO/FDIS 13829). Regarding IR values of the adapted-Test (CV: 16%), Dhogge et al.
(2006) reported in an interlaboratory study a lo@&t (< 9%) for the conventional Yes-test.
This difference might be a result of the relativieigh variations in growth factor G (22%) in
the modified version. Pretrials showed that desgitaking the plate before splitting it for
separate viability and estrogenicity measuremegglomneration of yeast cells was not
completely dissipated. Hence, in each test a $jightferent amount of cells was pipetted
into the subsequent plate resulting in varying @véitheless, the modified Yes-Test was
reliable for testing estrogens as the meag,EBCEE2 (44.0 + 16.6 ng/L) was similar to the
mean EGp of 51.6 £ 11.9 ng/L that was measured by van delh & al. (2004) using the
conventional Yes-Test.
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An “incomplete” combustion typically results in FRith high contents of carbon, a
“complete” combustion in turn is characterized B ¢ontaining low concentrations of total
carbon (Alves et al., 2011, Kocbach Bglling et 2009). This is in line with chemical
analysis of FPs (Table 13). No significant relasioip between LOEC's or k5 of the
individual endpoints and the chemical compositibrthe FPs (single components and total
contents) or type of combustion (incomplete or cleng) was detected. Barbosa et al. (2012)
obtained a similar result for eluates of fly asb&svood combustion, tested in an ecotoxicity
battery. The authors described their findings likes: “it was not found any relationship
between the chemical and the ecotoxicological belavThis lack of correlation was not
surprising since biological responses are a commsult of contaminant/particle interaction
and can be superimposed by organisms' activitadttition, toxicant’s bioavailability in fine
dust is crucial for their detection in toxicity tesFor instance, carbonaceous components like
soot typically reduce bioavailability of known tcaints like PAHs as it was shown for other
solid matrices like sediments (Talley et al., 20(2¢sides differences in bioavailability, a
mixture of toxic compounds can cause toxicitieginics from the sum of toxicities of single
compounds. Risk assessment of contaminated partdmbines chemical composition and
toxic effects because potential toxic compoundstviarere not included in chemical analysis
may also influence the bioassay results (Vu et2éi12). However, some tendencies between
chemical characterization and toxicity results webserved and are described within the

following discussion of biotest results. For instenZn was suspected to predominantly
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influence BCT results as it was shown in “5.2.3 tBdal Baseline Toxicity in Relation to Zn
Content”. As carbon contents were lower in PM fraomplete combustion than from
incomplete combustion, it was assumed that therlgPs would exert higher sorption
capacity than PM from complete combustion. Incrédaserption and thus decreased
bioavailability of toxicants would result in lowéoxicity. This expected influence of carbon
content on toxicity was examined in detail by aidditof toxic Zn to PM samples from both
complete and incomplete combustion (see “6.3.1.Botlm Abilities of FPs”). It was
expected that simultaneous exposure of Zn and BM fncomplete combustion would result
in lowered Zn-toxicity in contrast to PM from corept combustion. Regarding toxicity
outcomes of mixtures of toxic compounds that aes@nt in FPs from wood combustion, Zn
and fluoranthene was tested together since anamlative toxicity was assumed as explained
in “6.3.3 Zn and FLA Combination Effects”.

Besides examining the role of Zn and sorption ciigacof tested PM, a suitable biotest
battery for toxicity testing of FPs from wood cormshan was looked for. Therefore, a
comparative discussion of results obtained frorfedéht bioassays targeting the same MoAs
is given in the following. Although it is assumetat chemical compounds with the same
MoAs cause the same effects in different organifssher and Hermens, 2002), divergences

in exposure routes and organism’s sensitivitiesinede considered and thus discussed.
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In this study all FPs from complete combustion weaseline toxic in comparison to FPs
from incomplete combustion (Table 14). This corgagudies with cell lines that detected
higher cytotoxicities (baseline toxicity in cellnés) of organic extracts from FPs from
incomplete combustion compared to complete/norn@hkwistion (Jalava et al.,, 2010,
Kocbach Bglling et al., 2009). Conducting the MTSsay on mouse macrophages, Jalava et
al. (2010) tested methanol extracts of particudagssions from normal and incomplete wood
combustion. Samples from normal combustion indulesd cytotoxicity than those from
incomplete combustion. However, as described beafof®.1.2 Beneficial Modifications of
the Bioassays” toxicity results of organic extracenot be directly compared with test
results of this study as organic extracts of FRecijly induce different toxicity patterns
compared to aqueous suspensions. The extractidAMofby organic solvents can make
toxicologically relevant organic compounds like PAAkhore bioavailable than they would be
when whole particles would be tested. This waypegrestimation of toxicity is possible by

testing extracts.
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Regarding differences between all baseline toxiesgs, the BCT was more sensitive than the
MTT assay. FP doses applied in the BCT overlappedones in the MTT test. Entire dose
response curves and thus LOEC and,B@lues were obtained for five FPs in the BCT,
whereas in the MTT test only a LOEC was detectédsl®ne FP (Table 14). This difference
in sensitivity might be due to the cell culture med used in the MTT assay. The MTT
medium of this study contained 10% of fetal bovseeum (FBS). High loads of proteins in
FBS can bind e.g. metals and presumably diminigir thioavailability. Borenfreund and
Puerner, 1986 showed that the toxicity of metalyekesed 3-4 times in the neutral red assay
with mouse fibroblasts when FBS was 10% insteat)/of

Besides the influence of cultivation media on taxits bioavailability, interspecies and
interassay differences in toxicity responses todhme toxicants are known. Rudzok et al.
(2011) conducted cell viability assays with differeinderlying cellular mechanisms e.g. the
MTT test, cell count and resazurin uptake. Usingséh bioassays 17 xenobiotics like
insecticides or pharmaceuticals and four metalewested on a human hepatoma cell line
and a protozoa species. The protozoa which is argatic single cell organism was 20 times
more sensitive to applied xenobiotics and metads tihe cell line. Independently from target
object, the resazurin assay, also commerciallylavia as AlamarBlue® assay, was most
sensitive according to obtained LOECs. As with BT, the AlamarBlue® test is based on
resazurin turnover which is an indicator for metabactivity of used cells. The results of
Rudzok et al. (2011) are very conforming with thiisdy despite different target cells and test
samples. Similar results were obtained in the stigdyBarbosa et al. (2012). The authors
tested eluates from fly ashes from wood combusitiogrowth or mobility inhibition tests
with the bacteriumVibrio fischeri a freshwater and a marine micro-crustacean amd tw
microalgaes. The freshwater organisms were morsgitsenthan marine organisms, whereas
the bacteriaVibrio fischeri inhibition test was most sensitive. Specific reasdor higher
sensitivity of protozoa or bacteria were not givemeither of the studies of Barbosa et al.
(2012) or Rudzok et al. (2011). As it was mentiorsembve, cell medium might have
influenced bioavailability of toxicants. Furtherrsortoxic effects might occur earlier in
unicellular organisms like protozoa or bacteria tueapid growth rates compared to micro-
crustacean, for instance, which pertain to a higinganismic level. Due to longer generation
cycles of multicellular organisms and also celeBntest time would presumably need to be
prolonged in order to increase toxicity responstn@se test subjects. Nevertheless, sensitivity
differences in different species in above mentiosiediies and in this study cannot be fully

explained.
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Regarding the nematode reproduction test, surghisinowest FP concentration (1 mg/L)
showed higher toxicities than higher ones (FiguyePossible explanations could be that
promoting effects at higher concentrations presuynabmpensated suppressing effects on
the offspring that occurred at lower concentratidhisch nematode reproduction stimulation
was reported for estrogens (benzylphtalate, n-plgrol) and antiestrogens (tamoxifen)
(Hoss and Weltje, 2007). FP E showed a tenden@nohverse dose-response. The estrogen
4-nonylphenol (65.6 — 106.5 pg/L) caused an invatsse-response-effect on nematode
reproduction (Hoss et al., 2002). Hoss et al. (2GR gested an interference of endocrine
controlled processes like molting as possible neadso observed effect. Compounds like
PAHSs, which are commonly found in fine dust fromagdocombustion as in used FPs, were
tested positively in an estrogen-sensitive repagtre assay (ER-CALUX) (Wenger et al.,
2009). Thus, PAHs could have served as estrogémalating agents in FP E and other FPs.
Nevertheless, the number of offspring never exag¢lde one of the control when exposed to
FP A, B, E, F or G. Hence, toxicants suppressimpgoctuction still dominated the toxicity
pattern in the nematode reproduction test espgciallthe lower concentrations. Such
toxicants could have been e.g. chemically detebtmlyy metals which typically decrease
nematode reproduction (Jonker et al., 2009). FPn@€ @& did not affect reproduction of
nematodes. Both FPs derived from incomplete condousand exhibited highest soot
amounts among all FPs (Table 13). Therefore, arorptisn of potentially relevant
contaminants might have lowered their bioavailpito nematodes. Adsorption of toxic
cationic heavy metals on soot was described by Z8k0§1997). As FP D was toxic in the
BCT and the MTT test but not in the nematode repectdn test, cell lines and bacteria might
have desorbed contaminants from soot. FP C didriggfer baseline toxicity in none of the
tests. Either an irreversible adsorption of contemnis to soot occurred or concentrations of
toxicants in FP C were too low to induce positigeponses in chosen test systems. The non-
toxicity of FP C could indicate a possible tranafslity of the test systems, but with the
precondition of broader concentration ranges intedts. In order to achieve more precise
LOEC values in the nematode reproduction testrahge of applied concentrations should be
increased in future tests. But as the classicisestnducted in petri dishes and one test takes
seven days, work hours and used material would ddgpired. Test results with bacteria can
be obtained within 1-3 days. In comparison, biogssath cell lines often take several days
until first results are achieved, e.g. the MTT Testes four days. Since rapid, cost-effective
and easy to handle bioassays in microscale arerdday industry, especially since the EU

REACH regulation has entered in force (Fai and Gr2010), microbial biotests as chosen in
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this study should be preferred for primary toxic#greening. Furthermore, the studies by
Lundstedt et al. (2007), Barbosa et al. (2012)tamsdstudy showed that unicellular organisms
with an independent metabolism like protozoa aruddsea are suitable for toxicity testing and
may provide for higher sensitivities than cell Bner multicellular organisms like algae,
nematodes or micro-crustacean. Therefore, withrdegatime constraints and test sensitivity,
the BCT with the proposed test protocol might bestrapplicable for short-term testing of
baseline toxicity of FPs from wood combustion (impete and complete).
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The detection of test organism’s viability was oéa@ importance in the Umu- and Yes-Test
in order to avoid false positive target toxicitiazamely genotoxicity and estrogenicity
(Toolaram et al., 2012). FP A and D caused basdétirieity in the Umu- and the Yes-Test
(Table 15). FP D and E were baseline toxic onlthenUmu-Test. It was assumed that identic
internal effect concentrations would cause simbaseline toxicities because the target
enzyme group (dehydrogenases) was the same inotgsinisms, bacteria and yeast
(Reifferscheid and Heil, 1996). Physiological diffeces could lead to different influx of
toxicants into the cells leading to deviating intdreffect concentrations and thus different
resulting toxicities as it was described in “6.1Gowth Calculation via Resazurin
Reduction”. Furthermore, the influence of differentltivating media on toxicant’s
bioavailability should be considered as a possiglason for observed distinct baseline
toxicities in the Umu- and the Yes-Test.

Significant induction of the DNA repair mechanisridmu-Test) mainly occurred after
metabolic activation with S9 at the highest applkedcentration of FP A, B and C (Table
15). Mutagenicity was detected before on organicaets of wood smoke as Naeher et al.
(2007) reviewed. More recently, Cohn et al. (20tekfed organic extracts from PM samples
that derived from biomass combustion. A significeotrelation between PAH concentration
and mutagenicity tested in the Ames-Test with S&aiton was found. As it is known that
certain PAHs can be activated by S9 and posititedyed in the Umu-Test (Nakamura et al.,
1987), such substance group might have influenogabsitive Umu-Test results. The PAH
CALUX® assay was designed for detecting the presefidAHSs. It gave positive responses
for all FPs. However, the results of the Umu- & BAH CALUX® assay did not correlate
with total analyzed PAHSs or single PAHs. ExceptA&Rall FPs contained the same range of
total PAH content (Table 10). FP C, D and F caueeest responses (highest LOEC) in the
PAH CALUX® assay (Table 15) and contained the hgghmarbon contents besides FP A.

This indicated decreased bioavailable PAH contamtthose samples, presumably due to
75



PAH adsorption to organic carbon. As it was desttibefore for e.g. sediments (Talley et al.,
2002), different carbon contents of the FPs coalklreduced bioavailability of PAHs. FP A
had the highest PAH content and gave the greatepbnse in both the Umu-Test, the Yes-
Test and the PAH CALUX® (lowest LOECs). Consequgritlis assumed that either PAHs
or substances that occur in parallel with PAHsmiyidombustion had an influence on toxicity
results in presented specific-mode-of-action testsugh, not a linear one. Regarding the
Umu-Test, other activated genotoxic but not analygempounds might have contributed to
positive effects as it was expected in other swidigh fine dust from wood combustion. Vu
et al. (2012) tested organic extracts from wood lmastion in the Ames test. The authors did
not find any correlation between emission factdrgarcinogenic PAHs and mutagenicity.
They suspected nitro-PAHs and CI-PAHSs to be thenrganotoxic causatives. Other phenolic
compounds that fit to the Ah receptor like dioxawaild have contributed to observed positive
results in PAH CALUX® assay.

Although PAHs can be detected in the Umu- and tAél EALUX® assay, the distinct
underlying mechanisms in both bioassays should drsidered. The Umu-Test measures
indirect genotoxicity: Single stranded DNA, trinectides and oligonucleotides caused by
genotoxins lead to activation of the SOS respogstes which is artificially coupled with
the production of 3-galactosidase. In contrastPtAel CALUX® assay detects the activation
of the intrinsic Ah-receptor upon binding of ligamde.g. PAHs. This means that non-
genotoxic PAHs or other compounds like dioxins véthaffinity to the Ah-receptor will also
trigger the production of subsequently measureddiase. Hence, the Umu-Test and the
PAH CALUX® assay have different aims and are thas comparable despite the fact that
both detect PAHSs.

As PAHs exhibit a weak ER binding (Santodonato,7)%nd only FP A with the highest
PAH content was estrogenic in the YES-Test (Talllg PAHs presumably contributed to
this result. It was surprising that FP A was tegpeditive in the Yes-Test, but not in the
MELN test, although both estrogenicity reporteragssare based on the same underlying
mechanism: the fusion of an estrogen response atefBRE) with reporter genes (luciferase
for MELN, lacZ for Yes-Test). This was in contrastthe study by van den Belt et al. (2004).
The authors detected as maximum a 15 times highesits/ity of the MVLN-assay
(transformed MCF-7 human breast cancer cell limayards 173-estradiol, estrone, 17
estradiol and nonylphenol compared to the Yes-T&gplied concentrations in this study
might give explanations: the LOEC of the Yes-te® (ng/L) was still higher than the

maximal applied concentration in the MELN test (1§/cm2, which equals approximately
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18 mg/L). Exposure times were similar in both t€s80 h), but FPs were shaken overnight
for the Yes-Test as pretrials revealed higher itidacrates in the Yes-Test when particles
were shaken for 24 h before exposure. Hence, estrogubstances probably desorbed from
FP A when shaken overnight and thus presumablynbedaoavailable. As the application of

higher concentrations in the MELN assay was natifd@, a comparison regarding sensitivity

of both assays was not possible.

4
Besides kali and earth alkali metals, Zn is the trabsindant metal in wood smoke as it was
shown in this study in “5.2.1 Chemical Analysis”daim other studies (Jalava et al., 2007,
Kocbach Bglling et al., 2009). Since toxicity ofiacreased with rising Zn contents among
most of tested samples (see “5.2.3 Bacterial Basdloxicity in Relation to Zn Content”), Zn
was assumed to play a major role in BCT outcomeslithonally, Zn is known as inhibitor of
the bacterial respiratory electron transport sys{@houdhury and Srivastava, 2001) and
thereby exerted clear toxicity in the BCT when adsalone (Figure 6). It was hypothesized
that baseline toxicity only occurred when bioavalgaZn-species, which were identified by
X-ray diffraction, were present. Furthermore, itswexamined if the presence of FPs would
diminish pure Zn-toxicity when Zn was incubated atbger with FPs with high carbon
contents (incomplete combustion) due to adsorpifafn to soot. Pretrials suggested an over-
additive toxicity of Zn and FPs from complete corstion (negligible carbon content). In
order to study such expected mechanism of mixtoxeity, Zn was tested together with
FLA. Both chemical compounds dominated metals orHBArespectively. Combined
exposure of metals and PAHs revealed over-addtoxeity before (Gogolev and Wilke,
1997), thus, this mechanism was assumed to ocdurardust from wood combustion.
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Detected pure Zn-toxicity in the BCT (&= 16 puM) was higher than reported by Nweke et
al. (2007). The authors determined ans&6 206 puM for isolatedirthrobacterspecies from

a river sediment by dehydrogenase activity measaméwia reduction of TTC. This increased
tolerance towards Zn-ions might have evolved duelévated background concentration of
Zn in sampled sediments. In contrast, detected itohéitory concentration (I¢o) of Zn at
around 1000 uM for the isolatedirthrobacterbacteria in Nweke et al. (2007) agrees well

with this study (Figure 6). Supposedly, Zn-detaafion systems like specialized Zn-efflux
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pumps that develop explicitly in Zn resistant baatgChoudhury and Srivastava, 2001)
might be exhausted at certain Zn levels causinglaintC,q in Arthrobacter globiformis
(BCT) and isolated\rthrobacterspecies in Nweke et al. (2007).
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The presence of particles can strongly influenceaNmilability of metals (Li3 and Ahlf,
1997). In particle-free solutions specification wfetals predominantly determines their
toxicity. The ionic form of trace metals like Znngainly transported via ionic channels into
cells and subsequently exerts toxicity (Ahlf ef 2D09). It was assumed that the influence of
PM from complete combustion on metal’s bioavail#pivould be small due to low carbon
contents. Therefore, FPs were examined for bicaiglZn ions (ZnGl ZnSQ) and non-
charged, non-aqueous and thus less bioavailablerystals (ZnO) by XRD measurement.
Depending on type of wood, temperature and oxygeplg, ZnO and ZnGlare formed
during wood combustion (Sippula et al., 2009, Jo#e al., 2007). ZnO is formed from
gaseous Zn at T < 1100 ° C when oxygen is sufftiesupplied (Sippula et al., 2009). As FP
A, C, D and F resulted from “incomplete” combustitre formation of ZnO under low
temperatures was expected. But only FP A showediderable ZnO amounts in XRD
spectrum. Zn was highly abundant in all FPs in dbahanalysis, but crystalline Zn-species
was little or not detected by XRD. Consequently,viZas mostly bound in a non-crystalline
form which was not detectable by XRD. Similarly,ikikka (2008) expected the formation of
ZnO in wood pellet combustions by model predictitrat was based on combustion
conditions. The authors did not identify ZnO by XRi2asurements and hence assumed that
“Zn was bound in a more complex solid phase tha@”Z&uch binding could result from Zn-
complexation and adsorption of Zn ions on scarcdrdphilic sites of carbon surfaces
(Groszek, 1997). Crystalline Zn-complexes with asidike abundant sulfates could not be
identified reliable in XRD spectrum as their smpftaks were overlapped by e.g. KCI.
Amorphous Zn-complexes cannot by detected by XRéndsd, it remains unclear in which
formation Zn was present in all FPs except of F&nA B.

The presence of little bioavailable ZnO would explide lack of baseline toxicity in FP A in
contrast to bioavailable and hence toxic zn@ FP B (Figure 7). Furthermore, an
irreversible adsorption of Zn or any other basetmacants to carbon presumably occurred in
non-toxic FP C which exhibited highest carbon cotg€Table 13). Bacteria as a competing
ligand (Ahlf et al., 2009) were not able to make #mich was chemically detected, or any
other particle-bound toxicants bioavailable in FPAS toxic FP D contained similar carbon

contents than FP C, bacteria possibly desorbed n¢h adher toxicants from particles or
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toxicants were desorbed by shaking FPs overnighisiog finally bacteriotoxicity.
Nevertheless, a relationship between (non-)bioakkgl Zn-species and toxicity was not found
in any other FPs than FP A and B. The influenceeabon content on baseline toxicity
remained as unclear as the role of Zn for basétireity of bulk FPs. Either other baseline
toxicants than Zn or Zn in non-identifiable by XRBuyt bioavailable form contributed to
detected baseline toxicities of FP D, E, F, G mBCT.
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It was assumed that the addition of toxic Zn to-tmac FP would cause over-additive
toxicity only when FPs had very low carbon conteshie to complete combustion (FP B, E,
G) (Table 13). Carbonaceous matrices like soot kwhg highly abundant in PM from
incomplete combustion can reduce bioavailabilitgl dhus lower toxicity due to sorption
(Talley et al., 2002). It was expected that thenbigthe inherent carbon content of FPs was
the lower would be measured baseline toxicity i BCT when toxic Zn was added. In this
line, it was assumed that PM from complete combuaswith low soot contents would have
negligible sorption capacities and thus not infeeeZn-toxicity. Regarding the over-additive
toxicity, it was hypothesized that organic compdeeas PAHs with a mode of action 1
(MoA1l), namely narcosis, which are bioavailabldinme dust enhance baseline toxicity of Zn
in an over-additive manner. Sikkema et al. (19@pprted increased fluidity of the membrane
layer of liposomes prepared frofb. coli bacteria by accumulation of hydrocarbons e.g.
toluene or phenanthrene in the membrane. This aseck fluidity resulted in an elevated
influx of protons, a decreased proton motive fomred thus a disturbance of energy
production. It was assumed that PAHs can crossebaltcell walls and embed in the
subsequent cytoplasmatic membrane (Gogolev andeWilR97). Hence, it was suggested
that the influx of cations like baseline toxic Znciease and result in enhanced baseline
toxicity as it was shown for protons (Sikkema et 4094). Gogolev and Wilke (1997)
extracted viable bacteria from soil and exposedhtBenultaneously to Zn and fluoranthene.
The authors made the alteration of membrane’s paviliy responsible for observed over-
additive toxicity.

Within non-toxic samples in the BCT (FP A and G #ddition of 400 mg/L of FP C to Zn
reduced Zn-toxicity more than addition of FP A (fifig 10). This is presumably due to
considerably higher carbon content of FP C (TalBeahd thereby higher sorption capacity
for Zn. This sorption capacity of both FPs decrdasben 6 mg/L of FP was tested (Figure
11). It was assumed that less binding sites fow&re available when particle concentration

decreased. Nevertheless, the carbon content ofdiPenly partially predict resulting Zn-
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toxicity. For instance, FP A and FP F had similarbon contents (23-25 % w/w, see Table
13) but FP A did not alter Zn-toxicity when added a concentration of 6 mg/L. In
comparison, FP F (6 mg/L) lowered Zn-toxicity espl¢ in middle Zn-concentrations
(Figure 11). In general, both FP types from congpkatd incomplete combustion decreased
Zn-toxicity and thereby most likely both types hatherent sorption capacity for Zn.
Although, carbonaceous matrices like organic cadreknown to decrease bioavailability of
metals (Ahlf et al., 2009), other mineral particierfaces like terminal, negatively charged
chemical groups like Otbr SQ* may adsorb Zn and build stable complexes. Conseigyue
bioavailability is decreased and thus also toxicitilis phenomenon is known for minerals
and clays like kaolinite in soils which can adsdrband other metals (Garcia-Miragaya and
Davalos, 1986).

FP E and G showed tendencies of over-additive iiyxic lower concentrations (Figure 11).
This may be explained by embedded PAHs in bacterexhbrane resulting in an increased
influx of Zn as mentioned before. Such apparentr-adelitive toxicity disappeared in
subsequent Zn concentrations in this study, indéesk toxicity than additive toxicity
appeared. Detoxification by Zn-transporters coulveh taken place within higher Zn
concentrations (Choudhury and Srivastava, 20019ugh, it remains unclear why possible
detoxification (if occurring) was triggered only bygh Zn concentration and not by lower
ones.

All in all, reduced Zn-toxicity was detected withifPs from complete and incomplete
combustion. Hence, all FPs showed sorption capacifartially observed over-additional
toxicity of Zn tested together with fine dust fraomplete combustion could not be explained
sufficiently.
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Excluding kali and alkali metals, Zn also dominatib@ metal-fraction in filter samples
(Figure 8) which is typical for complete combusgo@alava et al., 2007). Wiinikka (2008)
reported that with rising bark content of pellefs, content also increased. This was very
conforming with the findings of this study (Figu8¢ Coherence between type of pellet and
baseline toxicity was only observed for type of w@md water content. Though, a calculation
of correlations lacked for enough data. PAH conteai$ probably too low to cause observed
baseline toxicity (Sikkema et al., 1994). Osmotiess by ions could be excluded by pretrials.
When comparing Figure 8 and Figure 9 a relations#fizn and baseline toxicity was
suggested. Nevertheless, low Zn-contents in thepkeamrfrom pellets with different water

contents did also result in high toxicity (Figune Bn-concentrations were calculated for each
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tested filter cut-out and compared with pure Znidibx. Detected baseline toxicity exceeded
pure Zn-toxicity. Besides other (not identified)sblne toxicants, mixture effects like those
of metals and PAHs might have occurred within iherfsamples and contributed to baseline
toxicity. To assess such possible combined effet#n and fine dust, mixture experiments
were conducted.

As discussed in “6.3.1.3 Sorption Abilities of FRs/er-additional toxicity of Zn and PM was
expected due to PAHs present in PM. Filter sampia® preferable to study expected over-
additional toxicity since they derived from completombustion and thus had little carbon
contents resulting in supposedly negligible sorptioapacities for Zn. Combination
experiments consisted in addition of Zp@ selected filter samples (Figure 12). As within
two bulk FPs from complete combustion only lower @mcentrations caused over-additive
toxicities within the filter samples (Figure 11)hi$ could be result of embedded PAHSs as it
was described before in “6.3.1.3 Sorption AbiliteisFPs”. Sample “water content_7.3%”
and “type of wood_pine” had detectable PAH amouhigter content 12.1%” not (Table
16). Not analyzed PAH metabolites or substitutey have added up to the total PAH load.
Postulated detoxification mechanism at higher Znceatrations remained questionable as
explained before. Hence, an assumed over-adddkieity by addition of Zn to filter samples

(complete combustion) was not confirmed as it @ggeared in low Zn concentrations.

4 32) +
In order to study expected mechanism of over-amfthii toxicity of Zn and a bioavailable
organic components with a MoA1l, fluoranthene wassehn. FLA was the most prevalent
PAH in FPs besides pyrene and is considered ascatitaPAH (MoAl) with a logK,, of
5.16 (EG Wasserrahmenrichtliniel0/23/2000.). It wagected that FLA in non-toxic
concentrations would enhance the potency of Znt agas discussed in “6.3.1.3 Sorption
Abilities of FPs and Possible Over-Additive Zn-Taiky in Presence of FP”.

Detected pure FLA toxicity (Efg= 7.1 uM) was in the range of FLA toxicity to newdes in
the reproduction test (Eg¢= 4.5 uM) (unpublished data of our own laboratoG@golev and
Wilke (1997) observed a much lower toxicity on lesiet extracted from soil. Counting viable
bacterial colonies the authors observed an inbibitof 27% for 494 uM FLA. This
pronounced difference in toxicity may be due tooapson of FLA to soil particles in the
study by Gogolev and Wilke (1997). The authors aprsoil dilutions on agar plates that were
amended by FLA.

Expected over-additional toxicity did not occur whiesting Zn and FLA together (Figure

14). Indeed, the opposite toxicity pattern was olest Decreased bioavailability of Zn due to
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complexation by FLA or DMSO was considered as aseaBoth molecules are able to build
complexes with Zn (Oprunenko et al., 2002, Meeklgt1960). In a Zn-DMSO combination
trial no difference to Zn-toxicity was detected t@aiot shown). Hence, decreasing Zn
bioavailability by complexation with DMSO was exdkd as possible reason for observed
lowered toxicity. The complexation of Zn by FLA mayist between the-electrons of FLA
and the cation Zii and thus is probably weak as it is no ionic bigd{@®prunenko et al.,
2002). Therefore, a decrease of Zn-toxicity duedmplexation of Zn-ions by FLA was less
probable. The underlying mechanism of how FLA imgaithe influx of Zn into bacterial cell
remained unclear and would require a more mecharapproach like assessing membrane
integrity and labeling of Zn.

In summary, previously observed over-additive tayia fine dust samples (both bulk and
filter samples) from complete combustions could b®explained by expected mechanism of

combined exposure to Zn and a low molecular PARLaS.
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When fine dust from wood combustion is emitted indmnbient air, atmospheric
transformation processes include structural ananada changes and thus can alter toxicity
(Lundstedt et al., 2007). In order to study sucbcpsses, experiments in atmospheric
simulation chambers were conducted. This study deduon the formation of nitroarenes
during simulated transformation processes. Nitmoaseare highly mutagenic and their
chemical detection is difficult and not yet stardized (Arey, 1998). By means of the Umu-
Test using the nitroarene sensitive NM30&&lmonella strain and the conventional
Salmonellastrain, the bioavailable fraction of nitro-PAHs svdetermined in non-aged and
aged samples that were produced in an atmosphesimtzer that simulated day and night
chemistry. For nitro-PAHs chemical alteration Imgymes is necessary to exert toxicity (Oda
et al., 1993). In the NM3009 Salmonella such mdtaaion is accelerated by overexpression
of specific enzymes. Thus, as it was expectedNi8009 tester strain was more sensitive to
the positive control 1,3 Dinitropyrene (LOEC = 0.08/mL) than the conventional
Salmonella strain (LOEC = 0.41 ng/mL). Detected IG3Ewere comparable to values
reported earlier by Oda et al. (1993). The autldened LOEC values as the lowest
concentration causing IR > 2 (in this study LOEGCswvealculated on the basis of the t-test)
and obtained a LOEC of 0.1 ng/mL for the NM3009aistrand 0.4 ng/mL for the
conventional tester strain. The presence of nikét®in the filter samples was only detected

by the Umu-Test (NM3009 strain) (Figure 15), notthii applied chemical analysis.
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Consequently, sensitivity of the Umu-Test was higihan chemical detection limit (2.5 ug
per filter). The formation of multiple-substituteitro-PAHS during oxidation processes
would possibly explain such higher sensitivity.dnemical analysis only mono-substituted
nitroarenes could be detected. In contrast, mekgpibstituted nitro-PAHs e.g. dinitro-PAHs
can be detected in the Umu-Test as they are méatdoby the nitroarene sensitive tester
strain to their genotoxic form. During combustioncls substituted PAHs are generated
simultaneously to PAHs. But in ambient air the ghase radical-initiated formation of
nitroarenens is more important as source thantdamessions from nitroarenes (Arey, 1998).
Secondary formed nitro-PAHs are transformation potelof PAHs that can occur at day- and
nighttime. During daytime, PAHs react with OH raadgthat are formed via photolysis and
subsequent N&additon. During nighttime nitro-PAHs are formed t@action of PAHs with
nitrate radicals or pOs (Arey, 1998, Pitts, 1987, Kamens et al., 1990)t#esamount of non-
substituted PAHs diminished increased stay in timender in this study (Table 18), these
reactions are expected to have taken place intthespheric simulation chamber, supposedly
due to transformation to substituted PAHSs likeai®AHs. The latter is also supported by the
decreasing N@content with increasing time (Table 17). FP mask#sred among samples.
Hence, it remained unclear, if chemical oxidatidnP&\Hs produced significantly higher
nitro-PAHs during day- or during nighttime processehe formation of low molecular nitro-
PAHSs like nitrofluorene and nitropyrene was likety sample Daytime 1 _aged (Table 18).
However, this sample did not show genotoxicity @atally due to low masses of deposited fine
dust and thus decreased nitro-PAH concentratioh esie presumably below Umu-Test
sensitivity (Figure 15). Differences in inducticatios among the other aged samples might be
influenced by total FP masses, though, no clearelairon was found. Prolongation of
incubation time typically increases inducibility the Umu-Test (Nakamura et al., 1987)
leading to higher IR when incubated 5 h instea@ &f as more nitroarenes are metabolized
into their genotoxic compounds.

When calculating fine dust concentrations on thesaf deposited PM mass on filter cutouts,
concentrations of samples positive for genotoxiwith the nitroarene sensitiv&almonella
strain ranged from 1 — 3 pug FP/mL. These valuesiandar to the LOEC of 0.05 — 5 pg/mL
determined by Funaska et al. (2003) albeit thedattithors tested methylene chloride extracts
of urban atmospheric particles rather than wholdigles as presented here. Funaska et al.
(2003) used the same tester strain as in this sl assumption that nitro-PAHSs, primarily
or secondarily formed, contribute significantlytbe total direct-acting mutagenic potential of

ambient air and wood combustion exhausts (Arey819%@ et al., 2012) is supported by the
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findings of this study, especially as only the gdirene sensitivBalmonellastrain but not the
conventional strain demonstrated genotoxicity sted FP samples.

In general, nitroarens are toxicologically highgfavant. Whereas oxy-PAHSs, which are also
formed by atmospheric transformation processeshirbg less mutagenic than their parent
original PAH compound (Lundstedt et al., 2007)radPAHs are often more mutagenic when
tested in the Ames-Test (Arey, 1998, Pitts, 198YYact, some nitro-PAHs are classified as
the most potent direct-acting bacterial mutagensséRkranz and Mermelstein, 1983).
Therefore, their consideration in toxicity testiof PM samples is highly important. As
chemical analysis of nitroarenes, especially oftraubstituted nitroarenes, is difficult and
not standardized, presented Umu-Test with the NN388ter strain provides for detection of
bioavailable nitroarenes with very high sensitiviBurthermore, the lack of S9 liver extract
addition makes the test way easier in sample hagdiian the conventional Umu-Test. All in
all, this study shows that atmospheric transforamatnight be crucial for (geno-)toxicity of
emitted PM from wood combustion. Hence, adversétineffects might not only derive from

toxicants adsorbed on PM, but also their atmospltearnsformation products.
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To the author's knowledge this is the first stutigttused microbial bioassays for toxicity
testing of PM from wood combustion in a direct amtmanner. The feasibility of chosen and
modified test systems, the BCT, the Umu-Test, &edvtes-Test was demonstrated by testing
bulk FPs and PM loaded on filters. Modificationsreveeeded for the Umu- and Yes-Test as
conventional test system can be applied only foeags samples. Hence, presented microbial
test battery allows a rapid, easy to handle anddowed screening of unknown fine particles.
Whole-particle testing accounted for particle-bouoohtaminants and ensured realistic
bioavailability. Direct particle contact betweerstt®rganism and fine dust sample is highly
recommendable in toxicity testing since extractodrorganic or agueous components alters
particle matrices and neglects toxicant’s bioawdliky. Chemical composition typically does
not predict toxicity findings of whole particlesnse the particle matrix can influence such
bioavailability of chemical compounds as discusgetthis study. In this line, it was expected
that only FPs with high carbon contents (incompletenbustion) would exert sorption
capacity for toxic Zn, not FPs from complete contlwms with low carbon contents.
Surprisingly, all FPs revealed sorption capacit@stoxic Zn, regardless of their content of
total carbon. This result emphasizes the crucial ebthe particle matrix for bioavailability of
pollutants independently from type of combustiangéneral, Zn is highly abundant in wood
combustion derived FPs. Expected importance of @nHM’s baseline toxicity was not
confirmed. Indeed, combination experiments with EhA and fine dust samples caused
contradicting results. For instance, simultaneessirig of FLA and Zn did not show expected
over-additive toxicity. XRD measurements did onlgrtmlly provide further insights of
bioavailable and non-bioavailable Zn crystals. Tasify the role of Zn for baseline toxicity in
future attempts, mechanistic studies with e.g. &istant bacteria or labeled Zn would be
meaningful. In view of experiments with Zn, Zn wast identified as leading chemical
compound for baseline toxicity. The finding of adéng chemical compound for toxicity
would have been highly beneficial as mitigation@ts regarding toxicity could target on the
removal of such compound. Such mitigation actiomsilal result in significantly decreased
toxicity of emitted PM.

With respect to evaluation of the chosen tests,B8& turned out to be most sensitive in
contrast to other baseline toxicity tests with ¢iekks and nematodes in the overall study. The
Umu- and Yes-Test still need to be evaluated forsgiwity compared to other bioassays.

Since other applied receptor-mediated toxicitystestthe overall study targeted other MoAs
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or test concentrations did not overlap, a compansih Umu- or Yes-Test was not possible.
Nevertheless, expected toxicities, namely baselixécity, genotoxicity and estrogenicity
were detected by means of selected biotests. Tdrereprimary toxicity screening of
unknown fine dust samples targeting three distMoRs is possible using the test battery.
Since MoAs are assumed to be the same among differganismic levels (Escher et al.,
2005), transferability of obtained toxicity resutts higher organisms including humans is
expected, but would need more profound investigatio

Regarding toxicity results among fine dust sampkdd, from both complete and incomplete
wood combustion caused positive results in all ab@l test systems. Hence, a distinction of
types of combustions by means of toxicity was rassible. This was surprising as inspected
studies concluded that PM from incomplete combustiould show higher toxicity potentials
than PM from complete or normal combustions (Jakival., 2010, Kocbach Bglling et al.,
2009). Different exposure ways (organic extractingsversus whole-particle testing) and
thus different bioavailability of PM’s toxicants ghit be the main reason for this discrepancy
with literature. However, it should be emphasizbdtt in general, complete combustion
produces less particulate mass and noxious gagesC&, NO in total than incomplete
combustion. Therefore, relating obtained LOEC orsE@alues to emitted particulate
mass/gases would facilitate a quantitative comparisf different combustion devices in
terms of toxicity. Besides that, it would be beogii for both regulators and consumers to
relate toxicity results and emissions to the iiinheat value (kwh) of used boilers and
stoves. This way, a cost-benefit analysis includiogjcity outcomes of emissions can be
developed for each wood combustion device. Risksassent of PM on the basis of microbial
bioassays may accelerate technical advancemeppbéaces and combustion conditions and
thus also contribute to a reduction of environmieatel human impact of wood combustion
fine particles. Such technical improvements foridibx mitigation include secondary actions
as the installation of precipitators in the flues ghannel. The efficiency of such precipitators
could be verified by presented microbial test bgthe future projects.

This study concentrated mainly on distinguishingptete and incomplete combustion with
regard to toxicity. But as results showed that biyghes of combustion induced positive
toxicity results, characterization of combustioreds to be extended. A first attempt in this
study included variations in quality of burned weadfuel, namely water content or wood
type of used pellets. The type of wood influencesdiine toxicity in the BCT. Other
characteristics like water or bark content mayralticity as well. In literature, toxicity

patterns among different types and quality of bdm®od are studied insufficiently yet. As
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existing toxicological studies rarely name the tygewood or form of wooden fuel (e.qg.
pellets or logs), reviewing and evaluating theuafice of wooden fuel on toxicity outcomes
is difficult (Naeher et al., 2007). In order to nmmze PM’s toxicity that is caused by certain
properties of used wood fuels, future studies shoinvestigate such relationships.
Consequently, the optimal wooden fuel for each woonhbustion device should be finally
found with regard to toxicity potential of produci.

Exposure of humans and environment to fine dushfreood combustion takes place after
emission and subsequent atmospheric transportn@atmospheric transport, transformation
processes of fine dust take place. They are highiyplex as they are driven by many factors
such as intensity of UV-light, temperature or othegsent gaseous and particulate molecules
(Naeher et al., 2007). Therefore, a prediction @vfand if toxicity of emitted PM change
after release into atmosphere is complicated. Apesc transformation processes make
assessment of PM’s impact on human and environinéei@th even more difficult as
changes in toxicity of PM are highly uncertain athdis exposure to toxic PM can vary
heavily. Hence, it is of tremendous importance itod fways to include atmospheric
transformation processes into risk assessmenthd author’'s knowledge the impact of night
and day chemistry as well as atmospheric oxidabiorPM’s toxicity was presented first in
this study. The relevance of nitro-PAHs in atmosady aged FPs for genotoxicity was
shown by using a nitroarene sensitive bacteriairsin the Umu-Test. Results suggested that
the formation of genotoxic nitroarenes took placbkew fine dust was transported in
atmosphere. Chemical detection of nitroarenesfiEewdt and may not be as sensitive as used
tester strain as shown in this study. Therefore nlodified Umu-Test that was introduced in
this study may help to understand how atmospheltieration of fine dust influences
genotoxicity outcomes. Atmospheric transformatiomcgsses should be taken into account in
comprehensive risk assessment of PM in future etuds they can change chemical and
physical properties and thus toxicity findingsimvitro tests. But as atmospheric alterations
comprise a variety of chemical and physical reastiche embedment of such in toxicity
studies would require close collaborations of afphesic chemists, physicists, and

toxicologists. This might remain a challenge.
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In the recent years Europe and the U.S. have ergatite construction and installation of
sophisticated wood combustion appliances for daméstating. Such automatically operated
stoves and boilers abet complete combustions astklii low emissions. Against the
background of the end of fossil fuels, the use Gk-Geutral biomass instead is wanted and
thus supported from policy sides by subsidizing plnechase of pellet stoves, for instance
(Faaij, 2004). Educational activities about thereorr use of stoves and boilers were lanced
(Umweltbundesamt, 2007). Campaigns for stove exghgprograms and “burn bans” are
further examples for policy driven actions (U.S.viEanmental Protection Agency, 2009).
Additionally, ordinances and directives regulateission values of new small-scale wood
combustion devices, e.g. an important regulatioiérmany is called the German Federal
Immission Control Ordinance (1. BImSchV). The prolealink between adverse health
effects and wood smoke exposure has been recogmz#te recent years not only from
scientists but also from politicians. Compared &st@rn countries, developing countries may
face much more severe impacts on health by wookeras cooking with biomass and thus
direct exposure to its emissions is common in thementries (Fullerton et al., 2008). In
contrast, most of the research about quantity,actarization and toxicity of wood smoke is
done in the U.S. and Europe. Thereby, use and remtisin of improved wood combustion
appliances take also mainly place in these cowmntAs the burning of biomass is cheap and
traditionally anchored in developing countries, mements regarding wood smoke
exposure might be facilitated by political awarenesd consequently politically driven
actions in future. Scientific studies with specifiesearch questions often precede such
politically actions as can be exemplarily seenhie@ EU REACH regulation. This regulation
forces chemical industry to provide chemical safddya about their chemical product. This
data in turn can be obtained, for example, in Mi@iatests (Fai and Grant, 2010).

As presented microbial test battery makes a highutihput screening of PM possible, many
combustion devices could be assessed with regafdrtinstance, the relationship between
operation of the appliances or used wooden fuelPbfis toxicity. Therefore, presented
bioassays might be highly valuable as toxicity testl and thus should be used in such

studies.
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Wood smoke and associated health-damaging poltuthffier in composition from emissions
from other combustion processes. Indeed, everytesniine dust might be unique in toxicity
pattern as wooden fuel and completeness of contougéry among existing wood stoves and
boilers. In order to narrow down the reasons for$tdxicity from device side, combustion
parameters as well as wooden fuel characteristmddwmeed to be changed successively in
one appliance. Collected PM should be tested iadsiays, obtained toxicity results should be
related to gaseous/ particulate emissions and cadpa other appliances. This procedure
would entail a large-scale experimental setup seoito allow the identification of factors
influencing toxicity and finally an evaluation offférent stoves and boilers. The resulting
high number of gained FPs would require a firstidibx screening in high-throughput

manner. This can be fulfilled by the presented obal test battery.
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Testing whole particles via submersed exposure exfonmed in this study can cause
morphological and chemical changes of samples. eftws, a physico-chemical
characterization of the suspensions is requiregr@er to account for such particle matrices
changes. Besides characterization, standardizédotesedures for testing fine dust would
enable comparative examinations of different swidiklicrobial bioassays are partially
standardized for other solid matrices like sedimend thus applicable to PM from wood
combustion. Standardized tests with cell lines awmarce yet. Characterization and
standardization are also demands of scientists imgrkwith artificially produced
nanomaterials. In the course of the fast rising Imemof newly emerging nanomaterials, the
OECD gave recommendations for sample preparatiohdasing of nanoparticles that are
tested in bioassays (OECD, 2010). Such approachdvimeuhighly recommendable for testing

fine dust from wood combustion.
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In order to minimize physical and chemical modificas of FPs during test application and
to simulate realistic exposure routes, there exastsexposure technique at the air/liquid
interface (Aufderheide et al., 2003, BMU: Thran defeiffer, 2012). Human lung cells are
grown on a porous membrane in transwell insertforBeexposure with the test atmosphere,
the medium above the cells is removed whereas bé&h@®vmembrane enough medium

remains for a sufficient nutrient supply. This waglls are directly exposed to the test gas
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which thereby does not undergo physical changes ik submerged testing. Different
biological responses were detected in cell linesguthis air/liquidin vitro method (Diabaté

et al., 2008). It is an advantageous method factliexposure in mechanistic studies and may
gain importance in future. Though, the complexityhandling the gas dosing to the test cells
and the high costs of the whole test system makless applicable for a high-throughput-

screening of different wood combustion devices wahying emissions.
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Exposure of PM suspension in microbial assays cepdssample alterations in water, but
allows first toxicity screening of many samples.siBes, microbial bioassays may help to
minimize the use of animal products such as S9 (bmcteria) and fetal calf or fetal bovine
serum (cell lines). In the case of PAHs, metabatitivation of PAHs takes place in higher
organisms before causing damage to DNA (Neilso@8L®Bacteria that are used in bioassays
are not capable to exert such activation, therefameexternal enzyme mix, called S9 mix, is
added in bacterial genotoxicity tests in order ltovathe detection of PAHs that need to be
activated first (Guideline ISO/FDIS 13829). Testghwgenetically designed bacteria with
inherent metabolic activation system, as the NM38@#nonellastrain in this study, avoid
the use of S9 which is gained from rats. Fetal oalfetal bovine serum serves as growth
medium ingredient in tests with cell lines (Mastansl Palsson, 1999). The avoidance of fetal
calf or fetal bovine serum in tests with cell linissdifficult as cell lines require complex
media with specific nutrients and growth factorsa@ers and Palsson, 1999). Therefore,
microbial tests that do not require animal produassthe Umu-Test with the NM3009
Salmonellastrain might constitute alternatives to tests vefi lines. Furthermore, low costs
of microbial assays may “play an important roleghe acceptance of a specific test system”
(Reifferscheid and Heil, 1996) and thus make theomemically attractive for evaluation of
wood combustion fine dust. Hence, the author f thesis is convinced that the presented
test battery will play a more important role inkrigssessment of PM from wood combustion
in future. Another promising approach beyond latmsa studies is the use of bacterial
sensor-reporters in the field. They are based oetgmlly modified bacteria that detect target
compounds like nitroarenes in this study. Polluted sites were already assessed this way
(Tecon and van der Meer, 2008). Future scenariaddcaomprise microbial onsite
measurements at selected locations. Predestind¢sdaould be e.g. rural valleys with high
occurrences of domestic wood combustion applianéspecially valleys suffer from high

PM concentrations when air inversion conditionsegppSuch onsite measurement by living
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organisms is known from monitoring of drinking watgiality. Thereby fish and mussels are

used as living onsite sensors. Nevertheless, @restiture scenarios.
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Besides bacteria and yeast, effects of PM on thecaular level are studied on cell lines and
multicellular organisms of different organismic é&w like nematodes, animals or humans.
Such studies comprise among other endpoints theexpeession of certain genes that are
involved in xenobiotic’s metabolism in body fluidExamining the underlying molecular
processes after fine dust exposure is the key falerstanding potential chronic adverse
health outcomes in whole organisms. Therefore, In@stute (partially also chronic) toxic
effects measured in short-term bioassays with bagftentrations need to be linked to chronic
toxic effects observed in whole organisms or evaepugations which are typically exposed to
low concentration. In order to extend the knowledfgeut the relationship between acute and
chronic effects, PM samples that are tested inds@aygs should be taken from ambient air at
study sites where epidemiological studies in e.gspitals are conducted in parallel.
Epidemiological studies can provide information @tboccurring illnesses and ambient PM
air concentrations. Such classical epidemiologstatlies could be complemented by human
biomonitoring studies. The latter offer more reai®xposure concentrations by measuring
e.g. PAH metabolites or certain DNA adducts in bedgnples that are related to combustion
processes. Such molecular biomarkers reflect palsexposure concentrations better than
environmental concentrations. But as certain bagfgrtse mechanisms like metabolization of
PAHSs that are targeted by human biomonitoring ése tiggered by emissions from other
combustion processes, source identification is ssarg. For atmospheric samples (not body
samples) levoglucosan is an accepted marker fordwemmbustion. This tracer was also
measured in urine samples from humans and thustmrghide for a necessary molecular
biomarker in human biomonitoring studies (Wallner a., 2013). Internal exposure
concentrations of wood smoke could be monitoretherbasis of levoglucosan. This example
shows that human biomonitoring approaches coulaidvantageous in long term studies.

All in all, advances inn vitro, in vivo and epidemiological studies are expected regarding
study design, exposure techniques, comparabilignsterability, and finally toxicological

insights resulting from wood smoke exposure. Adigé of different studies is aimed for.
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Today’s fine dust research focuses on human heatibreas the impact of PM from wood
combustion on ecological systems has been littleegngated. As emissions from wood
stoves may reach different environmental compartsnewia atmospheric transport,
ecotoxicological characterization of PM should loesidered as well. Barbosa et al. (2012)
gave an example of a possible ecotoxicity testebattThe authors tested aqueous eluates
from fly ashes from an industrial biomass boileerfBrmed bioassays comprised the
luminescence inhibition test witibrio fischeri mobility inhibition tests of a freshwater and
a marine micro-crustaceaBgphnia magnaandArtemia franciscang and growth inhibition

of a freshwater and a marine microalg&elénastrum capricornuturand Phaeodactylum
tricornutun). All samples showed toxicity in all test organsnfFreshwater organisms were
more sensitive than marine organisms, whereas dlatetial Vibrio fischeri test was most
sensitive. In another study of 2012 native outdaerosol samples were tested ditorio
fischeri and showed positive results (Kovats et al., 20B2sides unspecific endpoints like
growth inhibition, ecotoxicological risk assessmehould also target specific MoA. Specific
MoA like endocrine disruption can have a great iobgan developmental processes, sexual
differentiation, and reproduction (Eggen et al.020and thus can threaten both human and
environmental health. As specific and unspecifiadibes can cause adverse health effects,
microbial bioassays may help to direct both humad anvironmental mechanism-based
assessment. In order to provide for a more compsahe ecotoxicological risk assessment,
both information about environmental exposure amxitity are required. Selected organisms
that represent different environmental compartmshtsuld be tested with environmentally
relevant PM concentrations. Obtained results shtwelccompared to those retrieved from
bioassays, for instance, as used in this studys Wialy, information about extrapolation from
effects on simple test organisms like bacteriaighér organisms is improved. Concepts for
the transformation of acute data to chronic daka,the species sensitivity distribution, exist
for ecological risk assessment of substances (Ddibaet al., 2004). These concepts should
be applied to PM risk assessment in order to gairerimformation about long-term effects of
PM. Anyhow, as ecosystems are characterized byyhagimplex interactions, bioassays and
also tests with higher organisms may always onlyiglly reveal potential threats to whole
ecosystems. Nevertheless, the recent studies bbBaret al. (2012) and Kovats et al. (2012)
and the results of this study underline that sinmpierobial bioassays can serve as a first (eco-

)toxicity screening of fine dust in a risk assessnpgocedure.
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Table S1: Anion content in filter samples loadethwion-aged fine dust.
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Table S2: Metal content in filter samples loadethwion-aged fine dust.
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Table S3: Analyzed PAHSs in filter samples loadethwion-aged fine dust. — below detection
limit (< 213 ng/ g filter).
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ALRI Acute lower respiratory tract infection

BCT Bacterial Contact Test

BfG Bundesanstalt fir Gewasserkunde (German Felthstaute of Hydrology)

BiImSchV Bundesimmissionsschutzverordnung (Germateia Immission Control
Ordinance)

BMU Bundeministerium fir Umwelt, Naturschutz undaRersicherheit (German
Federal Ministry of Environment, Nature Conservatamd Nuclear Safety)

COPD Chronic obstructive pulmonary disease

CVv Coefficient of variation

DBFZ Deutsches Biomasseforschungszentrum (Gern@ndds Research Center)

DIN Deutsches Institut fir Normung (German Ingéttor Standardization)

ECso Half maximal effective concentration

ER Estrogen receptor

FLA Fluoranthene

FP Fine particle sample

G Growth factor

IARC International Agency for Research on Cancer

I1C100 Total inhibitory concentration

IfT Leibniz-Institute of Troposphere Research

IR Induction ratio

LOEC Lowest observed effect concentration

KIT Karlsruhe Institute of Technology

MELN MCF-7 human ERE-RGlob-Luc-SV-Neo

MoA Mode of Action

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-10 diphenyltazolium bromide

OECD Organization for Economic Co-operation anddéepment

PAHs Polycyclic aromatic hydrocarbons

PALM PC3 human androgen receptor-Luciferase-MMTV

PM Particulate matter

PM, 5 Particulate matter < 2.5 um

PMsig Particulate matter < 10 um

SD Standard deviation

Ss Slope of mol%-resorufin of the sample
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TCC Triphenyl tetrazolium chloride

TFZ Technologie- und Forderzentrum (German Teatmohnd Promotion Center)
TUHH Technical University of Hamburg-Harburg

US EPA United States Environmental Protection Agenc

VOC Volatile organic components
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