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Abstract

Abstract

Since the middle of the 20" century, there has been increasing concern about certain historical
contaminants, which due to their potential health effects (e.g. hepatotoxicity, endocrine disruption and
infertility) and properties (accumulation in e.g. sediments and tissues) pose a threat to humans and
wildlife. Among these contaminants, dioxin-like compounds (DLCs) can be found, including
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) as well as dioxin-like polychlorinated
biphenyls (DL-PCBs). Although emissions of DLCs have been reduced considerably during the past
decades, legacy pollution of sediments still constitutes a secondary pollutant source following sediment
re-mobilizations (e.g. floods or dredging activities). This might cause the majority of the European
surface waters not to reach the aims set by the European water framework directive (WFD). It is thus
not astonishing that recently, the assessment of sediment and dredged material gained more and more
attention and that new concepts have been developed such as clearly defined Environmental Quality
Standards (EQS) for sediments and biota.

While sediment assessment originally simply based on classical, instrumental methods (e.g.
high resolution gas chromatography - high resolution mass spectrometry (HRGC/HRMS)), these
methods due to their lacking information on sediment toxicity today are often connected to
ecotoxicological and ecological methods. However, those methods often exhibit relatively unspecific
endpoints (e.g. growth inhibition) and thus do not allow for a comparison to concentrations measured
via HRGC/HRMS. Because many of the toxic effects of DLCs are mediated via the cytosolic aryl
hydrocarbon receptor (AhR), and the strengths of activation of the AhR constitutes a specific endpoint
of many cell-based in vitro bioassays, these methods are of increasing interest to regulators and risk
assessors. Biological equivalent quotients (BEQs) deduced from such assays are directly comparable to
toxicity equivalents (TEQs) of HRGC/HRMS analyses.

The DioRAMA project is a joint research initiative between the Institute of Environmental
Research at the RWTH Aachen University and the Department G3 of the German Federal Institute of
Hydrology in Koblenz. Its main goal was to establish in vitro tools for the assessment of DLCs in
sediment and biota to improve current risk assessment approaches. Therefore, the present thesis
investigated (1) the sensitivity of various in vitro bioassays, the suitability of certain in vitro assays to
be used (2) as regulatory tools, (3) to screen the uptake of DLCs by fish and (4) to be used as prioritizing
tools for sediment and soil extracts. (4) Finally, the bioavailability of certain DLCs was investigated.

A literature study proved the applicability of various in vitro bioassays for the screening of
DLCs in a multitude of complex samples, individual compounds and mixtures. To be capable of
screening trace contaminants such as DLCs, in vitro bioassays have to be comparably sensitive like
instrumental techniques. The literature data reviled that some of the in vitro bioassays approximated the
sensitivity limits of chemical analytical methods (~0.1 pM dioxin) and hence suggests the potential

suitability of these assays to be used as additionally regulatory tools.
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To verify this assumption, three in vitro bioassays (RTL-W1 EROD, H4IIE-luc and H4IIE
Micro EROD assay) were investigated with regard to their possible implementation into German
guidelines for the management of dredged material. Evaluations of intra- and inter-laboratory
performance and predicative power of the used bioassays based on extracts of sediments, differently
contaminated with DLCs. Except the high sample throughput (RTL-W1 EROD) and the high linear
range (H4I1E-luc), the H41IE Micro EROD assay showed the overall best performance among the three
assays and had a similar predictive power like HRGC/HRMS analyses. The H41IE Micro EROD assay
was highly sensitive and showed a satisfying repeatability and cross-laboratory reproducibility,
independent of sample complexity. Hence, the H4lIE Micro EROD assay was proven to be highly
suitable for the analysis of DLCs and to be used as ptential regulatory tool in the sediment management.

In a further study, the uptake of sediment-borne DLCs by common roach, a fish of high
ecological relevance, was chemically and bio-chemically investigated using the same differently
contaminated sediment samples (see above) as exposure media. Fish was either exposed to black
worm - inoculated sediments (dietary eposure) or daily fed with uncontaminated worms. Both chemical
and bio-chemical investigations of whole fish extracts predominantly revealed an uptake of sediment-
borne DLCs by fish, independent of the sediment DLC contamination degree. BEQs indicated the uptake
to be promoted by (1) the suspended matter concentration in the water column and (2) the additional
ingestion of feed/sediment (only relevant for the sediment of highest DLC contamination).

While this study proved the applicability of the Micro EROD assay for challenging sample
matrices such as whole fish homogenates, another study, which chemically and biochemically
investigated sediment and soil samples from the river Elbe catchment area, proved the H4IIE Micro
EROD assays’ applicability to be used as high throughput screening tool for large sample sets. Samples
of highest EROD-inducing potential, even though raw extracts (missing clean-up) were investigated,
corresponded well to the via HRGC/HRMS detected contamination hotspots along the river. A
H41IE Micro EROD assay based limit value was deduced from the DLC concentrations of the river Elbe
sediment samples and might point towards a future yes/no-decision-level in German guidelines for
dredged material.

A final study investigated the bioavailabilty of polycyclic aromatic hydrocarbons (PAHS). A
tenax desorption experiment was meant to close the gap between instrumental and toxicological results.
It was shown that the cumulative concentrations of PAHs desorbing from the four differently
contaminated sediments corresponded well to (1) the initial PAH concentrations in sediments, (2) to the
effects observed in fish eggs of D. rerio and (3) to a certain extend to RTL-W1 BEQs. This indicated
the higher contaminated sediments to pose a potentially higher threat to the aquatic environment.

The present findings might contribute to future regulatory decisions in a way that in vitro
bioassays such as the Micro EROD assay could be implemented into German guidelines for dredged
material to be used as an additional quality measure alongside classically used instrumental analysis and

this way could significantly improve current sediment assessment strategies.




Zusammenfassung

Zusammenfassung

Seit der Mitte des 20. Jahrhunderts wéchst die Angst vor historischen Fremdstoffen, welche aufgrund
ihrer potentiell schadhaften Effekte (Lebertoxizitdt, Hormonstérungen und Unfruchtbarkeit) und
Eigenschaften (Anreicherung in Sedimenten und Geweben) Mensch und Tier gefahrden kénnen. Unter
diesen Fremdstoffen findet man die Gruppe der dioxin-ahnlichen Substanzen (DLCs), bestehend aus
den polychlorierten Dibenzo-p-dioxinen und Dibenzofuranen (PCDD/Fs) sowie den dioxin-ahnlichen
polychlorierten Biphenylen (DL-PCBs). Gleich wenn die DLC Emissionen innerhalb der letzten
Jahrzehnte dramatisch reduziert wurden, stellen historisch kontaminierte Sedimente nach ihrer Re-
Mobilisierung (z.B. Fluten oder Baggerungen) immer noch eine Sekundérquelle fir solche Substanzen
dar. Dies konnte wiederum ein Nicht-Erreichen der Ziele der Wasserrahmenrichtlinie (WRRL) fir
Europdische Oberflachengewésser zur Folge haben. Es ist daher nicht verwunderlich, dass neuerdings
die Sediment- und Baggergutbewertung als auch neue Konzepte, wie die Etablierung von klar
definierten Umweltqualitdtsnormen (UQN), immer mehr an Bedeutung gewinnen.

Basierte die Sedimentbewertung anfanglich lediglich auf Kklassischen, instrumentellen
Methoden (z.B. hochauflésende Gaschromatographie - hochauflésende  Massenspektrometrie
(HRGC/HRMS)), so wurden diese, aufgrund ihrer fehlenden Betrachtung der Sedimenttoxizitat, um
umwelttoxikologische und 6kologische Aspekte erweitert. Allerdings nutzen solche Methoden meist
unspezifische Endpunkte (z.B. Wachstumshemmung), welche einen Vergleich mit chemisch, via
HRGC/HRMS gemessener Konzentrationen unmdglich machen. Da jedoch viele toxische Effekte der
DLCs (ber den zytosolischen Aryl-Hydrocarbon-Rezeptor (AhR) vermittelt werden, dessen
Aktivierungsstarke wiederum der Endpunkt vieler zellbasierter in vitro Biotests ist, stehen solche
Verfahren zunehmend im Interesse von Behdrden und Risikomanagern. In vitro Test abgeleitete
Toxizitatsdquivalente (BEQs) sind direkt vergleichbar zu vom HRGC/HRMS Analysen abgeleiteter
Toxizitatsaquivalente (TEQS)

Das DioRAMA-Projekt ist eine gemeinsame Forschungsinitiative zwischen dem Institut fur
Umweltforschung der RWTH Aachen und dem Referat G3 der Bundesanstalt fiir Gewdsserkunde. Sein
Hauptziel ist die Etablierung von in vitro Tests fur die Bewertung von DLCs in Sedimenten und Biota
zur Verbesserung bestehender Risikobewertungskonzepte. Die vorliegende Arbeit untersuchte daher (1)
die Empfindlichkeit verschiedener in vitro Tests, die Eignung ausgewéhlter in vitro Tests (2) als
regulatorische Werkzeuge, (3) zum Nachweis der Aufnahme von DLCs in Fische und (4) zur Sediment-
und Bodenextrakt Priorisierung. Final wurde die Bioverfugbarkeit ausgewéhlter DLCs untersucht.

Eine Literaturstudie belegte die mannigfaltigen Anwendungsmdglichkeiten von in vitro Tests
zur DLC Analyse komplexer Proben, einzelner Substanzen und Mischungen. Um Spurenkontaminanten
wie DLCs nachweisen zu konnen, missen in vitro Tests (ber &hnliche Empfindlichkeit wie
instrumentelle Techniken verfugen. Die Literaturrecherche konnte zeigen, dass einzelne in vitro Tests
sich den chemisch-analytischen Empfindlichkeitsgrenzen annéhern (~0,1 pM Dioxin) und deuten damit

auf eine Eignung dieser Tests zur Nutzung als regulatorische Werkzeuge hin.

Xl



Zusammenfassung

Um diese Annahme zu Oberprifen wurden drei in vitro Tests (RTL-W1 EROD, H4IIE-luc und
H4I11E Micro EROD Assay), hinsichtlich ihrer méglichen Implementierung in Deutsche Richtlinien zum
Umgang mit Baggergut, untersucht. Die Bewertungen der Intra- und Interlabor-Performance sowie der
Vorhersagekraft der angewandten Tests basierten auf Extrakten unterschiedlich stark DLC
kontaminierter Sedimente. Abgesehen von hdherem Probendurchsatz (RTL-W1 EROD) und einer
groReren, linearen Bandbreite (H411E-luc), zeigte der H4I1E Micro EROD Assay die beste Performance
unter allen Tests und wies eine der HRGC/HRMS Analyse vergleichbare Vorhersagekraft auf. Der
Assay war hoch sensitiv und seine gute Wiederholbarkeit und labor-libergreifende Reproduzierbarkeit
waren unabhéngig von der Probenkomplexitat. Der Assay eignet sich folglich hervorragend zur DLC
Analyse und moglicherweise als zusatzliches Bewertungsinstrument im Sedimentmanagement.

Eine weitere Studie untersuchte die Aufnahme sedimentblrtiger DLCs in Rotausgen,
Okologisch hochrelevanter Fische, chemisch und bio-analytisch unter Verwendung der unterschiedlich
kontaminierten Sedimente (s.0.) als Expositionsmedium. Die Fische wurden entweder an Glanzwurm-
inokulierten Sedimenten exponiert (Nahrungsexposition) oder taglich mit unbelasteten Wirmern
gefiittert. Sowohl chemische als auch bio-analytische Untersuchungen der Fischextrakte zeigten eine
Uiberwiegende, vom Sediment-Kontaminationsgrad unabhangige, DLC Aufnahme durch die Fische.
BEQs zeigten, dass die Aufnahme durch (1) die Schwebstoffkonzentration im Wasser und (2) die
zusétzliche Futter-/Sedimentaufnahme (nur hochbelastetes Sediment) begunstigt wurde.

Wihrend diese Studie die Anwendbarkeit des Micro EROD Assays fur anspruchsvollere Proben
wie Fischhomogenatextrakte bestétigte, konnte in einer weiteren Studie mittels chemisch und bio-
analytisch untersuchter Sediment- und Bodenproben des Elbe Einzugsgebiets bewiesen werden, dass
der H4I1E Micro EROD Assay sich sehr gut als Hochdurchsatzverfahren fir gréfiere Probensets eignet.
Trotz der Verwendung von Rohextrakten (fehlende Aufreinigung), stimmten die Proben mit den
hdchsten EROD Aktivitét sehr gut mit instrumentell bestimmten Kontaminationshotspots langs der Elbe
uberein. Ein von den DLC Konzentrationen der Elbsedimentproben abgeleiteter H4IIE Micro EROD
Assay Grenzwert konnte zukinftig als Ja/Nein Entscheidungswert in Deutschen Baggergutrichtlinien
Einsatz finden.

Zuletzt wurde die Bioverfugbarkeit von polyzyklischen aromatischen Kohlenwasserstoffen
(PAKS) untersucht. Ein Tenax Desorptionsexperiment hatte zum Ziel, die Liicke zwischen chemischen
und bio-analytischen Methoden zu schlieBen. Die kumulative Konzentration der von den Sedimenten
desorbierenden PAKSs stimmte sehr gut mit (1) dem PAK Kontaminationsgrad dieser Sedimente (2) den
Effekten in Fischeiern von D. rerio und (3) in einem gewissen Grad mit RTL-W1 BEQs uberein. Dies
zeigte, dass die hochstkontaminierten Sedimente den aquatischen Lebensraum stérker bedrohen.

Die Ergebnisse der vorliegenden Arbeit kdnnten bei zukiinftigen gesetzlichen Entscheidungen
dazu beitragen, dass in vitro Tests wie der Micro EROD Assay in deutschen Baggergutrichtlinien als
zusatzliche Qualitatsmessungen neben klassischer instrumenteller Analyse Anwendung finden und so

entscheidend zu einer Verbesserung bestehender Sedimentbewertungsverfahren beitragen kénnten.
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Chapter 1 - Introduction

1.1 The European water framework directive (WFD)

In the year 2000, the European water framework directive (WFD) 2000/60/EG (2006) was
passed by the European Parliament and the Council. The directive provides the legal framework
for the future European water policy of the European member states and follows a holistic
approach on a river basin scale, which is free from any administrative or spatial borders (Schulz
etal. 2005). The main aim of the WFD is that all European surface waters reach a good chemical
and ecological status until the year 2015, encompassing the non-deterioration, the reduction of
pollution with priority substances as well as the stop of emissions and discharges (FGG-Elbe
2015).

Despite the fact that industrial and municipal emissions have been reduced considerably
during the last decades (Besselink et al. 2004), monitoring programs have been shown that the
majority of European surface waters will most likely not reach the aims set by the WFD (BMU
2013). Reasons for this on the ecological site are alterations of natural river morphology and
lacking consistency (e.g. for migratory fish species), whereas diffuse agricultural, industrial and
municipal substance discharges prevent the achievement of a good chemical status (BMU
2013). Moreover, it has been shown that until now, legacy pollution of sediments tented to be
underestimated by the WFD (Hallare et al. 2011, Heise and Forstner 2006, Hollert et al. 2007),
even though contaminated sediments can significantly contribute to the contamination of water
so that quality standards of the WFD can probably not be achieved in catchment areas of many
European rivers (Barcelé and Petrovic 2007, Forstner 2008, Hollert et al. 2007). As a
consequence, the WFD daughter directive (EC 2008) was introduced, which requested the
concentration of 33 priority pollutants (annex, 2000/60/EC 2006) not to increase above levels
set by clearly defined Environmental Quality Standards (EQS) for sediments and biota (Forstner
2009, Lepom et al. 2009).

Hence, a good ecological and chemical status of European surface water bodies according
to the WFD is reached, when the concentrations of the priority substances in water, sediment
and biota are below their respective EQS (Lepom et al. 2009, Wernersson et al. 2015). The time
table of monitoring programs, including chemical compliance checks, follows a 6 year cycle,
so that the aims of the WFD latest have to be fulfilled by the member states in management
plans 2015 - 2021 and 2021 - 2027 (BMU 2013).
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1.2 Sediments — an underestimated risk?

River sediments develop through erosion of parent rock and sedimentation of settling
detrital, inorganic and organic particles (Figure 1.1). Their heterogeneous nature supports
biodiversity (Barcel6 and Petrovic 2007), offers diverse habitat structures and nutrient sources
(Hollert et al. 2000) to the aquatic environment. The high biological activity, especially at the
sediment surface, makes sediments become the most effective site for transformation of organic
carbon, nitrogen, phosphorus, magnesium and sulfur (Burton 1992). But their surface
characteristics moreover offer a multitude of binding possibilities for organic contaminants
(Berglund et al. 2001, Hollert et al. 2014) and may influence their bioavailability and
accessibility (Eggleton and Thomas 2004).
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Figure 1.1 Processes of sediment development and re-suspension, sorption and desorption of organic contaminants
as well as interactions with aquatic organisms and influencing limno-chemical factors. Figure recreated according
to (Cofalla et al. 2012, Hollert et al. 2014).

During the 20" century, diverse anthropogenic activities of the industrial nations led to high
amounts of xenobiotics that were released into the rivers, where they sorbed to sediments. Such
historical contaminated sediments are immobile under normal circumstances, but following
extreme hydrogeological events such as floods or dredging activities (Figure 1.1) can get
re-mobilized and reintroduced into the water column again (Eggleton and Thomas 2004, Heise
and Forstner 2006, Hollert et al. 2014), hence, can act as secondary pollutant sources (Ahlf and
Forstner 2001, Hollert et al. 2014). Particular-bound or freely dissolved organic contaminants
(Figure 1.1) are bioavailable again and this way can threaten aquatic organisms (Burton 1992),
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but even pose a risk to terrestrial organisms. Frequent inundation of river associated floodplains
caused a deposition of contaminants bound to particulate matter, which led to threshold
exceedances in milk and meat of exposed grazing cows (Schulz et al. 2005, Stachel et al. 2005).

1.3 Stepwise and integrated sediment assessment strategies

The Evaluation of sediments becomes increasingly important in terms of (bio) remediation
and decontamination of historical contaminated sites (Fent 2007) and most often is used to
evaluate the risk potential of environmental samples and/or to examine the success of (bio)
remediation measures (Fent 2007). While sediment evaluation initially based on chemical-
analytical methods alone (Brack 2003), most of the recently developed sediment assessment
approaches constitute stepwise or integrated procedures, which combine chemical,
ecotoxicological and ecological perspectives.

A stepwise sediment assessment can be found in the German joint transitional arrangements
for the handling of dredged material (GUBAK 2009), where ectotoxicological test methods are
performed in the case chemical concentrations of analyzed target compounds (i.e. heavy metals
and selected organic contaminants) exceed action values. The ecotoxicological tools encompass
acute and chronic tests with algae (Desmodesmus subspicatus), bacteria (Vibrio fisheri) and
micro crustaceans (Daphnia magna) on lethal- and sub-lethal levels (den Besten et al. 2003,
Manz et al. 2007). However, an important drawback of this stage procedure is that results of
chemical analysis and ecotoxicological tests are incomparable and do not provide any
information about compounds causative for a certain biologically observed effect (Manz et al.
2007).

In the group of integrated sediment assessment schemes, the most significant approach was
the “sediment quality triad” (SQT), which in a weight-of-evidence approach (Chapman et al.
2002, Chapman and Hollert 2006) combines different so-called lines of evidence (LOE)
(Chapman and Hollert 2006, Long and Chapman 1985). These LOE include chemical target-
compound analysis to determine the chemical contamination, sediment bioassays to determine
the sediment toxicity and benthic community composition to determine the impact of sediments
towards the resident fauna (Chapman and Hollert 2006). A combination of different LOE has a
greater informative value for the assessment of sediment than regarding single LOE. This is
because the single LOE ina SQT complement each other. Concentrations of contaminants alone
do not allow for toxicity estimation, while bioassays, which do allow for such estimations, do
not hand information on the community structure. Information about this structure alone would

not allow for estimation of any causative impacts (Chapman 1989).
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Recently, many approaches for an improved integrated sediment assessment have been

suggested, such as the introduction of additional LOE (Chapman and Hollert 2006).

1.4 Dioxins and dioxin-like compounds (DLCs)

Since the middle of the 20" century there has been increasing concern about exposure of
humans and wildlife to certain xenobiotics that were released into the environment due to
diverse anthropogenic activities. One group of environmental toxicants that is of particular
interest relative to potential environmental health effects (as reviewed by White and Birnbaum
2009) and legacy contamination are dioxin-like compounds (DLCs). This group includes
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) as well as dioxin-like
polychlorinated biphenyls (DL-PCBS).

These ubiquitous compounds are hydrophobic, lipophilic and resistant to biological and
chemical degradation (Hilscherova et al. 2000). These properties determine their globally
distribution (even polar regions) and their presence in almost every matrix (e.g. sediments, soils,
wildlife, human tissue, blood and milk) and impart their propensity to bio-accumulate and bio-
magnify along the food chain (Safe 1998a). The accumulation of DLCs is of special importance
for top predators (fish, otters and seals), in which DLCs can accumulate to levels leading to
adverse effects (Fent 2007). The range of effects is broad and may include thymic atrophy,
hepatotoxicity, certain types of cancer, dermal disorders, endocrine disruption, wasting
syndrome, reproductive toxicity, infertility or reduced fecundity as well as the induction of
monooxygenase enzymes (Brouwer et al. 1995, Denison and Heath-Pagliuso 1998, Denison
and Nagy 2003, Giesy et al. 19944, Poland and Knutson 1982, Safe 1986, 1994, VVan den Berg
et al. 1998, Whyte et al. 2000). Their behavior in vivo furthermore depends on their
organism-specific uptake, distribution and metabolism (Behnisch et al. 2001b, Safe 1986) as

well as modifying factors such as species, age and reproductive status (Whyte et al. 2000).

1.4.1 Polychlorinated biphenyls (PCBs)

PCBs consist of two benzene rings, exhibiting ten possible chloral bonding sites (Figure
1.2). Due to the resulting various possibilities of chlorination, 209 PCB congeners are known.
Within the group of PCBs, 12 congeners, the non-ortho PCBs 77, 81, 126 and 169 and the
mono-ortho PCBs 105, 114, 118, 123, 156, 157, 167 and 189 build the DL-PCBs (or referred
as 12-WHO-PCBs), which exhibit a molecular mode of action similar to that of dioxin (Barcel6
and Petrovic 2007, Safe 1998a).
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The majority of PCB contamination stem from the approximately 1.3 million tons of
technical PCB mixtures, used in a range of closed

-~ ° ) applications (transformers, capacitors, hydraulic fluids)
o and open applications (e.g. plasticizers, paints, cutting

CI: \‘"Cly oils, flame retardants), containing approximately
Polychlorodibenzo-p-dioxin 1000 kg dioxin toxic equivalents (TEQs) (Breivik et al.
2002, Denison and Heath-Pagliuso 1998, Fent 2007,
UNEP 1999, Wagner et al. 2014, Weber et al. 2008).

Moreover, PCBs have been used as pesticides (DDT) to

Ci; \‘(‘:ly control the malaria carrying anopheles mosquito, but
Polychlorodibenzo-furan furthermore unintentionally develop during thermal
processes (Anezaki and Nakano 2014, Huang et al.

2014). PCBs gained sad popularity through several, past

: \ PCB poisonings: the Japanese Yusho in the year 1968
CI‘;I \Cl and the Taiwanese Yu Cheng poisoning in the year 1979,
Polychlorinated biphenyl  which both were caused by PCB-contaminated rice oil
Figure 1.2 Basic molecular structures of (Masuda 2001, Yu et al. 2000). However, these

polychlorodibenzo-p-dioxins ~ (PCDD), . . . .
polychlorodibenzo-furans (PCDF) and incidents contributed to restrict the use of PCBs to

polychlorinated biphenyls (PCES). closed systems. Despite being banned for several
decades (except the use of DDT) through the Stockholm Convention (Yoder 2003), PCBs are
continuously emitted into the environment through leakages from old capacitors, elastic
sealants and other building materials (Fent 2007), which beside their contribution to historical

contaminations illustrates their relevance to the current situation.

1.4.2 Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)

PCDDI/Fs, collectively referred to as dioxins, are planar and aromatic compounds, varying
in the amount and positions of chlorine atoms (Figure 1.2). This way, a group of 75 and 135
known PCDD and PCDF congeners can be formed (Safe 1990b). The higher the chlorination
of such congeners, the higher is their persistency in the environment.

PCDD/Fs are unintentional, industrial byproducts that are mainly of anthropogenic origin.
They are formed during organochlorine production, in combustion processes at low
temperatures <800 °C such as municipal, hospital and industrial waste incineration (Safe

1990b) as well as during chemical processes involving chlorine substances e.g. pulp- and paper
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or magnesium production (Aarts et al. 1995, Fent 2007, Safe 1990b, 1994, UNEP 2013 , Weber
et al. 2008).

The toxicity is congener-specific, which was first assessed by Poland and Glover (Poland
and Glover 1973). The most toxic congener is the 2,3,7,8-Tetrachloro dibenzo-p-dioxin
(2,3,7,8-TCDD). It is a threshold poison, meaning that the amount of receptors occupied by this
congener correlates with the strength of the biological response (Fent 2007). Furthermore,
2,3,7,8-TCDD attained sad notoriety as so-called Seveso-poison following a dioxin accident in
the Italian city Seveso in the year 1976. An exploded chemical reactor caused high TCDD
concentrations to enter the environment, which in turn affected flora, fauna and inhabitants
(Fent 2007). Due to their physical and chemical properties their half life time can add up to 10
years in humans (Denison and Heath-Pagliuso 1998), who get exposed to dioxins mainly
through their daily diet (especially meat, fish, eggs and milk products), leading to average total
daily intakes (TDI) of 0.3 to 5 pg TEQ/kg body weight per day (Behnisch et al. 2001a).

The status quo of PCDD/F is that inputs are declining through the banning of critical chlorine
chemicals and emission control measures (Lee et al. 2007). Consequently, dioxin
concentrations in environmental samples are decreasing today (Barcel6 and Petrovic 2007,
Besselink et al. 2004), but as historical contaminants burried in sediments, dioxins still

constitute critical time bombs (Hollert et al. 2014).

1.4.3 Aryl hydrocarbon receptor (AhR)-mediated toxicity

Toxic effects of DLCs are mediated via the aryl hydrocarbon receptor (AhR) (Bittner et al.
2006, Hankinson 1995, Olsman et al. 2007a). The AhR is a cytosolic receptor protein, which
belongs to a subclass of helix-loop-helix-containing transcription factors (Giesy and Kannan
1998, Goldstein and Safe 1989). Co-planar aromatic compounds such as DLCs, but a multitude
of other organic, structurally similar compounds such as polycyclic aromatic hydrocarbons
(PAHS) as well as other partially known and unknown compounds (Giesy et al. 1994b, Giesy
et al. 2006, Larsson et al. 2014, Poland and Knutson 1982, Song et al. 2006, Van den Berg et
al. 2006, Van der Plas et al. 2001) can bind to this receptor. Following the association of ligand
and receptor, the complex is translocated into the nucleus, where it forms a heterodimer with
the AhR nuclear translocation protein (ARNT) and possibly additional factors (Hahn 1998).
The ligand-AhR-ARNT complex binds to a specific DNA sequence, the dioxin responsive
element (DRE), and with this transcriptionally activates the synthesis of AhR-responsive genes
like cytochrome PssolA (CYP1A) (Hilscherova et al. 2000).
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Cytochromes represent a multigene family of heme-containing proteins, which are mainly
present in the liver, but also in kidney, gastrointestinal tract, gills and other tissues of many
organisms. They possess the ability to metabolize xenobiotics via Phase-1-reactions (oxidation,
hydrolysis or reduction reactions), which may lead to a detoxification or to a so-called
bioactivation (toxification) (Castell et al. 1997).

Despite being intensively studied, the understanding of AhR-mediated responses remains
incomplete (Chen and Bunce 2004). Nevertheless, the general observation that toxic effects
caused by DLCs are mainly mediated by the AhR was made by many scientists (Bittner et al.
2006, Hankinson 1995, Olsman et al. 2007b). Moreover, it has been shown that the strengths
with which ligands bind to the AhR is proportional to their toxicity, the transcriptional activity
as well as the AhR-mediated enzyme activities (Safe 1995). The AhR moreover has endocrine
functions since it is involved in cell development, -proliferation, -differentiation and cell cycle
programming (Denison and Heath-Pagliuso 1998, Fent 2007, Fernandez-Salguero et al. 1995,
Schmidt et al. 1996).

1.5 CYP-based and reporter gene-based in vitro assays

The specific and naturally occurring mechanism of CYP1A induction by DLCs has been
used in in vitro bioassay techniques for the characterization of dioxin-like potentials of e.g.
environmental samples (Tillitt et al. 1991, Tillitt et al. 1992). As for in vivo effects, the
responsiveness of in vitro systems is species or cell-line specific (Keiter et al. 2008), caused by
differing binding affinities, structures, quantities and physicochemical properties of the AhR of
different cell lines (Hilscherova et al. 2001, Sanderson et al. 1996).

Regarding functional AhR-based bioassays for quantification of CYP1A activity such as the
7-ethoxyresorufin-O-deethylase (EROD) assay, the dioxin-like potential of DLCs present in a
certain sample is determined by measuring the deethylation of the artificial and exogenous
substrate 7-ethoxyresorufin into fluorescent reaction product resorufin. The EROD assay can
be conducted via different cell lines, such as fish cell lines, where the deethylation reaction is
catalyzed CYP1ALl and CYP1A3 (Bols et al. 2005, Goksgyr and Forlin 1992) or rat hepatoma
cell lines, where the catalyzing CYPs may be CYP1A1 and CYP1A2 (Whitlock 1999). The
various application potentials of the EROD assay as well as its frequent use has led to the title
“golden standard of in vitro bioassays” (as reviewed by Behnisch et al. 2001b). Previous studies
have been shown that the EROD activating potential of some AhR agonists were well correlated
to the toxicity observed in vivo (Safe et al. 1989). In vitro assays therefore are in accordance
with the ethical requirements of the 3R principle (i.e. reduction, replacement, refinement),
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towards a reduction of test animal numbers, a replacement of test animal-based
experimentations through e.g. in vitro assays, which work on a sub-cellular level (Wernersson
et al. 2015) and a general refinement of the applied methods (Russell et al. 1959).

However, the EROD assay shows certain drawbacks such as substrate inhibition e.g. in the
presence of high concentrations of PCBs (Sanderson and Giesy 1998), possibly leading to false-
negative results. Moreover, its linear working range compared to other assays may be limited
(Behnisch et al. 2001b).

To overcome such issues, the process of AhR-mediated activation of genes has been
genetically engineered by connecting the DRE of various cell lines with certain reporter genes
(Lee et al. 2013). These genes may originate from firefly (Photinus pyralis) or from sea pen
(Renilla reniformis) and form the enzyme luciferase, which catalyze the reaction from added
luciferin to the bioluminescent oxyluciferin (Denison et al. 1988a, Denison et al. 1988b,
Garrison et al. 1996, Thain et al. 2006). This reaction product is much more stable compared to
EROD. Commonly used luciferase-based assays are the DR-CALUX® (Dioxin Responsive-
Chemical Activated LUciferase gene eXpression) with mammalian hepatoma cell lines
transfected with plasmid pGudLucl.1, the H4IIE-luc assay with an eponymous cell line and the
CALUX assay, mostly performed with mouse hepatoma cell line Hepa 1 (Villeneuve et al.
1999, Villeneuve et al. 2000). Newly developed reporter gene assays such as the CAFLUX
(Chemical Activated FLUorescent protein eXpression) assay use enhanced green fluorescent
protein (EGFP) from jellyfish (Aequoria victoria) instead of luciferase. Hence, the addition of
cost intensive, exogeneous substrate is not sufficient, which results in a cheaper and faster assay

methodology (Nagy et al. 2002).

1.6 Toxicity equivalents (TEQs) and relative potencies (REPS)

Commonly, results of in vitro bioassays are expressed in biological equivalent quotients
(BEQs), which put the AhR-activating potential of e.g. an environmental sample in relation to
the AhR-activating potency of the reference compound 2,3,7,8-TCDD (Ahlborg et al. 1994,
Brunstrom et al. 1995, Engwall et al. 1996, Safe 1990b, 1998a, Van den Berg et al. 1998, Van
den Berg et al. 2006). This way, bioassay-derived results become comparable with those of
instrumental analysis, which can be expressed as toxicity equivalents (TEQS).

TEQs are calculated by multiplying concentrations of all single compounds that have been
analyzed in an extract with their specific toxicity equivalent factor (TEF). The TEF value is a
relation of the AhR-activating potential of a single compound to that of 2,3,7,8-TCDD, which
exhibits a TEF of 1. WHO-TEF values since 1993 have been derived by collecting and judging

10
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available data of different mammalian, avian and fish studies performed with DLCs (Van den
Berg et al. 1998). WHO-TEF estimates are partially based on in vivo experiments, and thus,
processes such as uptake and tissue distribution, which are negligible in cell-based assays, may
not be a good representation of the relative potency (REP) specific to the cell system used
(Brown et al. 2001). For this reason, REPSs in general possess a better alternative compared to
more unspecific TEFs (Hilscherova et al. 2001, Hilscherova et al. 2003, Kannan et al. 2008).
Even though recently a number of cell line specific REP values were proposed for many single
DLCs, there is still a lack of REPs for cell lines that are used less extensively. An important
factor for reproducibility and applicability of cell line specific REP values is their origin. For
example, it is important to state if e.g. ECxo or the ECso values were used for REP determination,
because dose-response curves of different chemicals may show a non-parallelism.

TEF or REP-based TEQ values in the case of solids are expressed as
pg TEQ/ g dry mass (dm) of e.g. sediment. An exemplarily value of 1pg TEQ/g dm of sediment
hence would state that 1 g of dm sediment has the same effect as if it contained 1 pg of 2,3,7,8-
TCDD. By interpreting TEQs, one has to keep in mind that they neither provide any specific
information regarding toxicokinetic properties of chemicals present in a mixture (shapes/slopes
of their concentration-response curves), nor the tested species used to calculate the TEFs. Care
must be taken when comparing TEQs of different studies, as the underlying effect levels are
frequently not stated (Eichbaum et al. 2014).

Differences observed between TEQs and BEQs are often observed and can be due to several
reasons: In vitro bioassays integrate the overall gene activating effect of all AhR agonists and
antagonists present in a mixture, while instrumental analyses focuses on a selected numbers of
known DLCs. Hence, non-classical and unknown AhR inducers are not taken into account by
chemical analysis. Moreover, the TEQ concept assumes additivity of single DLCs, but AhR
ligands can be agonistic, antagonistic or interact synergistically (Windal et al. 2005). While
bioassays measure one biological endpoint, instrumental results are calculated by using TEF
values, which — on the contrary - are obtained from in-depth toxicity studies (Sanctorum et al.
2007). However, bio-analytical and instrumental results are most often correlated and while
bioassays are well-suited screening tools for large sample numbers, which do allow for
prioritization of e.g. sediment contamination, chemical analysis allows to pinpoint the actual

chemicals responsible for a biological effect.

11
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1.7 The DioRAMA project

The DioRAMA (“Dioxin Risk Assessment for sediment Management Approaches”) project
IS a joint research initiative between the Institute of Environmental Research at the RWTH
Aachen University, Aachen, Germany and the Department G3 (Biochemistry/ Ecotoxicology)
of the German Federal Institute of Hydrology (BfG), Koblenz, Germany and received funds
from the “Title Group 05” of the German Federal Ministry of Transport, Building and Urban
Development. The close interconnection between applied ecotoxicological science and
regulatory needs should facilitate the establishment of in vitro tools for the assessment of DLCs
in sediment and biota for their implementation in sediment management guidelines. While the
project was coordinated by the BfG, investigations were performed at the Institute for
Environmental Research.

Given the complex interactions of sediment re-suspension processes and bioavailability of
sediment-associated DLCs, there is need for a better integrative understanding of the cause-
effect-relationship of DLCs. Because the majority of current studies concerned with DLCs most
often only focus on characterizing sediment extracts by means of in vitro bioassays, while
disregarding bioavailability, uptake, metabolism and elimination rates of these compounds in
vivo, the DioRAMA project aims in bridging the gap between in vitro and in vivo assessments
of the effects of sediment-associated DLCs.

Bridging this gap comprises investigation of the complex cause-effect-relationships of
sediment-associated DLCs in biota and to compare these with toxic potentials determined in
the same samples using commonly used in vitro assays. The combination of in vitro and in vivo
characterization of the biomarkers of exposure and biomarkers of effect will generate additional
knowledge that will improve current risk assessment approaches for DLCs in biota and

sediments (Figure 1.3), and will enable correlating laboratory with field conditions.

12
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Figure 1.3 Structure of the DioRAMA project, major components of the project encompass the chemical (top left)
and bio-analytical (top right) determination of dioxin-like compounds (DLCs) in fish and sediment (middle) as
well as the characterization of different biomarkers of exposure (bottom left) and biomarkers of effect (bottom
right) in fish exposed to sediments containing DLCs. The synthesis of all components of the project will provide
new sediment risk assessment approaches to the sediment management.

1.8 Aims of the present study

The aim of the present study was to evaluate of different in vitro bioassays for the screening
of dioxins and dioxin-like compounds (DLCs) with regard to their possible implementation into
current risk assessment approaches. The investigations followed the main aims recorded in the
DioRAMA project and were addressed in five chapters, encompassing a literature review of in
vitro bioassays for detecting DLCs (Chapter 3), a validation of such assays towards their
regulatory implementation (Chapter 4), a bio-analytical evidence of the uptake of DLCs by fish
(Chapter 5), a chemical and exotociological analysis of the bioavailability of DLCs (Chapter 6)

13
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and an analysis of the suitability of in vitro bioassays as prioritizing tools for DLCs in sediment

and soil samples (Chapter 7).

1.8.1 Application potentials and limits of detection of in vitro bioassays for the

screening of dioxin-like activity

Regarding the multitude of national and international studies on the determination of dioxin-

like activity using in vitro bioassays, two categories of used sample types can be distinguished,
including (1) complex samples and (2) individual compounds and mixtures thereof.
While the first includes environmental matrices such as sediments, soils, water, industrial
emissions as well as food, feed of tissue samples, the latter is primarily used to determine
relative potencies (REPs) of single compounds, which allow for attributing an integrated
dioxin-like potential of e.g. a complex sample to particular compounds. The investigation of
compound mixtures furthermore allows for elucidating possible interactions between chemicals
and for verifying their typically assumed additive interaction (see Section 1.6).

Because DLCs are considered trace contaminants, one of the potential limitations of in vitro
bioassays has been their lower sensitivity (i.e., greater detection limits (LODs)) compared to
some chemical analytical approaches, which often resulted in their inability to meet analytical
goals or regulatory guidelines (Simat 2007, Zhao et al. 2010). The literature review presented
in chapter 3 thus, gives an overview of the multiple application potentials of in vitro bioassays,
but further investigates, whether in vitro bioassays are equal or less sensitive compared to

chemical analytical investigation techniques.

1.8.2 Invitro tools for the toxicological evaluation of sediments and dredged materials:
cross-validation of chemical and bio-analytical methods

The management and handling of dredged materials in Germany follows guidelines that have
been compiled by the Ministry of Transport and Digital Infrastructure (BMVI) under the
coordination of the German Federal Institute of Hydrology (BfG) (Breitung and Keller 2010).
These guidelines have been reestablished within joint transitional arrangements (GUBAK
2009) and consider the quality of sediments from both chemical and ecotoxicological
perspectives. While chemical investigations focuses on heavy metals and hydrophobic organic
pollutants with high relevance for sediments and suspended particulate matter such as
polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs),

ecotoxicological  tests encompasses acute and chronic tests with algae
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(Desmodesmus subspicatus), bacteria (Vibrio fisheri) and micro crustaceans (Daphnia magna)
on a lethal- and sub-lethal level (den Besten et al. 2003, Manz et al. 2007).

Since these ecotoxicological methods do not provide detailed information about causative
compounds responsible for the observed biological effects and are not comparable to chemical
analytical results, the cross-validation study presented in chapter 4 discusses the suitability of
different in vitro bioassays for the screening of dioxin-like activity for their implementation
into German dredged material guidelines.

1.8.3 Bio-analytical and instrumental screening of the uptake of sediment-borne,
dioxin-like compounds in roach (Rutilus rutilus)

The uptake of sediment-borne DLCs by aquatic organisms (e.g.fish) depends on the
exposure pathway, include aqueous (particle-, sediment- and/or water contact via integument
and gills) and/or dietary exposure pathways. Once taken up, rates of accumulation of DLCs on
the one hand depend on the species, its developmental stage, behavior, sexual condition as well
as on seasonal, environmental and climatic conditions (as reviewed by Eggleton and Thomas
2004), on the other hand are influenced by the physical chemical properties of the DLCs
themselves. For example, aqueous exposure pathways exhibit a linear relationship between log
Kow and bioavailability of a chemical up to log Kow values < 7. Log Kow values > 7 result in
strong binding of chemicals to e.g. sediments and thus, their bioavailability decreases (Engwall
et al. 1998, Hollert et al. 2002). "For those congeners, sediment ingestion might be primary
route of uptake (Eggleton and Thomas 2004).

Chapter 5 describes a study, where a cyprinid fish, the common roach (Rutilus rutilus) was
used to investigate the extent, to which DLC uptake in roach depends on the initial sediment
DLC contamination, how sediment-specific characteristics influence this uptake and whether
contaminated diet increases the uptake of DLCs compared to an uptake via the water phase
alone. Concentrations of DLCs present in whole fish homogenates and sediments, to which fish
were exposed to, were determined using two in vitro bioassays and verified via results obtained

by chemical instrumental analysis.

1.8.4 Desorption and bioavailability of sediment-bound polycyclic aromatic

hydrocarbons from a chemical and ecotoxicological perspective

Fractions of polycyclic aromatic hydrocarbons (PAHSs), which desorb from sediments are
potentially bioavailable for aquatic organisms (e.g. fish) (Mackay and Fraser 2000) and may be

absorbed via oral or dermal exposure routes (Larsson 2009). Several congeners this way can
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act mutagenic and carcinogenic (e.g. Benzo[a]pyrene) and this way threaten aquatic organisms
following an uptake of desorbed PAHSs. To predict environmental relevant concentrations and
bioavailability of PAHs, mild extraction techniques such as extractions of the bioavailable
fractions using Tenax® TA beads (Cornelissen et al. 2001, Reid et al. 2000, Schwab and Brack
2007) can be applied. Bioavailability is a complex process, including desorption, partitioning
and diffusion of a compound, which along with the characteristics of the sediment, the
organism, the environment and the compound itself influence, how much of the compound
present in a sediment is assimilated by biota (Schwab and Brack 2007).

A classical ecotoxicological test method, which allows for bioavailability estimation and the
investigation of associated embryo toxic potential of whole sediment samples, is the sediment
contact assay (SCA,; Hollert et al. 2003). Typical sub-lethal and lethal, teratogenic effects can
be observed in fish eggs of the tropical freshwater fish Danio rerio, which have direct contact
to the relatively unchanged sediment. The SCA represents a good alternative to fish acute
toxicity testing (Lammer et al. 2009) and with this complies with the 3R principle
(see Section 1.5). Chapter 6 represents a study, in which a combination of chemical (GC-MS)
and ecotoxicological (SCA and EROD assay with RTL-W1) was used to investigate the
desorption and bioavailability of certain PAHSs, originating from sediments differently

contaminated with PAHSs.

1.8.5 Spatial variability of the pollution of sediment and soil samples with dioxin-like
compounds along the river Elbe and its alluvial plain

With 148,268 km2, the river Elbe catchment area is the fourth largest river catchment area
in Europe (LUA 2005), serving as an important waterway, recreational area and as habitat for
a diverse flora and fauna (92/43/EWG 1992).

However, sediments of the river Elbe are highly contaminated with historical persistent
organic pollutants (POPs), which mainly originate from treated and untreated industrial
wastewaters of industries from Bitterfeld-Wolfen, a city of the Elbe tributary Mulde catchment
area (Gotz and Lauer 2003, Jacobs et al. 2013, Wilken et al. 1994, Wycisk et al. 2013), but also
from Czech industries such as Synthesa in Pardubice, Lovochemie in Lovosice or Spolana and
Spolchemie in Neratovice (Heinisch et al. 2007, Stachel et al. 2005, Umlauf et al. 2010).
Increasing lining, sealing and water level regulation of the river Elbe, led to increases in current
velocities and promoted the occurrence of periodical flood events (LUA 2005) such as the Elbe
flood of August 2002. Following such re-suspension events, sediments carrying POPs get

remobilized and reintroduced into the water column and can contaminate Elbe associated
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floodplains or downstream river regions (Burton 1992, Férstner 2009). This way, POP releases
from Bitterfeld-Wolfen resulted in threshold exceedances for POPs (in particular dioxins) in
milk and meat of grazing cows, exposed to sediment-loaded, frequently inundated areas (Schulz
et al. 2005, Stachel et al. 2005).

Chapter 7 represents a study, in which the dioxin-like potential of river Elbe sediment
samples and selected soils of the alluvial plain was compared by using the EROD assay with
RTL-W1 and H4IIE cells (see Section 1.5). Dioxin-like potentials were discussed in the context
of DLC contamination hotspots along the river as well as in the context of floodplain

contaminations through sediment-borne DLCs.
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Chapter 2 — Material and Methods

The present chapter lists the main methods used in the present study and aims in avoiding

repetition within the single chapters. Detailed information to the methods presented here as well

as further methods can be taken from the single chapters.

2.1 Sediments

Sediments were collected by the German Federal Institute of Hydrology (BfG, Koblenz)
during a sampling campaign in April 2012. The three sampling locations comprised one
location at the river Rhine and two locations at the river Elbe (Figure 2.1). The sediment
sampling location at the river Rhine was Ehrenbreitstein (EBR) near Koblenz, Germany,
collected from stream kilometer 591.4. This sampling site has been used in former studies, as
it represents a moderately contaminated sediment (Feiler et al. 2013, Heise et al. 2008, Hoss et
al. 2010). The two sampling locations at the river Elbe comprised Prossen/Schmilka (PR), a

harbor located close to the Czech border at river kilometer 13.2 and Zollelbe (ZE), a cut-off

meander (km 0.1) in the city of Magdeburg, Germany.
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Figure 2.1 Sampling locations of sediments chosen in the DioRAMA project. Sampling locations from the river
Elbe encompassed sediment samples from Zollelbe (ZE) (Magdeburg) and Prossen/Schmilka (PR), the sampling
locations from the river Rhine was Ehrenbreitstein (abbreviated EBR).

Sediment PR possibly reflects the toxicological burden coming from the Czech part of the
Elbe River (Stachel et al. 2011). According to our own measurements, sediment ZE contained
the highest concentrations of DLCs among the three sites. Further details of the three sampling
locations Ehrenbreitstein (EBR), Prossen (PR), Zollelbe (ZE) as well as the mixture (EBR/ZE)

are listed in Table 2.1.
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Table 2.1 Sampling details, locations, instrumental (b; HRGC/HRMS) and bio-analytical (RTL-W1 EROD; H4IIE
Micro EROD) determined concentrations of DL-PCB and PCDD/F fractions as well as and physical chemical
characteristics of sediments Ehrenbreitstein, Prossen, Zollelbe and a laboratorial manufactured sediment mixture.

Ehrenbreitstein 10/1 mixture Prossen/ Zollelbe/
Ehrenbreitstein/
Harbor Zollelbe Schmilka Magdeburg

Sample acronyms EBR EBR/ZE PR ZE
River system Rhine - Elbe Elbe
Unit main stream main stream meander
km 591.4 13.2 0.1
Longitude @ 7.60792 - 14.11631 11.65087
Latitude? 50.35400 - 50.92776 52.13.256
Sampling date 12.04.2012 - 11.04.2012 10.04.2012
Grab Van-Veen grab - Van-Veen grab  Van-Veen grab
(max. sampling depth) (15 cm) (15 cm) (15cm)
12 WHO-PCBs [ng/g dm] © 4.38 4.18 5.22 9.72
17 WHO-PCDD/Fs [ng/g dm] 1.06 1.22 0.24 3.70
PCB ERODec2sBEQ [pg/g dm] 36.0 + 14.7 38.4+09 50.6 +9.1 1925+ 26.4
of PCB fractions
ERODec2sBEQ [pg/g dm] 270.6 £ 77.0 180.1 £ 58.5 488.0 £279.8  955.8+551.9
of PCDD/F fractions
Micro ERODec2sTEQ [pg/g dm] 16.7+7.1 18.6 4.6 18.4+6.6 76.4 +18.8
of PCB fractions
Micro ERODec2s TEQ [pg/g dm] 63.7+8.8 60.5+13.9 739129 159.0+32.1
of PCDD/F fractions
TOC [g/kg] 49.6 n.a. 63.1 64.3
Percentage of sand/silt/clay [%6] 4179117 n.a. 19/68/13 2416917
Loss on ignition [%0] 10.6+04 n.a. 13.1+£0.2 14.1+0.3
Percentage of dry matter [%6] 36.1+0.1 n.a. 33.4+0.6 340+£0.2

a= Coordinates according to the international terrestrial reference system 1998 (ITRS 98)

All sediments were sampled to a depth of 15 cm using Van-Venn grabs, filled in
polyethylene buckets and immediately transferred to the Institute of Environmental Research,
RWTH Aachen University, where they were thoroughly homogenized and an additional 1:10
mixture (EBR/ZE), consisting of nine parts dry weight (dw) EBR and one part dw ZE, was
prepared in the laboratory to present a fine-particulate sediment contaminated with highly
persistent DLCs. For simplicity, the mixture of EBR/ZE will be subsequently named sediment

as well. All sediments where stored at 4 °C until further use.
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2.2 Sample preparation and clean-up

All steps described in this section were conducted at the RWTH Aachen University, Aachen,

Germany. Sediments were freeze-dried for 72 h (Alpha 1-4 LD plus, Martin Christ GmbH,

Osterode, Germany), sieved to <2 mm and homogenized by using a mortar and pestle.

Sediments were extracted for 48 h according to the methodology described by Umlauf et al.

(2004), using Soxhlet extraction (behr Labor Technik, Dusseldorf, Germany) and a solvent

mixture of n-hexane/acetone (352/48; v/v). An amount of 20 g sediment (dw) was mixed with

an amount of 5 g muffled sodium sulfate (99% anhydrous powder, Sigma Aldrich, Germany).

Process control samples, only containing 5 g sodium sulfate, were extracted in the beginning,

middle and at the end of the whole extraction cycles. Samples for chemical analysis were spiked
with 3Cio-labeled PCDD/F standards (EPA 1613 LCS, Wellington Laboratories, Campro
Scientific GmbH, Germany) and a *Ci,-labeled PCB standards (EPA 68C LCS, Wellington

Laboratories, Germany).

Clean-up of extracts included the following steps in chronological order: desulfurization

!

Determination
of
fat content *

!

Sulfuric acid
treatment (24h)

!

MULTILAYER (ML) FRACTIONATION

IMEEXTRAGTH —» sioassay

!

Desulfurization

|

ACTIVE COAL FRACTIONATION

CHEMICAL ANALYSIS 4——  [JPCDDIFEXTRACT] —P BIOASSAY

CHEMICAL ANALYSIS 4——  |[DEPCBIEXTRACT] —p BIOASSAY

Figure 2.2 Scheme of extraction, clean-up and fractionation
of sediment and biota samples as well as subsequent chemical
and bio-analytical analysis.

with activated copper (24 h), sulfuric
acid treatment (24 h), multilayer silica
column clean-up and activated carbon
column clean-up (Figure 2.2). Each step
was performed in accordance with U.S.
EPA method 8290 (US-EPA 1994) with
the following modifications: Multilayer
silica columns were equipped in the
bottom-to-top order: glass wool, 1 g of
activated silica gel, 2 g of basic silica
gel (30 g of sodium hydroxide dissolved
in 750 ml methanol, combined together
with 100 g of silica gel that was then
rotary evaporated until dryness for
approximately 90 min in a 55 °C water
bath), 1 g of activated silica gel, 4 g of
acidic silica gel, 1 g of activated silica

gel and 1g of sodium sulfate.

Supelclean™ ENVI-Carb™ (Sigma Aldrich) was chosen as carbon adsorbent in the activated

carbon columns. Extracts of fractions containing DL-PCBs and PCDD/Fs were aliquoted
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volumetrically and stored in 4 ml vials (amber glass, 45 x 14.7 mm with Butyl/PTFE septum
and screw cap, VWR International) until further use in bioassays or chemical analysis
(HRGC/HRMS analysis). For bioassay purposes, extracts were reduced close to dryness under
a gentle stream of nitrogen and re-dissolved in dimethyl sulfoxide (DMSO > 99.5% p.a., Carl
ROTH).

2.3 Bio-analytical analysis

2.3.1 The RTL-W1 EROD (7-Ethoxyresorufin-O-deethylase) assay

CYP1AL1 induction (EROD activity) was measured using the permanent fish cell line RTL-
W1 (Oncorhynchus mykiss, rainbow trout liver — Waterloo 1, Figure 2.3) (Lee et al. 1993),
donated by Dr. Niels C. Bols, University of Waterloo, Canada (Bols et al. 1999).

Cells were sub-cultivated weekly in Leibowitz (L15)
medium, supplemented with 9% fetal bovine serum
(FBS, Biochrom AG, Berlin, Germany) and a 1%
g penicillin-streptomycin-solution (Sigma Aldrich) and
- ® maintained at 20 °C in darkness. Passage numbers 73 to
. 76 were used to obtain the here presented results. Cell
culture and assay were performed according to the
! methods described by Woélz et al. (2009) with the
exception that two samples were tested in triplicate per

Figure 2.3 Confluent grown cell layer of
permanent fish cell line RTL-W1 in a 10-fold
optical magnification.

plate and each well of a plate was adapted to a final
concentration of 0.5% DMSO.

Briefly, cells were seeded in 96-well plates (TPP, Trasadingen, Switzerland) and incubated
72 h until confluence. Thereafter, medium was removed and cells were exposed to serial diluted
concentrations of extracts and positive control 2,3,7,8-TCDD (3.1 pM to 100.0 pM;
Promochem, Wesel, Germany), which were put on plates in triplicates and duplicates,
respectively. Following a 72 h incubation time, exposure medium was removed and cells were
lysed by freezing them at -80 °C for at least one hour. First, an enzyme-substrate complex
consisting of EROD present in the cells and added substrate 7-ethoxyresorufin was allowed to
develop within a reaction time of 10 min. Thereafter, addition of reduction equivalent NADPH
caused the deethylation of the substrate, which was stopped after further 10 min through the

addition of fluorescamin dissolved in acetonitrile.
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After 15 min, specific EROD activity was determined by measuring the fluorescence of
reaction product resorufin (extinction 544 nm, emission 590 nm) and the absorbance of
fluorescamine-amine-complexes (extinction of 360 nm, emission of 460 nm, according to a

method of Lorenzen and Kennedy (1997) with a multiwall-plate reader (Tecan infinite M200).

2.3.2 The H4l1E Micro EROD assay

HA4IIE cells were provided by the Lower Saxony State Office for Consumer Protection and
Food Safety (LaVes), were cultivated using Dulbecco’s modified eagle medium with phenol
red (DMEM; low glucose, Life Technologies GmbH, Schwerte, Germany) supplemented with
10% FBS (Biochrom AG) and 2% L-glutamine (2 mM, GIBCO® GlutaMAX™, Life
Technologies GmbH). Passage number 26 to 50 were used for the assay, which was performed
according to a protocol provided by LaVes (LAVES 2013).

Briefly, confluent cells were trypsinized and 50 ul cell suspension (200,000 cells/ml DMEM
without phenol red) were seeded in a 96-well plate (96-Well, Growing surface, Sarststaedt) and
incubated for 2 h in a humidified 95:5air/CO2 atmosphere at 37 °C in darkness. Thereafter, cells
were exposed to triplicates of serially (1:2) pre-diluted concentrations of extracts and positive
control 2,3,7,8-TCDD (0.58 pM to 18.64 pM; Promochem, Wesel, Germany). DMSO
concentration was 0.5% in all wells. Following 72 h incubation, medium was removed and
100 pl of 8 uM ethoxyresorufin (ETX) solution containing 10 pM dicumarol were added to all
cell-containing wells. After 30 min, the reaction was stopped by adding 75 pl methanol (p.a.;
ROTH). Plates were shaken horizontally (300 rpm) for 10 min and resorufin production was
fluorometrically determined (Excitation 530 nm, Emission 590 nm) by using a multiwell plate
reader (Tecan infinite M200; Tecan Germany GmbH, Crailsheim, Germany).

For the calculation of the specific EROD activity, protein was determined by using a
bicinchonicacid (BCA) protein assay kit (Sigma Aldrich). A protein standard curve was
prepared in the remaining ETX solution and added to the plate in a 1:2 serial dilution
(3.9 - 500.0 pg/ml). Absorption was measured at 550 nm following the addition of 100 pl/well
BCA solution and an incubation time of 20 min at 50 °C (Tecan infinite M200).

2.3.3 The H4IIE-luc assay

The H4IIE-luc cell line (Figure 2.4) was donated by Prof. Dr. John P. Giesy (University of
Saskatchewan, Saskatoon, Canada) and cultivated with Dulbecco’s modified eagle medium
(DMEM; low glucose, Life Technologies GmbH) supplemented with 10% FBS (Biochrom
AG) and 2% L-glutamine (2 mM, GIBCO® GlutaMAX™, Life Technologies GmbH,
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Darmstadt, Germany). The assay was performed according to a method developed by
Sanderson and Co-workers (1996). Confluent cells of passage numbers 10 to 27 were
trypsinized, seeded in 96-well plates (ViewPlate™-96, Perkin Elmer, Rodgau-Jigesheim,
Germany) in a density of 80,000 cells/fml DMEM and incubated for 24 h in a humidified
95:5air/COz atmosphere at 37 °C in darkness.

Thereafter, medium was removed (liquid handling
device, IBS INTEGRA bioscience, Landquart-Davos,
Switzerland) and cells were exposed to triplicates of
250 pl serially (1:3) pre-diluted concentrations of
extracts and positive control (0.5% DMSO per well) for
72 h. Thereafter, plates were washed twice with
: : phosphor buffered saline (PBS; 10 x; with 1.33 g

calcium/L and1.0 g magnesium chloride/L, Sigma). The

Figure 2.4 Confluent grown cell layer of cell Ottoms of the plates were closed with backing tape
line  HallE-luc in a  10-fold ~ optical (white; for  ViewPlate™-96 Unifilter™-96
magnification. ’ i '

PerkinElmer) and each well was equipped with 100 pl
PBS and 50 ul lucilite (lucilite®, Constant Quanta™, Perkin Elmer). After 10 min,

luminescence was determined using a multi-well plate reader (TECAN infinite M200).

2.3.4 Calculation of Biological Equivalent Quotients (BEQSs)

Bioassay derived concentration-response curves were plotted via GraphPad Prism 5
(GraphPad Prism 5 Software Inc., La Jolla, CA, USA) using a non-linear regression model
(dose response stimulation; log agonist vs. response). Effect concentration (EC) levels x for
BEQ calculation (Equation 2.1) depended from the induction strength of the investigated matrix

and are stated in the respective Material and Method sections of the single chapters.

TCDD ECy [pg/ml]
extract ECy [g/ml]

BEQ [pg/g] = (2.1)

BEQs represent the mean value of three independent replicates.

2.3.5 Calculation of bio-analytical quality criteria

High throughput screening assays require adequate sensitivity, reproducibility and accuracy
in order to be used as high throughput assays for the identification of samples of highest concern
(2012/278/EU 2012).
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Repeatability is defined as the precision under conditions, where independent test results are
obtained with the same method on identical test items in the same laboratory by the same
operator using the same equipment within short intervals of time (1ISO/5752 2002). It is

calculated as the coefficient of variation of n measurements (n = 3 in the present study).

Reproducibility can be divided into (1) within-laboratory reproducibility and (2) between-
laboratory reproducibility. Within-laboratory reproducibility is defined as precision under
conditions, where test results are obtained with the same method on identical test items in the
same laboratory with different operators over a long period of time. Between-laboratory
reproducibility is defined as precision under conditions, where test results are obtained with the
same method on identical test items in different laboratories with different operators using
different equipment (ISO/5752 2002). Both (1) and (2) are calculated as the coefficient of

variation of two mean values, each consisting of three independent replicates.
The z-factor was calculated according to Zhang et al. (1999) (Equation 2.2):

3(0s+ 0¢)

[1s— Hcl (22)

z-factor =1 —

With standard deviation ¢ and arithmetic mean p of the sample s (here TCDD maximum
induction) and the solvent control c. The factor represents the assays’ dynamic range and data
variation of both sample and reference compound measurement. A z-factor of 1 indicates an
ideal assay, whereas z-factors in the ranges 1 >z > 0.5 and 0.5 >z > 0 indicate excellent and
double assay, respectively. Double assay signifies that the separation of positive and negative
control is small. The classification is based on the general assumption that the better an assay,

the higher its’ dynamic range and the smaller its’ variability (Zhang et al. 1999).

Limit of detection (LOD) (Equation 2.3) and quantification (LOQ) (Equation 3.4) were
determined according to MacDougall and Crummett (1980),

LOD = p, + 30, (2.3)
LOQ =y, + 100, (2.4)

With p and o being the arithmetic mean and standard deviation, respectively, of a negative

control ¢, which in the case of this study is represented by solvent control DMSO.
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2.4 Chemical analysis

2.4.1 HRGC/HRMS analysis

The HRGC/HRMS analysis of extracts, prepared by the RWTH Aachen University, was
performed by mas (Minster Analytical Solutions GmbH, Minster, Germany). A capillary gas
chromatograph (GC) coupled to a high resolution mass spectrometry was used (Thermo
Scientific Trace Ultra GC with Thermos scientific DFS HRMS, Thermo Fisher Scientific,
Bremen, Germany). The GC was equipped with a 60 m DB-5MS capillary column of 0.25 mm
inner diameter and 0.25 um film thickness (Agilent J&W, Santa Clara, CA, USA). The capillary
column was used for both, PCDD/F and PCB analysis. Separate HRGC/HRMS runs at different
instrumental conditions were applied for the analysis of the two compound classes.

Since the pre-cleaned extracts, provided by the RWTH Aachen, partly showed insufficient
separation of the PCDD/Fs and the DL-PCBs in the matrix fish (Chapter 5) and insufficient
extract purification in case of the sediments, the PCDD/F and PCB fractions of the initial clean-
up were recombined and reprocessed for chemical analysis by mas. The HRGC/HRMS analyses
also revealed that the hepta-, octa- and partly hexaCDD/Fs were retained within the initial
clean-up. Hence, quantified congeners encompassed 2,3,7,8-tetraCDD/F,
1,2,3,7,8-pentaCDD/F, 2,3,4,7,8-pentaCDF and most 2,3,7,8-hexaCDD/Fs, as well as the
12 WHO-DL-PCBs, comprising the non-ortho PCBs 77, 81, 126 and 169 and the mono-ortho
PCBs 105, 114, 118, 123, 156, 157, 167 and 189. However, we could show that the comparably
low TEF values of these retained congeners make them negligible for TEQ calculation.

Quantification of PCDD/Fs and PCBs was performed via isotope dilution and method of the
internal standard, based on the labeled PCDD/F and PCB standards added by the RWTH
Aachen prior to the initial clean-up. Overall recoveries of the internal standards through both
clean-up procedures were determined by means of labeled recovery standards added prior to
the instrumental analysis. Based on blanks and sample dry masses, LOQs for PCDD/Fs and
PCBs were below 2 and 1 pg WHO200sTEQ/g for fish (Chapter 4) and sediment samples,
respectively.

Recoveries of the 13Cy,-labelled tetra- through hexaCDD/F quantification standards were in
the range of 3 — 128% and 15 — 106% for fish (Chapter 5) and sediment samples, respectively.
Recoveries of the DL-PCBs ranged from 27 —135% and 4 — 120% for fish (Chapter 5) and
sediment samples, respectively. Recoveries of PCDD/Fs and DL-PCBs in the three process
controls ranged from 11 - 102% and from 52 - 108%, respectively.
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2.4.2 Calculation of Toxicity Equivalent Quotients (TEQS)

When the results of various in vitro assays were compared with instrumental derived TEQs,
these TEQs were calculated on a toxicity equivalent factor (TEF) basis using the mammalian
WHO-TEFs from 2005 (Van den Berg et al. 2006). The cconcentration of congener i, measured
via HRCG/HRMS, was multiplied with its respective TEF (Equation. 2.5). This was repeated
with all chemically investigated congeners and finally, the sum of all congeners and their TEFs

was built. TEQ calculation did not include congeners below the analytical detection limit.
TEQ [pg/g]l = X conc; * TEF; (REPy(y)) (2.9)

When the results of single in vitro assays were compared with instrumental derived TEQs,
these TEQs were calculated on a relative potency (REP) basis. The calculation of REP-based
TEQs is according to that of TEF-based TEQs, with the exception that all congeners’
concentrations i are multiplied with a respective, assay- and cell line-specific literature REP
value, which ideally has been determined under the same assay conditions x (Equation 2.5) as
used in the present study. For EROD- and RTL-W1-specific REP-based TEQs, REPs were
taken from Clemons et al. (1997) and represented 72 h-ECsg values, whereas REPs deduced
from 72 h-ECxo values were taken for H4IIE (Behnisch et al. 2002) and H41IE-luc (Lee et al.
2013) -specific REP-based TEQs, respectively.
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Application potentials and limits of
detection of in vitro bioassays for the
screening of dioxin-like activity
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3.1 Abstract

Use of in vitro assays as screening tool to characterize contamination of a variety of
environmental matrices has become an increasingly popular and powerful toolbox in the field

of environmental toxicology.

While bioassays cannot entirely substitute analytical methods such as gas chromatography-
mass spectrometry (GC-MS), the increasing improvement of cell lines and standardization of
bioassay procedures enhances their utility as bio-analytical pre-screening tests prior to more
targeted chemical analytical investigations. Dioxin receptor-based assays provide a holistic
characterization of exposure to dioxin-like compounds (DLCs) by integrating their overall toxic
potential, including potentials of unknown DLCs not detectable via e.g. GC-MS. Hence, they
provide important additional information with respect to environmental risk assessment of
DLCs.

This review summarizes different in vitro bioassay applications for detection of DLCs and
considers the comparability of bioassay and chemical analytically derived toxicity equivalents
(TEQs) of different approaches and various matrices. These range from complex samples such
as sediments through single reference to compound mixtures. A summary of bioassay derived
detection limits (LOD) showed a number of current bioassays to be equally sensitive as
chemical methodologies, but moreover revealed that most of the bio-analytical studies
conducted to date did not report their LODs, which represents a limitation with regard to low
potency samples.

Keywords: TEQ-approach « LOD - dioxin « effect directed analysis * exposure characterization
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3.2 Fields of application of in vitro bioassays

A multitude of national and international studies have been conducted that focused on the
determination of dioxin-like activities using in vitro bioassays with a wide variety of sample
types including two major categories: (1) Complex samples and (2) individual compounds (pure
reference compounds) and mixtures thereof. The following sections introduce sample types of

these two categories, starting with complex environmental samples.

3.2.1 Measuring dioxin-like activity in complex samples

3.2.1.1 Limnic sediment samples

Since sediments maybe an important sink and source of DLCs, the evaluation of polluted
sediments is an integral part of sediment risk assessment and a popular field of environmental
science. A host of studies was conducted that investigated the dioxin-like activity of sediments
of various rivers, tributaries or small streams (Behnisch et al. 2010, Chen et al. 2010, David et
al. 2010, Heimann et al. 2011, Hilscherova et al. 2001, Hilscherova et al. 2003, Hollert et al.
2002, Huuskonen et al. 2000, Kannan et al. 2008, Keiter et al. 2008, Kinani et al. 2010, Koh et
al. 2004, Murk et al. 1996, Song et al. 2006, Suares Rocha et al. 2010, Windal et al. 2005, Wélz
et al. 2008, Wolz et al. 2010a, Wo6lz et al. 2010b). Others focused on sediments from lakes
(Engwall et al. 1998, Hofmaier et al. 1999, Khim et al. 1999b, Koh et al. 2005) and coastal
areas (Anderson et al. 1999b, Anderson et al. 1999a, Chen et al. 2010, David et al. 2010, Gale
et al. 2000, Hurst et al. 2004, Kannan et al. 2008, Khim et al. 1999a, Koh et al. 2002, Koh et al.
2004, Sanctorum et al. 2007, Song et al. 2006, Thain et al. 2006, W0lz et al. 2009) or screened
the potential of DLCs in SPM (Engwall et al. 1996, Engwall et al. 1997, Koh et al. 2004, Veilens
et al. 1992). Soil and sediment organic matter constituents have also been investigated (Bittner
et al. 2006, Larsson et al. 2013).

Most of these studies related their biological toxicity equivalents (BEQs) to chemical
analytically determined toxicity equivalents (TEQs) concentrations of DLCs in the same
matrix. BEQs and TEQs of acid-treated extract fractions thereby most often were in good
accordance. Different approaches have been developed to progressively enhance the
comparability of biologically measured potentials and instrumentally determined quantities of
DLCs. In order to distinguish between rapidly metabolized PAHs and more persistent
compounds (e.g. dioxins and PCBs) that remain highly active after elongated exposure times,
two studies conducted the EROD assay with PLHC-1 cells using two different exposure times
(4 and 24 h, respectively) (David et al. 2010, Kinani et al. 2010). Both used benzo[a]pyrene
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(BaP) as standard in the 4-hours-exposure and 2,3,7,8-TCDD as standard in the 24-hours-
exposure experiments. TEQs as well as BaP equivalents (BEQs) (both based on EC»o values,
which were proven to show smaller variability compared to ECso values) were in good
accordance with chemical findings in both studies (TEQs r? = 0.84 and 0.97, BEQs r?= 0.98
and 0.99, respectively). Other scientists, who used a Paso reporter gene system (RGS assay) with
the cell line 101L first correlated their bioassay results with total PAHs (r? = 0.47), but finally
found a much better correlation with BEQs (r?> = 0.63) (Andersson et al. 1999). Other studies
documented BEQs (between 3.62 and 7.92 ng TEQ/g dm sediment), which were not correlated
with their respective TEQs, which only accounted for approximately 5% of bioassay-derived
potentials (Heimann et al. 2011). Here the authors concluded that BEQs were dominated by
PAHs and unidentified pollutants. These findings were supported by many others (Gale et al.
2000, Hilscherova et al. 2001, Hurst et al. 2004, Keiter et al. 2008, Sanctorum et al. 2007, Song
et al. 2006, Suares Rocha et al. 2010), which supports the approach of BEQs with BaP as
positive control as applied by David et al. (2010) and Kinani et al. (2010). But care has to be
taken regarding the use of BaP as a control because unlike 2,3,7,8-TCDD, the potencies of BaP
and other PAHSs are sensitive to culture conditions, which indicates that the BEQ approach
appears to be more variable compared to the TEQ approach (Bols et al. 1999).

The fact that acid labile compounds may affect the comparability between bioassay and
chemical analytical results indicates additional clean-up to be necessary when investigating
complex environmental samples. A need for such clean-up procedures was proven by a study
that correlated TEQs (EC20) with H4IIE-luc BEQs of both crude and cleaned-up extracts
(Hilscherova et al. 2003). While the correlation between TEQs and BEQs of crude extracts was
moderate (r> = 0.72), a good correlation was observed among TEQs of the cleaned-up extract
(r? = 0.94). Nevertheless, care has to be taken during the clean-up of extracts. A study by
Villeneuve et al. (2002) indicated that following a 1 h treatment with concentrated H,SO4 acid-
breakdown products of PAHs and other compounds were formed, which produced dioxin-like
responses in vitro. This indicates that a longer acid treatment (the authors suggested a duration
of 10 h or longer) followed by a water rinse should serve as an effective method to completely
eliminate dioxin-like responses caused by the acid labile fraction (Villeneuve et al. 2002).

When focusing on sediments as DLC containing matrixes, many of the above mentioned
studies have shown the ability of various in vitro bioassays to detect contamination sources. For
instance, Hilscherova and co-workers (2003) could identify a 10-100 fold greater concentration
of H4lIE-luc derived BEQs downstream the Tittabawassee River than those determined

upstream. The same trend (5 to 10-fold) was observed for soils of the respective associated river
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banks. Both results were confirmed by instrumental analysis, which revealed that PCDD/Fs
were the critical contaminants causing the dioxin-like activity observed via the H41IE-luc. The
same bioassay indicated contamination sources of sediments and floodplain soils of the
Saginaw River, Michigan, USA, which exceeded the screening concentration of
50 pg TEQ/g dm soil that was suggested by the Agency for Toxic Substances and Disease
Registry ATSDR (Kannan et al. 2008). Other studies using mass balance analysis also reported
successful identification of causative substances using bio analytical techniques (H41I1E-luc
assay) by testing different extract fractions and comparing those with chemical analytical
determined results (Koh et al. 2004, Otte et al. 2013). Thereby, PCDD/Fs were found to be
responsible for the majority of the dioxin-like activity measured in sediment extracts of the
Hyeongsan River, Korea, while PCBs and PAHSs contributed a relatively small proportion to
the overall activity (Koh et al. 2004). In the contrast, the 16 EPA PAHSs explained between 47
and 118% of the H4IIE-luc assay derived BEQs in sediment extracts of the Elbe River,
Germany (Otte et al. 2013). By comparing the H4I1E-luc assay with 3 other assays (EROD with
HA4I1IE wild type (wt) and PHLC-1 wt and CALUX with RLT2.0), was the least variable and
most sensitive biotest and lead to similar conclusions as those that would have been made based

on extensive instrumental analyses (Hilscherova et al. 2001).

3.2.1.2 Coastal sediment samples

Extracts of coastal sediments, including samples from German (Wodlz et al. 2009), Scottish
(Thain et al. 2006), Belgian (Sanctorum et al. 2007), French (David et al. 2010) and UK coastal
areas (Hurst et al. 2004), as well as samples from various bays alongside the USA (Anderson
et al. 19993, Gale et al. 2000, Kannan et al. 2008), Korea (Khim et al. 1999a, Koh et al. 2004,
Koh et al. 2005) and Japan (Kannan et al. 2008), revealed significant dioxin-like activity. For
sediment extracts from the North Sea general low contamination levels were observed (around
0.1 pg CALUX-TEQ/g sediment) while at the mouth of two rivers (the Yser and the Scheldt)
100-fold greater concentrations were measured (10 - 42 pg CALUX-TEQ/g dw sediment)
(Sanctorum et al. 2007). In a study of Baltic Sea sediment cores a combinatory approach
applying bioassay (EROD with RTL-W1) and chemical analytical methods indicated a
significant hazard potential at site. The authors hypothesized that benthic organisms or animals
living in close contact these sediments might be at risk (W0lz et al. 2009). A different study
that compared results obtained by screening both cleaned-up and whole extracts of sediments
from the East Shetland basin using the DR-CALUX® determined dioxin-like potentials in some
areas that were potentially harmful to organisms (Thain et al. 2006). Those areas, according to

the authors, require targeted chemical analyses of a range of known potential candidate
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compounds to identify the causative agents. According to results obtained by the DR-CALUX®
in combination with a clean-up procedure the vast majority of the dioxin-like activity in the
East Shetland sediments was attributable to labile compounds such as PAHs (Thain et al. 2006).
Equal results were obtained by Hurst et al. (2004) for sediments sampled along the coastal line
of the United Kingdom. BEQs ranged between 1.0 and 106.0 pg CALUX-TEQ/g dm sediment
and the majority of sediments contained levels of DLCs above concentrations that are
considered to possess a low risk to aquatic organisms. Like for the previously mentioned
studies, stream and inland sampling locations from Korean coastal areas were found to contain
greater concentrations of DLCs than offshore sites, as was identified by using the H4IIE-luc
assay (Koh et al. 2005). When BEQs were compared to chemical instrumental findings it was
found that BEQs were consistently greater than TEQs. On average, the known concentrations
of DLCs present in the extracts accounted for only 30% of the total bioassay responses
observed.

Some studies investigated extracts of typical sediment constituents to evaluate the potential
interaction of these with a number of bioassays. For example, Bittner et al. (2006) used the
EROD and CALUX assays with the wild type and genetically engineered H4IIE cell line to
investigate the dioxin-like potential of humic acids (HA). They reported that different
treatments of HA (organic extraction, alkali solution) resulted in different dioxin-like potentials
in both assays, which was unexpected due to the missing dioxin-like structure of HA. The
calculated REPnawas 6x107 and, thus, equates an environmental relevant concentration. These
findings again illustrate the presence of numerous unknown AhR ligands in environmental
samples.

In summary, the above mentioned examples show that in vitro bioassay methodologies
constitute an important tool in support of environmental risk assessments. Moreover, most of
these results suggests that instrumental chemical analysis alone (based on the concentrations of
identified target analytes) cannot completely estimate the total dioxin-like potency of DLCs.
However, care needs to be taken when using bioassays to assess dioxin-like activities of

sediment extracts due to potential interactions of non-dioxin-like components with these tests.

3.2.1.3 Soil samples
One particular topic of interest in context with the assessment of DLCs in soils is the

deposition of such contaminants on floodplains during flood events. Such studies are often
closely related to those focusing on river sediments. For instance, floodplain soils from the river
Rhine, Germany (W0dlz et al. 2011), Saginaw and Shiawassee Rivers and Saginaw Bay,

Michigan (Kannan et al. 2008) and those collected along the Tittabawassee River, Michigan,
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USA (Hilscherova et al. 2003) were investigated as part of environmental risk assessments of
DLCs in these watersheds. All these studies revealed SPM deposited during flood events to
cause contamination of inundated sites. Related studies are those focusing on agricultural soils
that are in proximity to electronic waste recycling sites, such as the Taizhou area, China (Shen
et al. 2007, Shen et al. 2009). In case of the study of Shen and coworkers (2007), TEQs and
BEQs correlated well (r>= 0.96) and PCBs were proven to cause 98% of the dioxin-like
potential in the Taizhou area. Anderson on the other hand, who investigated clayey soils
contaminated with PAHSs that were collected from an old gasworks plant in Sweden with respect
to a large-scale bioremediation (Andersson et al. 2009). By using the CALUX assay, they could
prove an increasing dioxin-like potential in bioavailable fractions after 274 days of soil
remediation (compared to day 0), which according to the authors was most likely was caused

by a chemically detected release of previously sorbed PAHSs.

3.2.1.4 Sewage sludge samples

Since tons of sewage sludge are produced worldwide every year and the capacity for
incineration does not fill the demands, sludge has been used for landfilling or as fertilizer on
farmland. In doing so, its release may cause a threat to the environment because a multitude of
environmental contaminants can remain in the sludge after their removal from waste water
(Engwall et al. 1999). Therefore, the ecotoxicological investigation of sewage sludge is of great
relevance in studies concerned with dioxin-like activities. For instance, Hofmaier et al. (1999)
analyzed sewage sludge extracts originating from two waste water treatment plants (WTP) in
Selbitztal (Germany) via the Micro EROD, whereas Engwall and co-workers (1999) used the
chicken embryo hepatocyte (CEH) bioassay to determine the dioxin-like potential of sewage
sludge from different WTPs in Sweden. Both studies concluded the combination of bioassays
and chemical analysis to be a well suited tool for the screening of organic residual materials.

The DR-CALUX and the EROD were used to investigate pharmaceutical-containing sewage
sludge from Sweden. The authors could prove that an anaerobic treatment caused an increase
in the levels of acid resistant AhR agonists, while an aerobic treatment did not affect the levels
of these agonists (Gustavsson et al. 2004, Gustavsson et al. 2007). Additionally, the uptake of
DLCs in carrots, oilseed rape seeds, zucchinis and cucumbers grown in soil amended with
sewage sludge from those Swedish WTPs was estimated. A sewage sludge-amendment in
moderate application rates (below 10 tons dm/ha) did not yield notably high carrot DLC
concentrations, but the authors pointed out that a risk estimation is complicated due to a missing
correlation between application rates and sludge-borne DLCs and their resulting concentrations

in carrots (Engwall and Hjelm 2000).
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3.2.1.5 Water samples

Previous studies have investigated dioxin-like potentials in different water sample types,
including ground- (Schirmer et al. 2004a), waste- (Kobayashi et al. 2003, Ma et al. 2005, Shen
et al. 2001, Zacharewski et al. 1995), pore- (Koh et al. 2002, Koh et al. 2004, Murk et al. 1996),
stream- (Shen et al. 2001, Villeneuve et al. 1997) and surface water (Rastall et al. 2004). Ground
water can be used to analyze the mobility of pollutants present in soils of e.g. industrial areas
and their possible transition into the ground water body. Ground water samples in the area of
Zeitz, a large contaminated site in Germany where oil and lignite were refined to produce fuel,
lubricants and benzene all caused EROD induction in RTL-W1 cells, which demonstrated that
in vitro bioassays can be used as an early warning tool to initiate a more detailed cause-analysis
and to guide subsequent chemical identification in water samples (Schirmer et al. 2004b).

A study that investigated industrial and municipal wastewater-containing lake water samples
(Taihu Lake, China) reported CALUX-TEQ values between 134 and 232 pg/l, which exceeded
the US EPA national primary drinking water standards maximum contaminant level of dioxin
(30 pg/l) by a factor of 4.5 — 7.7 (Shen et al. 2001). Some studies determined the AhR-activating
potential of bioavailable DLCs sampled using semipermeable membrane devices (SPMDs)
serving as passive samplers for lipophilic chemicals such as DLCs in river water (Villeneuve
et al. 1997). It could be demonstrated that this approach was well suited to estimate the risk
posed by DLCs to fish. Sediments and pore water from several locations in the Netherlands
were screened for their ability to induce AhR-mediated gene expression in H4IIE cells using
the EROD and CALUX assays. The luciferase inducing potential (CALUX) of organic extracts
from 450 mg sediment aliquots or 250 ul pore water aliquots corresponded well with the
instrumentally determined degree of pollution of the sediment with DLCs.

The authors furthermore pointed out that the usage of pore water as a matrix in DLC studies

has the advantage to be more rapid due to the need for fewer clean-up steps (Murk et al. 1996).

3.2.1.6 Samples of Human blood, food and feed

Due to their lipophilic nature and low degradability, many DLCs accumulate in animal and
human tissues up to concentrations, which can cause adverse effects. Blood samples therefore
widely have been evaluated using bioassays. Specifically, blood serum levels of AhR ligands
in different human populations (Long et al. 2006, Olsman et al. 2007b, Pauwels et al. 2000,
Schecter et al. 1999, Van Wouwe et al. 2004). Because the main exposure route to dioxins and
related compounds for humans is through the diet (Fent 2007), the characterization of DLCs in
food and feed represents an important tool for human health risks assessment of these
chemicals. Many of the studies conducted to date were concerned with bioassay investigation
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of fish, e.g. retail fish from local markets in China and supermarkets in Japan, as well as fish
oil from North Sea herring and fish oil used for feed ingredients from several manufacturers in
Japan (Hasegawa et al. 2007, Nording et al. 2005, Tsutsumi et al. 2003, Wei et al. 2010).

3.2.1.7 Samples of air emissions and combustion products

Air emission samples originate from various sources and recently belong to the popular
fields of research of DLCs (Arrieta et al. 2003, Clark et al. 1999, Franzén et al. 1988, Gierthy
and Crane 1985, Hamers et al. 2000, Hofmaier et al. 1999, Kasai et al. 2006, Klein et al. 2006,
Kobayashi et al. 2003, Li et al. 1999, Mason 1994, Till et al. 1997). Klein and Coworkers (2006)
investigated gas- and particulate phases from ambient air, sampled in an urban and rural
location in the Greater Toronto Area, Canada via the AhR assay with H1L6.1c1 cells. They
found a distinct correlation between the AhR-binding potency and the concentration of PAHSs,
as ascertained by other studies of APM such as traffic exhaust (Hamers et al. 2000), vehicle
exhaust and urban air (Arrieta et al. 2003, Franzén et al. 1988, Hamers et al. 2000, Klein et al.
2006, Mason 1994). Moreover, according to the authors, it was the first study in which APM
was sampled between seasons over two years (Klein et al. 2006).

A further interesting attempt of this topic was the investigation of AhR ligands in cigarette
smoke. The results indicated that there were more AhR ligands in the smoke of one cigarette
(10 mg tar) than expected. Levels of one cigarette exceeded the tolerable daily intake (TDI) of
dioxin (1 - 4 pg/kg/d) suggested by the WHO up to 656 times (Kasai et al. 2006).

3.2.2 Measuring dioxin-like activity of individual compounds and mixtures

The use of assay-specific REP values can enhance the comparability between chemical and
bio-analytical results when assessing DLCs in environmental or human samples. A series of
studies that investigated the correlation among different bioassays moreover demonstrated that
they can be in good accordance when screening single reference compounds. Hence, the
continuing determination of dioxin-like potencies of single compounds with various different
cell lines is essential.

One compound class that already has been analyzed in this context are PAHs (Behnisch et
al. 2003, Bols et al. 1999, Kennedy et al. 1996, Machala et al. 2001, Villeneuve et al. 2002).
For example, Machala et al. (2001) investigated 30 individual PAHs using the CALUX assay
with two different exposure times (6 and 24 h) in order to characterize their metabolism in vitro.

The authors measured the largest DLC potential after 6 hours of exposure time.
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The substance class of PCBs has also been explored regarding their dioxin-like potential
using in vitro bioassays (Aarts et al. 1995, Behnisch et al. 2003, Brown et al. 2001, Kennedy et
al. 1996, Sanderson et al. 1996, Schneider et al. 1995, Tillitt et al. 1991, Zeiger et al. 2001). In
the process, both DL-PCBs (mouse hepatoma cell line H1L1 (Brown et al. 2001), human
hepatoblastoma cell line HepG2 (Zeiger et al. 2001), rat hepatoma cell line H4IIE (Tillitt et al.
1991), primary cell cultures of CEH (Kennedy et al. 1996)) and non-dioxin like PCBs (NDL-
PCBs) (CEH (Kennedy et al. 1996)) were investigated, as well as several NDL-PCBs in
combination with DL-PCBs in order to discover possible interactions among the two categories.
In doing so, some studies could prove antagonistic effects of certain NDL-PCBs on their dioxin-
like counterparts (Aarts et al. 1995, Sanderson et al. 1996).

Various congeners of PCDD/Fs (Brown et al. 2001, Garrison et al. 1996, Murk et al. 1996,
Tillitt et al. 1991, Villeneuve et al. 2000) as well as brominated and fluorinated analogs
(Behnisch et al. 2003, Brown et al. 2001, Olsman et al. 2007a, Samara et al. 2009) or nitro-
(Schneider et al. 1995), methyl- and alkyl-substituted (Behnisch et al. 2003) analogs were
investigated. Polychlorinated naphthalenes (PCNs) were frequently analyzed (Behnisch et al.
2003, Blankenship et al. 2000, Hanberg et al. 1991, Schneider et al. 1995, Villeneuve et al.
2000) and found to be equally active as enzyme inducers as certain DL-PCBs (Hanberg et al.
1991). Furthermore, commonly used flame retardants, the polybrominated diphenyl ethers
(PBDEs) were proven to act dioxin-like (Behnisch et al. 2003, Chen et al. 2001, Hanberg et al.
1991, Schneider et al. 1995). In one study, BEQs of the chicken embryo hepatocyte (CEH)
EROD of single tested PBDEs correlated well with those obtained by using the Micro EROD
assay (r> = 0.89) (Chen et al. 2010).

Tetrachlorostilbenes, polychlorinated azobenzenes, azoxybenzenes, trans-stilbenes
(Schneider et al. 1995), R-naphthoflavone (Lee et al. 1993), NSO-heterocyclic PAHs (Hinger
et al. 2011), DDT metabolites (Wetterauer et al. 2012) as well as pentabromophenols (PBPSs)
(Behnisch et al. 2003, Schneider et al. 1995) were investigated sporadically.
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3.3 Limit of detection (LOD)

3.3.1 LOD and limit of quantification (LOQ) in chemical analysis

In terms of instrumental chemical analysis, the LOD is defined as the lowest concentration
of an analyte in a sample that the analytical process can reliably detect (MacDougall and
Crummett 1980), meaning that the signal of the analyte is statistically different from a blank
(Bradlaw et al. 1980, Keith et al. 1983). Various methods have been described to calculate the
LOD (Currie 1968, Mandel and Stiehler 1957). According to the IUPAC gold book, the LOD
of an instrumental analysis is calculated by the mean of the blank measures plus the standard
deviation of the blank measures multiplied by a numerical factor chosen according to the
confidence level desired (IUPAC 2006) (Figure 3.1). The majority of studies set this numerical
factor to a value of three standard deviations, but in general this value depends on the definition
used. In the case that a single sample is analyzed for which there is no blank data, the LOD of
chemical methods is based on the peak to peak noise measured on the base line close to the
actual or expected analyte peak (MacDougall and Crummett 1980).

The limit of quantification (LOQ) is frequently calculated by the mean of the blank plus ten
times the standard deviation (Keith et al. 1983) or, in rare cases, only six times the standard
deviation (Bradlaw et al. 1980). It is defined as the lowest concentration of an analyte that can
be determined with acceptable precision and accuracy under the stated operational conditions
of the used method (e.g. bioassay or high resolution (HRGC/HRMS)) (Whyte et al. 2004). Only
signals above the LOQ can be quantified (Figure 3.1). Signals > LOD but < LOQ are
significantly detectable but not quantifiable. Signals less than the LOD hence should be reported
as not detected (ND) with the limit of detection given in parentheses. Signals in the region of
detection should be measured and reported as numbers with the limit of detection in parentheses
(MacDougall and Crummett 1980).

3.3.2 LOD and LOQ in bio-analytical analysis

Since most in vitro bioassay studies compared their results with those obtained by
instrumental chemical analysis, the bioassays LOD should also be stated.

In terms of in vitro bioassays, the definition of the LOD is very similar to that of chemical
analytical methods with two exceptions: (1) the signal of an analyte equates the bioassay
specific endpoint, which may be measured as fluorescence (e.g. in the EROD or CAFLUX
assays) or luminescence (e.g. in the DR-CALUX or CALUX assays); and (2) the blank to which

the LOD definition refers to equates the negative control or the solvent control (e.g. dimethyl
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sulfoxide (DMSO), isooctane and/or isopropanol) of the bioassay (Figure 3.1). For instance,
Murk and coworkers (1996) who investigated sediments and pore water from the Netherlands
via the CALUX assay set their blank value at the DMSO response. As a consequence, the LOD
of most studies is expressed as the effect of the lowest concentration of the standard (the
standard is typically 2,3,7,8-TCDD) that can be statistically separated from the effect of the
control.

The LOQ of a bioassay can be defined according to chemical analysis, with two exceptions:
(1) the blank again equates a negative or a solvent control; and (2) the signal level of a sample
can only be related to the same signal level caused by the positive control e.g. 2,3,7,8-TCDD
(Figure 3.1). The respective concentration of 2,3,7,8-TCDD, which is necessary to cause this
certain level is used to describe the potency of the sample. Thus, bioassay results can just be

expressed as equivalents instead of actual concentrations.

detectable quantifiable
signal signal

ANALYTE REGION OF
NON DETECTED DETECTION
LOD
[ | I
1 1
negative- or negative- or negative- or
solvent control solvent control solvent control
+ +
3xSD 10 x SD

Figure 3.1 Schematic diagram of limit of detection (LOD) and limit of quantification (LOQ) as well as their
determination, regions of detectable, quantifiable and non-detectable analyte signals, SD = standard deviation,
diagram modified according to (MacDougall and Crummett 1980).

According to our literature review, most of the in vitro bioassay studies used to quantify
DLCs did not report their LOD or LOQ. However, this additional information is of critical
importance as it enables scientists to decide whether the presented assay and the respective cell
line reach the sensitivity goals required for e.g. the screening of samples with very low levels
of DLCs (Whyte et al. 2000, Whyte et al. 2004).
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3.3.3 Chemically and bioassay derived LODs

Conventional GC-MS analysis has been able to achieve detection limits for 2,3,7,8-TCDD
in the range of 1 pg/g (Rappe 1984), or more recently, LODs in the parts per quadrillion range
(Fernandes et al. 2004, Focant et al. 2002, Patterson et al. 1987, US-EPA 1994). This might in
parts be similar to LODs achieved by bio detection methods including the Micro EROD, the
DR-CALUX and the CEH assay (Behnisch et al. 2001b). For instance, the limits of
quantification derived from CALUX and HRGC/HRMS in a study focusing on animal feed
were approximately 0.50 pg CALUX-TEQ/g lipid and 0.25 pg TEQ/qg lipid, respectively (as
reviewed by Behnisch et al. 2001b). This is supported by Schoeters and colleagues (2004), who
performed the CALUX assay and reported LOD and LOQ values similar to those of chemical
analysis

The actual LOD of a compound (as measured via chemical analysis) differs from the so-
called method LOD, which in the case of bio-analytical methods is, among others, influenced
by matrix effects in a complex mixture (Bhavsar et al. 2007). These matrix effects can be caused
by chemicals, which influence each other or chemicals such as heavy metals, which are capable
of e.g. inhibit the EROD enzyme (Oliveira et al. 2004, Viarengo et al. 1997) and thereby
lessening signal strength. For this reason, bioassay detected LOQs for the positive control
2,3,7,8-TCDD and the extract, which technically should be in agreement, most commonly differ
from one another (Whyte et al. 2004). While signals that are near or less than the LOD constitute
a “yes/no-decision” when using bioassays (Armbruster and Pry 2008), the contribution of non-
detected compounds in chemical analysis is often estimated by commonly presenting half their
LOD (Windal et al. 1998).

3.3.4 LOD influencing factors and LOD enhancement

The LOD depends on several factors, including the type of cell-line, the positive control, the
solvent carrier, the extract preparation and measured endpoint, the exposure time as well as
multiple laboratory test conditions such as temperature.

An enhancement of the LOD of bioassays can be achieved by altering these factors in a
certain manner and can significantly increase their utility as prioritization tools prior to more
detailed instrumental analysis (Zhao et al. 2010).

As mentioned above, the LOD of a bioassay is species- and cell-line specific (Giesy et al.
2002, Hilscherova et al. 2000, Keiter et al. 2008). Recombinant cell lines stably transfected

with vectors containing easily measurable reporter genes (i.e., luciferase or EGFP) are
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frequently reported to be more sensitive than bioassays performed with the respective wt cell
line (Brouwer et al. 1995, Garrison et al. 1996, Sanderson et al. 1996). Additionally, the type
of endpoint used determines the sensitivity of a test, and thus, the LOD. Some bioassays are
based on measurement of light emission to visualize the response. For those signals the most
sensitive detectors exist. For this reason and due to the additional fact that visualization systems
such as the luciferase enzyme have a high turnover rate (meaning that a few enzyme molecules
are sufficient to produce a detectable signal) those assays are characterized by very low
detection limits (Sanderson et al. 1996, Willett et al. 1997). For instance, Sanderson et al. (1996)
described a three-fold improvement in sensitivity (i.e. the minimal detection limit) of H41IE-luc
cells relative to the wt cells with detection limits of 0.2 and 0.6 fmol 2,3,7,8-TCDD/ well,
respectively (Table 3.1). This was confirmed by results of Murk and Co-workers (1996), who
reported the CALUX assay with H4IIE-luc cells to be slightly more sensitive than the Micro
EROD assay with H4I1E wt cells. According to the authors this was mainly due to the missing
substrate inhibition within the CALUX assay. Furthermore, the LOD of the Micro EROD
described by Sanderson (1996) demonstrated a 50-fold enhancement of the LOD compared to
those reported by other studies (Kennedy et al. 1993, Tillitt et al. 1991). As reviewed by
Brouwer and co-workers (1995) the sensitivity of such genetically engineered cell bioassays
can be enhanced by increasing the number of dioxin response elements regulating the
expression of the desired reporter gene and by increasing the number of copies of the expression
plasmid in the cell by amplification. Additionally, the concentration of AhR in those cells can
be elevated by introducing constitutively active AhR cDNA expression vectors (Brouwer et al.
1995). Concerning the solvent carrier, it could be proven that the use of isooctane instead of
DMSO, which may be cytotoxic above concentrations of 1%, enhanced the sensitivity of the
bioassay conducted with both, crude and cleaned-up extracts (Bradlaw and Casterline 1979).

LODs are mainly linked to the available sample size (e.g. chemical analysis typically
requires a sample amount of 5 - 10 g for solids and liquids (Harrison and Eduljee 1999)) with
greater volumes being able to be concentrated more during extraction process, thus resulting in
a decreased LOD. Applied sample extract clean-up procedures increased the sensitivity in both
chemical and biological analysis by eliminating interfering substances like acid labile PAHs
(Harrison & Eduljee 1999) (see Sections 3.2.1.1 and 3.2.1.2).

Multiple laboratory test conditions may have various effects on a bioassays’ LOD. For
example, recent studies have shown that even a different temperature during the performance
can decrease the LOD by increasing the level of reporter gene activity. For instance, Zhao and
colleagues (2010) who performed the CAFLUX assay (Table 3.1) observed a 2- to 3-fold
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Table 3.1 List of several in vitro bioassay studies. Stated are the bioassay detection limits with 2,3,7,8-TCDD as reference substance (LOD), the ECsg values for 2,3,7,8-TCDD,

the cell lines, benchmarks, endpoints, solvent carriers and their final amounts in the assay, replicates (n) and coefficients of variation (CV).

Cell line Benchmark . . LOD ECsTCDD Solvent carrier 0
Reference (origin) (volume/assay) Endpoint Bloassay [pM] [pM] (final amount) CV %l
. 96 well plate . DMSO/Isopropanol
(Schwirzer et al. 1998) H4lIE (100 ) EROD activity = Macro EROD 1.9 (4 1: 0.5%) 2 25
. 96 well plate DMSO
(Behnisch et al. 2002) 2 0.3 5 (0.4%) 3 26
s Petri dish,15x100 mm Isooctane 5
(Tillitt et al. 1991) (10000 pl) 3.1 17 (1.0%) 4 3.7
Culture plate, 20 cm? L ) DMSO 3
(Hanberg et al. 1991) H4IlIE (3000 pl) EROD activity Micro EROD 10 47 (0.5%) 0 -
(Sanderson et al. 1996) % Wi'; plate 24 20 'SOO(‘_:)ta”e 7 1025
96 well plate DMSO/lIsopropanol
* -
Lab code 7 0 3.1 6.2 (4 - 1: 50% (VIv)) 10-15
. 96 well plate DMSO
(Behnisch et al. 2002) 8 0.3 14 (0.5%) 3 20
96 well plate DMSO
(Hurst et al. 2004) 8 0.4 - (0.4%) 3 <30
HA4I1IE-luc 96 well plate . DMSO
* -
Lab code 2 (HAIIE) 0 luminiscence DR-CALUX 0.3 10 (0.8%) 3 15
96 well plate DMSO
* -
Lab code 4 0 0.3 10 (0.4%) 3
96 well plate DMSO
*
Lab code 5 8 0.6 7.6 (0.4%) 3 12

* laboratories, which participated in an intra-laboratory comparison of dioxin-like compounds in food (Engwall & VVan Bavel 2004)
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Table 3.1 (continued) List of several in vitro bioassay studies. Stated are the bioassay detection limits with 2,3,7,8-TCDD as reference substance (LOD), the ECs values for
2,3,7,8-TCDD, the cell lines, benchmarks, endpoints, solvent carriers and their final amounts in the assay, replicates (n) and coefficients of variation (CV).

Cell line Benchmark LOD ECsTCDD Solvent carrier

. . 0
Reference (origin) (volume/assay) Endpoint Bloassay [pM] [pM] (final amount) CVI%]
Lab code 9* 96 well plate 0.3 10 DMSO 3 -
HA4I1IE-luc ) i (0.4%)
(H4IIE) 96 well plate Luminescence DR CALUX DMSO
* -
Lab code 23 3 0.3 10 (0.4%) 15
H41E-luc 96 well plate DMSO
(Schoeters et al. 2004) (H4IIE) (100 p) 0.4 - (1.0%) - 10-26
Hepa 1clc? 24 well plate DMSO
(Jeong et al. 2005) (H1L1.1c2) (500 ) 0.1 10 (1.0%) 6 5.2
HA411E-luc 24 well plate . DMSO
(Murk et al. 1996) (HAIIE) (500 ) Luminescence CALUX 1 10 (0.5%) 3 -
96 well plate DMSO
* - -
Lab code 21 Hepal.12cR 8 2 60 (0.1%)
96 well plate DMSO
* -
Lab code 28 Hepalclc7 8 1 25 (1.0%) 3
H1G1.1c3 96 well plate DMSO
(Zhao et al. 2010) (Hepalclc?) 0 1 - (1.0%) 3 -
H1G1.1c3 96 well plate GFP DMSO
(Nagy etal. 2002) (Hepalclc?) (100 ubh fluorescence CAFLUX . 18 (1.0%) 3 )
96 well plate DMSO
* - -
Lab code 20 H1G1.1c3 8 1 7 (1.0%)

* laboratories, which participated in an intra-laboratory comparison of dioxin-like compounds in food (Engwall & Van Bavel 2004)
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Table 3.1 (continued) List of several in vitro bioassay studies. Stated are the bioassay detection limits with 2,3,7,8-TCDD as reference substance (LOD), the ECs values for
2,3,7,8-TCDD, the cell lines, benchmarks, endpoints, solvent carriers and their final amounts in the assay, replicates (n) and coefficients of variation (CV).

Cell line Benchmark . . LOD ECsTCDD Solvent carrier 0
Reference (origin) (volume/assay) Endpoint Bloassay [pM] [pM] (final amount) N CVI%]
(Song et al. 2006) 96 well plate 1.9 31 ; 3 ;
H41IE-luc (250 pl) .
(H4IIE) 96 well plate Luminescence HA4I1IE-luc assay Isooctane
(Sanderson et al. 1996) ) P 0.8 5.6 0 7 10-30
Hepa 1clc7 6 well plate DMSO
(Aarts etal. 1995) (H1L1.1c7) (3000 ) _ Luciferase 0.6 (0.1%)
. Hepa 1clc7 6 well plate Luminescence induction assay DMSO
(Garrison et al. 1996) (H1L1.1c2) ) 0.1 20 (0.1%) 3 -
101L 96 well plate . Pssoreporter Isooctane
* - -
Lab code 19 (HepG2) ) Luminescence gene system 7.8 (1.0%) 3
Lab code 22* RTL-W1 96 well plate EROD activity ~~ EROD assay 1 5 DMSO i ;
() (1.0%)
. RLT 2.0 96 well plate . DMSO/lIsooctane
(Richter et al. 1997) (RTH-149) ) Luminescence RLT2.0 assay 4 64 (0.1 %) 3 -
(Niwa et al. 1975) Petri dish, & 60mm 4 230 OMSO 2 -
(2500 pl) . AHH-enzyme (0.2%)
H4l1IE - AHH activity
(Bradlaw et al. 1980) Petri dish, 60x15 mm assay 20 385 DMSO 5 i
' (4000 ) (0.3%)

* laboratories, which participated in an intra-laboratory comparison of dioxin-like compounds in food (Engwall & Van Bavel 2004)
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greater fluorescence of EGFP at a cell incubation temperature of 33 °C compared to that
measured at 37 °C. Finally, the sensitivity of a bioassay is not only dependent on the LOD but
also on the reliable production of reproducible and full concentration-response-curves and ECx
values (Sanderson et al. 1996). From an environmental risk assessment perspective this
additional information can tell us much more about the potency and efficacy of a single

compound or a mixture than it would be the case for instrumental analysis alone

3.3.5 Comparison of cell line and bioassay-specific LODs

The aim of this section is to summarize LODs obtained by using different assays and types
of cell lines (Table 3.1). Moreover, results from an inter-laboratory comparison study that was
conducted and organized by Magnus Engwall and Bert van Bavel from the Orebro University
in Sweden were discussed (Engwall and VVan Bavel 2004).

The aim of the inter-laboratory validation of bioassays was to determine: (1) the accordance
of BEQ and TEQ values determined for 3 different types of samples; (2) the differences of
TEQs among different bioassays; (3) the inter-laboratory variance and (4) the occurrence of
additive effects in different bioassays. In brief, between December 2003 and April 2004 22
laboratories from Sweden, Norway, Denmark, Germany, the Netherlands, Belgium, Italy, the
United Kingdom, USA, Canada, Japan, Taiwan and New Zealand participated in the above
described validation study. Three types of samples were sent to all participating laboratories:
sample 1 was a freeze-dried and homogenized sample of salmon muscle tissue, samples 2 and
3 were capsules containing a standard PCB and PCDD/F mixture, respectively. Participating
laboratories were asked to extract the samples via their own methodologies and investigate them
via their preferential in vitro bioassays (Table 3.1).

Comparing all results listed in Table 3.1, the data of inter-laboratory comparison collected
by Engwall and Van Bavel (2004) corresponded well with the data previously reported in the
literature (Behnisch et al. 2002, Hanberg et al. 1991, Hurst et al. 2004, Jeong et al. 2005, Murk
etal. 1996, Nagy et al. 2002, Sanderson et al. 1996, Schoeters et al. 2004, Schwirzer et al. 1998,
Zhao et al. 2010). The EROD assay with RTL-W1 as well as the related Micro EROD with
H4l11E were the most TCDD-sensitive tests among the various assays with ECso values of
5pM 2,3,7,8-TCDD (Table 3.1). Detection limits of all applied assays ranged between 0.1 and
20 pM 2,3,7,8-TCDD, with the CALUX and DR-CALUX assays possessing the highest overall
sensitivity (lowest LODs) of all listed test systems. The highest overall LOD (least sensitivity)
was received by a rather obsolete method using high volume (4 ml) petri dishes. Nevertheless,

surprisingly low LODs of up to 3.1 pM TCDD could be achieved by using those larger volume
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approaches. In general, all luminescence-based bioassays showed the lowest LODs (Table 3.1).
Coefficients of variance seem to be lower within these luminescence assays compared to e.g.
EROD-based assays (Table 3.1). Some of those assays e.g. the Paso reporter gene system appear
to be less favorable since their LODs are about 10 to 20-fold greater compared to the related
assays.

The intra-bioassay and intra-laboratory comparability was excellent for the DR-CALUX, the
CALUX and CAFLUX assays with mean LODs of 0.4, 0.9 and 1 pM, respectively. The
relatively small data base for each of the assays should be considered and again depicts the

already mentioned difficulty of non-stated LODs of in vitro bioassay studies.

3.4 Conclusion

In recent years the use of in vitro bioassays for the characterization of dioxin-like activities
in environmental samples and other matrices as well as for individual chemicals and mixtures
has become an increasingly popular field of research. There exist a multitude of possible
applications for these in vitro bioassays, ranging from support of environmental risk
assessments to food safety. In this context, the improvement of the sensitivity of in vitro assay
technologies is a growing field, especially in consideration of genetically engineered cell lines
in so far as those are typically more sensitive compared to the respective wt cells.

Regarding the sensitivity of in vitro bioassays they are increasingly competing with
chemical analytical quantification technologies such as GC-MS with LODs of up to 0.1 pM
2,3,7,8-TCDD. While chemical investigations can give a more detailed view regarding specific
quantities of different compounds present in e.g. complex environmental mixtures, bioassays
are better suited to pre-screen those mixtures and hence, to identify the most dioxin-like active
samples. In this context, bioassays have the distinct advantage that they can detect the overall
dioxin-like potential of a sample including chemicals that cannot be analyzed by chemical
analytical techniques.

We strongly recommend a standardized presentation of in vitro bioassay results enabling an
estimate of its sensitivity. These results should include effect levels (especially in case BEQs

are stated), the linear working range as well as the calculated LOD.
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4.1 Abstract

The implementation of in vitro bioassays for the screening of dioxin-like compounds (DLCs)
into management guidelines of dredged material is of increasing interest to regulators and risk
assessors. This study reports on a cross-validation between four independent laboratories. A
bioassay battery consisting of RTL-W1 (7-Ethoxy-resorufin-O-deethylase; EROD), H4IIE
(Micro EROD) and H4lIE-luc cells was used to assess aryl hydrocarbon receptor mediated
effects of sediments from two major European rivers, differently contaminated with DLCs.
Each assay was validated by characterization of its limit of detection (LOD) and quantification
(LOQ), z-factor, reproducibility and repeatability. DLC concentrations were measured using
high-resolution gas chromatography-high-resolution mass spectrometry (HRGC/HRMS) and
compared to bioassay-specific responses via toxicity equivalents (TEQs) on intra- and inter-

laboratory levels.

The Micro EROD assay exhibited the best overall performance among the bioassays. It was
ranked excellent (z-factor = 0.54), reached a repeatability < 25%, was highly comparable
(r=0.87) and reproducible (17%) between two laboratories and was well correlated
(rz2=0.803) with TEQs. Its LOD and LOQ of 0.5 and 0.7 pM 2,3,7,8-TCDD, respectively,
approached LOQs of HRGC/HRMS measurements. In contrast, cell lines RTL-W1 and H4IIE-
luc produced LODs > 0.7 pM 2,3,7,8-TCDD, LOQs > 1.7 pM 2,3,7,8-TCDD and repeatability
> 30%.

Based on the data obtained, the Micro EROD assay is the most favourable bio-analytical tool
and via a Micro EROD-based limit value would allow for the assessment of sediment DLC
concentrations, thus it could be considered for the implementation into testing and management

guidelines for dredged materials.

Keywords: EROD « Micro EROD « BEQ * sediment management « EQS « ERA
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4.2 Introduction

Industrial and municipal emissions to rivers have been reduced considerably during the last
decades due to regulations such as the German water legislation and the European water
framework directive (WFD) (Besselink et al. 2004). However, as sediments serve as sinks for
persistent and bio-accumulative contaminants, they remain to constitute important sources by
re-introducing particulate-bound organic pollutants back into the water phase through events
such as dredging or flood events (Burton 1992). Among sediment-bound pollutants, the group
of dioxin-like compounds (DLCs) represents one of the most relevant groups of legacy
contaminants. This group includes polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) as well as dioxin-like polychlorinated biphenyls (DL-PCBs), which have the
potential to cause adverse effects to wildlife and humans (as reviewed by White and Birnbaum
2009). Through frequently conducted sediment dredging activities, which are required and
unavoidable for the maintenance of navigable waterways, fisheries, hot spot controlling and
flood defense (Breitung and Keller 2010), sediment-bound pollutants can be re-mobilized and
transferred into surface waters where they become bioavailable again (Burton 1992). Thus,
dredging may be contradictive to the aim of the WFD (management plan; 2000/60/EG 2009)
and most likely prevent achieving the frameworks’ goal of a “good ecological status” (Barceld
and Petrovic 2007, Forstner 2008, Hallare et al. 2011).

Recently, several attempts have been undertaken to progressively improve environmental
risk assessment (ERA) approaches to enhance the quality of rivers, especially the quality of
water. For instance, the WFD daughter directive requested the concentrations of 33 priority
pollutants (annex, 2000/60/EC 2006) not to increase in water (Hollert et al. 2009) and with this,
the establishment of environmental quality standards (EQSs) for sediment and biota proceeded
(Forstner et al. 2008). EQSs, also referred to as action or trigger values, are important tools in
sediment assessment frameworks (Apitz and Power 2002) for identifying effects or no effects
of sediment-borne contaminants (Wenning and Ingersoll 2002). They define measures, such as
disposal or habitat construction, to be undertaken with dredged materials (Manz et al. 2007).

The management and handling of dredged materials in Germany follows guidelines that have
been compiled by the Ministry of Transport and Digital Infrastructure (BMVI) under the
coordination of the German Federal Institute of Hydrology (BfG) (Breitung and Keller 2010).
Waterways located outside the jurisdiction of the Water and Shipping administration (WSV)
are subjected to the regulations of the respective German Federal states (den Besten et al. 2003).
Two directives of the management of dredged material on both, federal inland (HABAB 2000)

and coastal (HABAK 1999) waterways have been established and reestablished within joint
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transitional arrangements (GUBAK 2009). For disposal of dredged materials, characteristics of
dredging and relocation sites have to be comparable and evaluated according to economic and
ecological aspects (Breitung and Keller 2010).

The assessment of sediment quality is based on chemical analysis and ectotoxicological test
methods. Chemical analysis in this context focuses on pollutants such as heavy metals and
hydrophobic organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) and PCBs,
which all are known to be of high relevance for sediments and suspended particulate matter. In
case of hydrophobic organic pollutants, seven so-called indicator PCBs (i-PCBs; IUPAC No.
28,52, 101, 118, 138, 153 und 180) are required to be analyzed, and of which mono-ortho PCB
118 belongs to the 12 DL-PCBs.

Ecotoxicological tools encompass acute and chronic tests with algae (Desmodesmus
subspicatus), bacteria (Vibrio fisheri) and micro crustaceans (Daphnia magna) on a lethal- and
sub-lethal level (den Besten et al. 2003, Manz et al. 2007). However, these tests do not provide
information about causative compounds responsible for the observed biological effects and are
not comparable to chemical analytical results. Bioassays, which belong to the most important
lines of evidence in support of integrated sediment assessment schemes such as the sediment
quality triad (SQT) (Chapman and Hollert 2006, Hollert et al. 2002) overcome such issues by
being complementary to chemical results and by taking synergetic/antagonistic factors into
account (Ahlf et al. 2002).

In this respect, scientists increasingly discuss the role of in vitro bioassays for a biological
effect-based assessment in decision making frameworks (Ahlf et al. 2002, Besselink et al. 2004,
den Besten et al. 2003, Forstner et al. 2008). In environmental matrices, PCDD/Fs are found in
much lower concentrations than PCBs, which in turn complicates their instrumental analysis
(Van Bavel 1995). However, bioassays measuring dioxin-like activity provide the advantage
that PCDD/Fs in contrast to PCBs produce higher signals, which relatively to chemical analysis
enhances the signal.

Since the year 2004, successful implementations of in vitro assays for the screening of DLCs
in form of the DR-CALUX assay can be found in the Dutch dredging guideline for coastal
sediments, which formerly only included chemical analysis. Here, a biological equivalent
quotient (BEQ) signal value of 50 ng BEQ/g dry weight (dw) sediment has been set, which - if
exceeded — involves further, detailed investigations (Manz et al. 2007). In German legislation,
in vitro assays as semi-quantitative methods prior to quantitative instrumental analysis have
only been established in the field of food analysis, where BEQs allow for a simple yes/no-
decision (2012/252/EU 2012).
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The present study addresses the question if specific in vitro assays for the detection of dioxin-
like effects could be of added value for the assessment of sediment quality in the context of
dredging activities in German waterways. Based on the results of the most reliable bioassay and

possibilities of a threshold definition are presented and discussed.

4.3 Materials and methods

4.3.1 Design of the cross-validation study

The cross-validation study followed the scheme of Figure 4.1. Participating laboratories
encompassed (1) the Institute for Environmental Research, RWTH University, Aachen,
Germany, (2) the Federal Institute for Hydrology (BfG), Koblenz, Germany, and (3) the BfG
contract laboratory GBA (Gesellschaft fur Bioanalytik mbH) and Miinster Analytical Solutions
(mas), Munster, Germany, which in the following are abbreviated as (1) lab 1, (2) lab 2, (3)
lab 2* and (4) lab 3. The Institute for Environmental Research, RWTH University, Aachen,

Germany was the main laboratory, were most of the present study’s work has been conducted.

RWTHAACHEN mas bf o tesme
UNIVERSITY g,/
IN VITRO _ IN VITRO
BIOASSAY (9) BIOASSAY
IN VITRO 51\ CHEMICAL Ay N CHEMICAL
BIOASSAY ANALYSIS ANALYSIS

Figure 4.1 Conceptual drawing of the DioRAMA cross validation study. The three boxes constitute the
participating partners: Institute for environmental research of the RWTH Aachen University, Minster Analytical
Solutions (mas) and the Federal Institute of Hydrology (BfG). Arrows indicate intra- (1) and inter-laboratory (3)
as well as method (2) comparisons.

4.3.1.1 Method comparisons
Firstly, a method comparison (number 2; Figure 4.1) of three bioassays, including the RTL-
W1 EROD assay, the H4IIE Micro EROD assay and the H4IIE-luc assays, was intra-
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laboratorial conducted by lab 1 (main laboratory). Bioassays were validated by means of a set
of criteria (Table 4.1) such as repeatability, limits of detection (LOD) and quantification (LOQ),
different levels of effect concentrations (EC) of the 2,3,7,8-TCDD standard, sample induction
strengths relative to positive control as well as z-factors. Raw extracts, multilayer fractions
(containing the sum of dioxin-like PCBs and PCDD/Fs) as well as DL-PCB and PCDD/F
fractions of differently contaminated sediments served as a basis for bioassay validation.

In a further method comparison, results of bioassay and HRGC/HRMS measurements were
compared (number 1; Figure 4.1) via toxicity equivalents (TEQs) and biological equivalents

(BEQSs), respectively.

4.3.1.2 Intra-laboratory comparison

Repeatability of results for sediment extracts, which increased in the order
RTL-W1 < H4lIE-luc < H4IIE (Table 4.1), disqualified the RTL-W1 EROD assay as reliable
screening tool and indicated the need for further investigations using the H411E-luc assay. These
included intra-laboratory comparisons of test results achieved by two operators in lab 1
(number 1; Figure 4.1) and aimed at uncovering possible operator-related variations. Because,
H4I1E-luc repeatability obtained through operator 2 did not meet the requirements of a
repeatability < 25% (2012/278/EU 2012), the H4IIE-luc assay was disqualified for a further

investigations.

4.3.1.3 Inter-laboratory comparisons

Finally, an inter-laboratory comparison (number 3; Figure 4.1) was conducted by two
different operators of lab 1 and 2 using the H41IE Micro EROD assay, which previously turned
out to exhibit the best overall performance (Table 4.1).

On the chemical analytical side, a further inter-laboratory comparison of high resolution gas
chromatography — high resolution mass spectrometry (HRGC/HRMS) results was performed

between lab 2* and 3.

4.3.2 Sediment samples

Sediment sampling was conducted by lab 2 in April 2012. Sample locations and details can
be found in section 2.1.
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4.3.3 Sample preparation, extraction and clean-up

The preparation of sediment samples as well as their extraction and clean-up were conducted
in lab 1. Details can be found in section 2.2. For cross-validation purposes, 20 g of each freeze-
dried sediment were sent to lab 2*, where an appropriate extraction and clean-up was

performed.

4.3.4 Bio-analytical analysis

Details on the RTL-W1 EROD (7-Ethoxyresorufin-O-deethylase), the H4I1E Micro EROD
and the H411E-luc assays are given in sections 2.3.1 and 2.3.3, respectively.
For inter-laboratory comparison purposes, personnel of lab 2 were trained in Micro EROD
assay performance in lab 1. Frozen H4IIE cells (passage number 22), aliquots of extract
fractions, 96-well plates and stock solutions required for test performance were sent to lab 2.
Plates were measured using the same protocol (Tecan Infinite M200 Pro) and data was then

sent to and evaluated by lab 1 personnel.

4.3.4.1 Calculation of Biological Equivalent Quotients (BEQS)

BEQs were calculated according to equation 2.1 with x being the 25% effect concentration
level (see section 2.3.4). All bio-analytical data from intra- and inter-laboratory comparisons
were evaluated by the same operator.

4.3.4.2 Calculation of bio-analytical quality criteria
Quality criteria, including repeatability, reproducibility, z-factor, limit of detection (LOD)
and quantification (LOQ), were calculated as presented in section 2.3.5.

4.3.5 Chemical analysis

4.3.5.1 HRGC/HRMS analyses

HRGC/HRMS analyses of extracts prepared by lab 1 was performed by lab 3. Details on the
analysis of PCDD/Fs and DL-PCBs can be found in section 2.4.1. Inter-laboratorial conducted
HRGC/HRMS results were evaluated by different operators of laboratories 2* and 3.

4.3.5.2 Calculation of Toxicity Equivalent Quotients (TEQS)
REP-based TEQ were calculated by use of equation 2.5 given in section 2.4.2. This section

moreover gives additional information to the literature-specific x-values used in equation 2.5.
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4.3.6 Bio-analytical threshold value derivation from chemical data

To connect the present study’s results with German dredged material directives, we
conducted an attempt to derive a bio-analytical threshold value (H4IIE Micro EROD assay)
from chemical analytical data. TEQ values (sum of WHO20s DL-PCB and PCDD/F TEQs)
from an Elbe length profile study, conducted by Stachel and Co-workers (2011) were collected
and a 75% percentile of all data points, including TEQs of the present studies’ Elbe sampling
locations Prossen and Magdeburg (ZE), was determined and served as limit value for stronger

contaminated locations.

4.3.7 Data analysis and presentation

All graphs and correlation analyses (Pearson correlation; p < 0.05) were calculated using
GraphPad Prism 5. Illustrations were created using the vector graphic program Inkscape 0.91.
A one-tailed Student’s t-test (p < 0.05) was performed using Sigma Stat 12.0 to statistically
analyze differences between intra- and inter-laboratorial derived bioassay results. In case of

uneven variances, Welch’s correction (p < 0.005) was applied for Student’s t-test adjustment.

4.4 Results

4.4.1 Physical chemical characterization of sediments

Generally, Elbe sediments PR and ZE, which on average exhibited higher percentages of
sand (21%) and smaller percentages of silt (69%) and clay (10%) clearly differed from Rhine
sediment EBR (4, 79 and 17% of sand, silt and clay, respectively). In contrast to EBR
(49.6 g/kg TOC), they had higher amounts of TOC (63.7 g/kg), confirmed by their slightly
higher losses on ignition (13.6 and 10.6%, respectively).

WHO-PCDD/F  concentrations (data not shown) increased in the order
EBR <PR <EBR/ZE<ZE (0.03, 0.24, 1.22 and 3.70 ng/g dw, respectively), whereas
WHO-DL-PCB concentrations increased in the order EBR < EBR/ZE < PR < ZE (3.50, 4.18,
5.22 and 9.72 ng/g dw, respectively). When expressed as toxicity equivalents (TEQ, Van den
Berg et al. 2006) both PCDD/F and DL-PCB TEQs increased in the order
EBR < PR < EBR/ZE < ZE. PCDD/F TEQs were 5.13, 5.49, 17.53 and 84.22 ng/g dw and DL-
PCB TEQs were 2.66, 2.95, 4.04 and 5.85 ng/g dw for EBR, PR, EBR/ZE and ZE, respectively.

61



Chapter 4 — Cross-validation study

4.4.2 Cross-validation study

4.4.2.1 Method comparisons

This section focuses on the general handling and performance of the EROD, Micro EROD
and H4IIE-luc assay (refer to assays marked with “a”, Table 4.1) as well as the method
comparison between bioassay and HRGC/HRMS-derived BEQs and TEQs, respectively.

The H4IIE Micro EROD assay showed an average z-factor of 0.54, an average repeatability
(coefficient of variation (CV) of three independent measurements) of < 25% for both sediment
extracts and TCDD (Table 4.1) with an LOD and LOQ of 0.5 and 0.7 pM 2,3,7,8-TCDD,
respectively.

The average LOD and LOQ of the H4IIE-luc assay was 0.7 and 2.1 pM 2,3,7,8-TCDD,
respectively. Repeatability for sediment extracts, which was independent of the different
fractions (raw, multilayer, DL-PCB and PCDD/F) and 2,3,7,8-TCDD was high and averaged at
31 and 39%, respectively. The quotient of the average EC2>sTCDD and the average EC1oTCDD
levels was highest (2.6) for the H4IIE-luc assay (Table 4.1).

RTL-W1 EROD assay average LODs and LOQs of 0.94 and 1.72 pM 2,3,7,8-TCDD (Table
4.1), respectively were high compared to the remaining assays. The assay’s repeatability was
highest (36%), but independent of the different fractions tested (raw, multilayer, DL-PCB and
PCDD/F). The CV among replicate experiments with the single substance 2,3,7,8-TCDD was
lesser with a value of 30% (Table 4.1). The assays’ overall z-factor was 0.36 and was
accompanied by the overall highest standard deviation among the three assays.

The comparability between TEQs and BEQs increased from the H41IE-luc (r2 = 0.642) to
the EROD (rz2=0.779) to the Micro EROD assay (rz2 =0.803). The percentage of relative
potency (REP)-based TEQs in Micro EROD BEQs amounted up to 49% (Figure 4.2). Thereby,
it was proven that REP-based TEQs explained a greater part (26.5%) of BEQs than it was the
case for routinely used WHO2005 TEQs (16.0%, data not shown).
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Table 4.1 Bio-analytical quality criteria achieved for three different in vitro bioassays (RTL-W1 EROD, H4IIE
Micro EROD and H4IIE-luc assay) including effect concentrations (EC) levels of positive control 2,3,7,8-TCDD,
limit of detection (LOD) and quantification (LOQ), z-factor, repeatability and reproducibility, n.a. = not analyzed.

In vitro bioassay

ERODa Micro Micro HA4IIE-luca HA4IIE-luce
ERODa ERODy

cell line RTL-W1 H4I11E H4I11E H4I1E-luc H411E-luc

passages used 60-77 26-50 26-30 10-26 19-27

number of tests 273 75 16 71 48
EC1TCDD [pM]

Mean + SD 2.53+0.82 2.39+£0.76 1.80+£0.20 1.21+0.87 1.03+0.60

Min/Max 0.72/6.25 1.09/5.99 1.49/2.20 0.26/6.00 0.11/2.73
EC2sTCDD [pM]

Mean £ SD 4.72+1.32 3.59+1.28 3.08£0.35 2.52+0.85 2.71+£1.40

Min/Max 1.81/12.08 1.61/10.35 2.58/3.69 0.72/4.22 0.7717.67
LOD [pM]

Mean £ SD 0.94+£0.61 0.45+0.32 0.43+0.16 0.78 £ 0.63 0.73£0.91

Min/Max 0.01/5,41 0.07/2.05 0.06/0.61 0.06/2.96 0.01/4.72
LOQ [pM]

Mean + SD 1.72+1.28 0.69 £ 0.36 0.72+0.18 2.32+2.05 212+ 227

Min/Max 0.02/13.05 0.17/2.47 0.20/1.01 0.16/9.93 0.06/10.86
z-factor

Mean + SD 0.36 £ 0.46 0.54 £0.22 0.72+£0.10 0.67+0.14 0.64£0.25

Min/Max -5.13/0.99 -0.06 / 1.00 0.58/0.90 0.27/0.90 -0.88/0.91
Repeatability [%0]

Extract/TCDD 36/30 24123 12/10 31/39 571738
Reproducibility [%0]

Extract/TCDD n.a. 17wy / 2(bl) 17wy / Z(bl) 17wy / 22(wl) 17wy / 22(w|)

a = operator 1, lab 1, Method comparison

b = operator 2, lab 2, Inter-laboratory comparison

¢ = operator 2, lab 1, Intra-laboratory comparison

(bl) = between-laboratory reproducibility; (wl) = within-laboratory reproducibility

4422
Results obtained by the different operators with the H4IIE-luc assay were highly

Intra-laboratory comparison

comparable. The intra-laboratory validation study achieved LODs that did not significantly
differ (p =0.339) from each other following Welch’s correction (p < 0.0001). However,
repeatability differed considerably between operator 1 (31%) and 2 (57%), respectively. The
within-laboratory reproducibility was independent of the different fractions and amounted to
22%. There was a highly significant (r2 = 0.942) correlation between H4IIE-luc BEQs obtained
by two different operators (Figure 4.3a). Among the different sediments, both operators
characterized sediment ZE and its fractions to possess the highest overall AhR-activating

potential (Figure 4.3a).
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Figure 4.2 Comparison of bio-analytical (BEQs) and instrumentally derived toxicity equivalents (TEQs) of DL-
PCB and PCDD/F extract fractions of four sediments. EBR = Ehrenbreitstein (Rhine), PR = Prossen (Elbe),
ZE = Zollelbe (Elbe) and a 1:10 mixture (EBR/ZE) consisting of one dry weight part EBR and 9 dry weight parts
ZE. BEQs were determined on an ECys level via the H41IE Micro EROD assay, while TEQs were calculated using
H4IIE Micro EROD assay-specific relative potencies (REP). The overall share of TEQs in respective BEQs is
given in percentages.

4.4.2.3 Inter-laboratory comparisons

Results obtained for the H41IE Micro EROD assays were highly comparable between both
operators and laboratories. A one-tailed student’s t-test, which due to unequal variances was
adapted by Welch’s correction (p < 0.005), indicated inter-laboratorial achieved LODs to not
significantly differ from each other (p = 0.752).

Repeatability achieved by both operators was lower for DL-PCB than for PCDD/F fractions
and averaged to 24 and 12% for lab 1l and 2, respectively. The between-laboratory
reproducibility for sediment extracts and single substance 2,3,7,8-TCDD averaged to
17 and 2%, respectively. Average LOD and LOQ values of the Micro EROD assay were
0.4 and 0.7 pM 2,3,7,8-TCDD, respectively (Table 4.1). Furthermore, the correlation of Micro
EROD assay results obtained by different laboratories was significant (r2 = 0.87, Figure 4.3Db).
Both operators and laboratories found highest AhR-activating potential for fractions of
sediment ZE.

Concerning the inter-laboratory comparison of HRGC/HRMS measurements, a highly
significant correlation was found between DL-PCB and PCDD/F congener concentrations
determined in sediments PR and EBR (r2 = 0.933; Figure 4.3c), even though extracts were

differently extracted and cleaned.
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Figure 4.3a-c Pearson correlations of an intra-laboratory comparison via H411E-luc EC2BEQs (a) as well as inter-
laboratory comparisons via H411E Micro EROD EC2BEQ (b) and instrumental determined concentrations (c) in
four sediments extracts and fractions thereof. EBR = Ehrenbreitstein (Rhine), PR = Prossen (Elbe), ZE = Zollelbe
(Elbe) and a 1:10 mixture (EBR/ZE) consisting of one dry weight part EBR and 9 dry weight parts ZE. Black and
grey circles show BEQs (a, b) and single congener concentrations (c) determined for sediment DL-PCB and
PCDD/F fractions, respectively. Black and grey triangles show BEQs determined for multilayer fractions and raw
extracts, respectively. Linear regression line is depicted with its 95% confidence interval (dashed red line).
Lab 1 = RWTH Aachen University, lab 2 = German Federal Institute for Hydrology (BfG); lab 2* = BfG contract
laboratory; lab 3 = Munster Analytical Solutions (mas).

4.4.2.4 Summarized consideration of bio-analytical results

Multilayer and raw fractions were only analysed using the EROD and H4I1E-luc assays (data
not shown). In both assays, the sum of activities of DL-PCB and PCDD/F fractions was lower
than total activity measured in multilayer extracts (by 73 and 82% for DL-PCB and PCDD/F
fractions, respectively). Regarding intra- and inter-laboratorial achieved BEQs of the three
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different assays, they all indicated sediment ZE and fractions thereof to possess the overall
highest toxicity. The fish cell line RTL-W1 produced the highest and the mammalian wild type
cell line H4I1E the lowest BEQs (Figure 4.4a and b). Logarithmic BEQs of the EROD assay
correlated well with those determined via the H4IIE-luc (r?2 = 0.930) and Micro EROD assay
(rz2=0.910). Logarithmic BEQs of the H41IE-luc and Micro EROD assays correlated well, too
(r2=10.900).
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Figure 4.4a, b Biological toxicity equivalents (BEQs) obtained for DL-PCB (a) and PCDD/F (b) fractions of three
sediments from Ehrenbreitstein (EBR), Prossen (PR) and Zollelbe (ZE) as well as a mixture (EBR/ZE) consisting
of 9 dry weight parts EBR and one dry weight part ZE. BEQs were obtained using the RTL-W1 EROD, H4lIE-luc
and H411E Micro EROD assays. Dashed bars show results of intra- (H4I1E-luc) and inter-laboratory (H411E Micro
EROD) comparisons. Bars show mean values of three independent replicates with standard deviations. Asterisks
show significant differences between results obtained by different operators, which was analyzed using a Students
t-test (p < 0.05).

Intra- (H4I1E-luc) and inter-laboratory (Micro EROD) BEQs were comparable (p = 0.008).
Only the Micro EROD BEQs obtained for ZE PCDD/F fraction significantly differed between

the two operators and laboratories (Figure 4.4b).

4.4.3 Bio-analytical threshold value derivation from chemical data

When combining the results obtained for Elbe sediments analyzed by this study with TEQ
values from a more extensive data set that includes multiple locations analyzed along the Elbe
River (Stachel et al. 2011), the top 25% most contaminated sediments were clearly separated
from the remaining samples by a TEQ limit value (LV) of 35 pg/g dw (Figure 4.5a). Linear
regression analysis of Micro EROD BEQs and TEQs determined for Rhine and Elbe sediment
DL-PCB and PCDD/F fractions obtained during the present study (Figure 4.5b) resulted in a
respective BEQLv of 145 pg BEQ/g dw sediment.
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Figure 4.5a, b (A) Sum of DL-PCB and PCDD/F WHOus toxicity equivalents (TEQs) measured via HRGC/HRMS in sediment extracts of an Elbe length profile sampling
campaign conducted by Stachel and Coworkers (2011), sampling locations follow the rivers’ course, dashed line represents a TEQ limit value (LV) derived from the 75% percentile
(grey area) of all data points, blank dots at locations Magdeburg and Prossen represent TEQs measured in the present study. (B) Linear Correlation of TEQs [pg/g dw] and biological
equivalents (BEQs); TEQs represent the sum of DL-PCB and PCDD/F measured in sediments of rivers Elbe and Rhine of the present study, whereas BEQs show the AhR-activating
potential of the respective DL-PCB and PCDD/F fractions analyzed using the Micro EROD assay with H4IIE cells. Through the TEQLv derived in (B), a limit value for BEQ

calculation was determined (dashed line, BEQLv).
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4.5 Discussion

45.1 Cross-validation study

45.1.1 Method comparisons

Each of the performed assays was able to detect dioxin-like activity in complex samples.
Altogether, according to our findings, the Micro EROD assay with the cell line H4IIE
constitutes the preferable bio-analytical screening tool among the examined assays. The Micro
EROD assay according to its average z-factor of 0.54 could be classified as excellent. Its
average repeatability < 25% corresponds to aforementioned regulatory recommendations
(2012/278/EU 2012) and the here applied two sample-plate layout allowed for the simultaneous
testing of 16 samples per cycle. The assays’ most promising criteria were its remarkably low
LOD and LOQ of 0.5and 0.7 pM 2,3,7,8-TCDD (Table 4.1), respectively, which approach the
limits achieved by instrumental analysis such as HRGC/HRMS.

In contrast to cell line H4IIE, a two sample-plate layout turned out to be inappropriate using
H411E-luc cells due to cross-talk of adjacent wells during the luminescence measurements
(Puga et al. 2009). This limited the number of samples/cycle to six. Although luminescence is
known to be one of the most sensitive endpoints (Sanderson et al. 1996, Willett et al. 1997), the
average LOD of 0.8 pM 2,3,7,8-TCDD was higher than expected and the average LOQ of
2.3 pM 2,3,7,8-TCDD could not compete with those of the remaining assays. While the assay’s
average repeatability was satisfactory for complex samples (31%), it was unexpectedly high
(39%) for standard 2,3,7,8-TCDD. The distance between the average EC2sTCDD and the
average EC1oTCDD showed that the H4IIE-luc assay covered the widest concentration range
among the analysed assays (Table 4.1), hence might compensate for time-consuming range
finding tests prior to the actual assay.

The RTL-W1 EROD assay allows for the testing of up to 36 samples per cycle, which
constitutes the assays’ most promising feature and equates 3 to 5-times the testing capacity of
mammalian cells such as H4IIE and H4IIE-luc. High sample numbers require long test periods,
which due to differing culture conditions (e.g. lower temperature, no need for culture in CO;
atmosphere) are much better tolerated by the fish cell RTL-W1 compared to their mammalian
relatives. RTL-W1 cells are very slow growing (one doubling after 72 h) and have stable
cytochrome concentrations even at high passage numbers. Hence, they allow for the testing of
large numbers of samples using a single subculture (Lee et al. 2013), which decreases
subculture-related variability. Nevertheless, repeatability of the RTL-W1 EROD assay was
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higher than formerly determined (2012/278/EU 2012, Besselink et al. 2004, Engwall and Van
Bavel 2004) and showed values of 36 and 30% for extracts and single substance 2,3,7,8-TCDD
respectively. Hence, repeatability increased with increasing sample complexity, which
corresponds to previous observations of Besselink et al. (2004).

Moreover, care has to be taken when samples with low EROD-inducing potential have to be
evaluated because of the assay’s relatively high average LOD and LOQ of 0.9 and
1.7 pM 2,3,7,8-TCDD (Table 4.1), respectively. The fact that the z-factor of 0.36 was
accompanied by the overall highest standard deviation most likely indicates high intra-assay
fluctuations of positive and negative control (Zhang et al. 1999) due to the z-factors’ high
sensibility towards variability. In conclusion, the EROD assay (RTL-W1) constitutes an assay
particularly suitable for the pre-screening of large sampling sets and, despite its comparably

high detection limits, promptly can be used to detect samples of highest concern.

4.5.1.2 Intra-laboratory comparison

Intra-laboratory results obtained for the H4IIE-luc assay were highly comparable
(rz2=0.942) between two operators of the same laboratory (Figure 4.3a), but repeatability for
sediment extracts of 31 and 57% achieved by operator 1 and 2, respectively, was different and
indicated the assays’ high variability. The within-laboratory reproducibility for sediment
extracts of 17% (in contrast to the percentage of repeatability) corresponded to
recommendations set by European guidelines (2012/278/EU 2012) and most-likely was due to
the fact that test results of both operators and laboratories was evaluated by the same operator
(Table 4.1). Results generated by both operators indicated that sediment ZE and its fractions
possessed the overall highest AhR-activating potential (Figure 4.3a), which demonstrated the

suitability of the H411E-luc assay to be used as prioritizing tool in sediment evaluations.

4.5.1.3 Inter-laboratory comparisons

The inter-laboratory comparison of the H4IIE Micro EROD assay showed comparable
results (r2=0.87) between both operators and laboratories, but showed slightly higher
deviations than the intra-laboratory comparison (Figure 4.3a and b). The between laboratory
reproducibility averaged to 17%, indicating the H411E Micro EROD as a useful cross-laboratory
method. A standard (here 2,3,7,8-TCDD), which delivers highly comparable repeated
measures, is one basic requirement for implementing an assay as a regulatory tool. For the
standard, between-laboratory reproducibility and repeatability on an EC2sTCDD level were 2

and 16% (calculated from respective standard deviations depicted in Table 4.1), respectively,
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and thus are smaller than the recommendations of regulatory guidelines (2012/278/EU 2012)
and performance of reported by other studies (Engwall and VVan Bavel 2004).

In general, the variability observed for this assay was below the inter-laboratory variability
that was achieved results using the CALUX assay. The reproducibility for 2,3,7,8-TCDD and
sediment extracts reached values of 14 and 20%, respectively in case of the CALUX assay
(Besselink et al. 2004). However, the fact that results of both laboratories were calculated by
the same operator most likely lowered the intra-assay variation. For instance, Engwall and
Van Bavel (2004) concluded for their inter-laboratory bioassay comparison study that different
evaluation methods conducted by the participating laboratories influenced inter-laboratory
variance. To lower this influencing factor, the authors strongly recommended standardized
evaluation methods (Engwall and VVan Bavel 2004).

Average LOD and LOQ values of 0.4 and 0.7 pM 2,3,7,8-TCDD were comparable to former
studies (as reviewed by Eichbaum et al. 2014), and indicate that the H4lIE Micro EROD is a
highly suitable screening tool for complex samples with low dioxin-like activity. The
inter-assay variability of EC1oTCDD values was very high compared to ECosTCDD levels,
which possibly indicates EC2s values to be the more reliable effect level for sample evaluation
(Table 4.1). Finally, both operators found the highest overall induction potential for fractions
of sediment ZE, again showing the suitability as prioritization tool and supporting the results
of the remaining assays (Figure 4.3b).

Concerning HRGC/HRMS measurements conducted by different operators and laboratories,
a highly significant correlation (r2 = 0.933, Figure 4.3c) revealed that extraction, clean-up and
analytical methods applied by labs 1 and 2* were comparable and robust. However, for future
cross-method comparisons, it is strongly recommended that extracts have the same origin. This
is because findings of an intra- and inter-laboratory comparison study conducted by Besselink
et al. (2004) revealed that different extraction and clean-up methodologies distinctly influenced
TEQs and BEQs and most likely increased reproducibility.

Although DL-PCBs and PCDD/Fs show high and low concentrations, respectively,
(Figure 4.3 a-c) bio-analytical results show low and high induction levels for DL-PCBs and
PCDD/Fs, respectively, which reveals their high sensitivity towards dioxins. PCDDF/s so far
are not present among the target compounds of guidelines for dredged material (HABAB 2000,
HABAK 1999). However, this compound class essentially influences the overall induction

potential in the group of DLCs and thus the future implementation of in vitro bioassays for the
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screening of environmental trace contaminations with the highly relevant PCDD/Fs should be

considered.

45.1.4 3.2.4 Summarized consideration of bio-analytical results

Only the H4lIE Micro EROD assay showed the same order of contamination levels
(Figure4.4a and b) for DL-PCBs (EBR<EBR/ZE<PR<ZE) and PCDD/Fs
(EBR < PR <EBR/ZE < ZE) as the results from the chemical analysis (see Table 2.1).
Furthermore, this assay exhibited the smallest amount of unexplained percentages of 26.5%
when compared to chemical analytical results (Figure 4.2). Discrepancies between TEQs and
BEQs were considerably higher than Guideline recommendations of + 20% (2012/278/EU
2012), which may be explained through antagonistic or synergistic effects, contradicting the
additive character of the TEQ approach (Safe 1998a, b). Moreover, complex environmental
mixtures are known to contain a certain fraction of dioxin-like inducers non-targeted by
chemical analysis (Engwall and VVan Bavel 2004).

EROD and H4IIE-luc assays, by which multilayer fractions containing both DL-PCBs and
PCDD/Fs were investigated, showed that the sum of the activity of the two fractions (DL-PCB,
PCDD/F) was lower than the total activity measured in multilayer extracts (73 and 82%,
respectively; data not shown). This observation, although opposite to former findings (Manz et
al. 2007), may indicate the presence of antagonistic substances in the multilayer fractions or
possible compound losses during the fractionation process.

In general, BEQs of the different assays were comparable when DL-PCB fractions were
investigated, while they differed for PCDD/Fs (Figure 4.4a and b), indicating the bioassays
differing sensitivities towards PCDD/Fs.

4.5.2 Bio-analytical threshold value derivation from chemical data

The present study’s sampling location ZE (Magdeburg) was found to be among the top 25%
of the most contaminated sediments of the river Elbe. Regarding the TEQLv of 35 pg/g dw,
sediment ZE with TEQs of 70 and 90 pg/g dw as determined in the previous and in the present
study, respectively, clearly separated from other sampling locations along the river such as
sediment PR (Prossen/Schmilka). The TEQLv was chosen in an arbitrary manner, and thus,
could also be based on any other percentile of choice (Figure 4.5a). The BEQpv of
145 pg BEQ/g dw sediment, deduced from a linear correlation of BEQs and TEQs determined
in the present study (Figure 4.5b), has to be considered as preliminary due to the limited data

available for the bioassay to date (Figure 4.5Db).
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Hence, further bio-chemical and instrumental sediment evaluations with DL-PCB and
PCDD/F fractions would have to be conducted to strengthen the basis for such in vitro assay
sediment evaluations. On this basis, sediments could be evaluated and ranked using simple,

rapid and low-cost intensive in vitro bioassays such as the H41IE Micro EROD assay.

4.6 Conclusion

The H4IIE Micro EROD assay showed the best performance within the investigated
bioassays. It was ranked excellent (z-factor =0.54), possessed a satisfactory
samples/cycle-number, its repeatability < 25% was independent of sample complexity and its
remarkably low LOD and LOQ of 0.5 and 0.7 pM 2,3,7,8-TCDD, respectively approached the
limits achieved by instrumental analysis, with which the assay was highly comparable
(rz2=0.803). Bioassay results were highly reproducible (17%) and comparable (rz2=0.87)
between operators and laboratories. While all bioassays reliably indicated sediment ZE and its
fractions to possess the overall highest dioxin-like potential among the four chosen sediments,
only cell line H4I1E showed the same sequence in sediment contamination as it was determined
by HRGC/HRMS.

In contrast, the RTL-W1 EROD assay due to its high sample/cycle-number was more
suitable for the pre-screening and prioritization of large sampling sets and the H4IIE-luc assay
due to its widest concentration range may compensate for time-consuming range finding tests.

With an exemplarily set limit value, derived from former determined river Elbe sediment
TEQs, we could moreover deduce a H4I1E Micro EROD-based limit value that might be used
as an additional quality measure for the assessment of sediments.

To improve future cross-method comparisons, we strongly recommend extracts for
instrumental and in vitro analyses to have the same origin. Furthermore, bio-analytical methods

should be standardized and strictly be conducted and evaluated by well-trained personnel.
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5.1 Abstract

To examine the uptake of dioxin-like compounds (DLCs), common roach (Rutilus rutilus)
were exposed for 28 days to differently contaminated sediments from two major European
rivers in a purpose-built facility. Dietary transfer of DLCs was investigated by exposing fish to

sediments inoculated or non-inoculated with black worms (Lumbriculus variegatus).

Dioxin-like polychlorinated biphenyles (DL-PCBs) and polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs) measured via high-resolution gas chromatography/high-
resolution mass spectrometry (HRGC/HRMS) in sediments and whole fish were used to
calculate toxicity equivalent quotients (TEQs). TEQs were compared with biological toxicity
equivalents quotients (BEQs) determined via the 7-Ethoxyresorufin-O-deethylase (EROD)
assay, performed with mammalian (H41IE) and fish (RTL-W1) liver cell lines.

TEQs and BEQs indicated an uptake of sediment-borne DLCs by roach, which was
independent of sediment contamination levels. For most sediment treatments, DLC uptake did
not increase with time. Highest congener-specific uptake (DL-PCB 123) was 10-fold compared
to control. Exposure to worm-inoculated sediment of highest overall DLC contamination
caused a 2-fold (TEQ and H4IIE BEQ) greater uptake of DLCs by fish compared to the
respective non-inoculated treatment. H411E cells showed the greatest sensitivity (0.37 + 0.25
pM TCDD) and the strongest correlation with TEQs (r2 = 0.79), hence, seem to be best suited
for DLC screening of sediments and biota, amended by compound specific instrumental

analysis if required.

Keywords: Dioxin « EROD * Micro EROD « BEQ « Common roach
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5.2 Introduction

Sediments are well known but poorly understood sources of pollutants for aquatic

environments. Their interfaces constitute areas of intense recycling of organic carbon and
persistent organic pollutants (POPs) (Berglund et al. 2001) and their characteristics can
influence bioavailability and accessibility of POPs (Eggleton and Thomas 2004).
Among the POPs, the so-called dioxin like compounds (DLCs) are of particular concern
because they are persistent, toxic and bioaccumulative (Hilscherova et al. 2000). DLCs share
similarities in structure and bind to the Aryl hydrocarbon receptor (AhR). Although this group
comprises a large variety of contaminants, many of which are still unknown, the term “DLCs”
in the present work exclusively refers to 12 dioxin-like polychlorinated biphenyls (DL-PCBSs),
the 7 polychlorinated dibenzo-p-dioxins (PCDDs) and the 10 dibenzofurans (PCDFs) with
2,3,7,8-chlorosubstitution, when considering results of instrumental analyses.

While PCBs were produced for various applications such as pesticide additives, fluids in
capacitors and transformers as well as lubricants in cutting oils, PCDD/Fs are undesired
industrial byproducts, which, among others, can be formed during incineration, chemical
processes involving chlorine and paper bleaching processes (Aarts et al. 1995, Safe 1994,
Weber et al. 2008). Despite being banned for several decades (Stockholm Convention; Yoder
2003) PCBs are continuously emitted into the environment through leakages from old
capacitors, elastic sealants and other building materials, whereas the emission of PCDD/Fs
decreased in recent years (Besselink et al. 2004) through banning of critical chlorine chemicals
and emission control measures (Lee et al. 2007). DL-PCBs and PCDD/Fs are persistent and
toxic organic compounds, differing in number and position of chlorine atoms bound to their
basic aromatic structures. Because so much research has been done on PCBs they are a useful
reference chemical for use in studies. Due to their physical chemical properties, these
contaminants are globally distributed and can be found in almost every matrix including
sediments, soils, wildlife, human tissue, blood and milk. Their potential to bioaccumulate and
biomagnify along the food chain endangers wildlife, the environment, but also human beings
(Fent 2007). Exposure to DLCs, which exceeds a hazardous level, can cause wasting syndrome,
reduced fecundity, hepatic damage, dermal disorders, thymic atrophy, immunotoxicity,
endocrine disruption and reproductive toxicity (Safe 1986, Whyte et al. 2000).

All DLCs, including 2,3,7,8-tetrachloro dibenzo-p-dioxin, which is considered the most
toxic congener (Safe 1990, 1994), bind to the AhR. The AhR is a ligand-activated transcription
factor in the Per-Amt-Sim (PAS) family of proteins that mediates the pleiotropic expression of

a suite of genes and is believed to regulate most, if not all, adverse effects associated with
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exposure to DLCs. Among the downstream effects of the AhR induction is expression of
enzymes involved with xenobiotic metabolism (Okey 2007). One prototypic biomarker for the
activation of the AhR by DLCs in vertebrates is induction of the phase | biotransformation
enzyme cytochrome Pss0lA (CYP1A). Within this group, member CYP1Al 7-ethoxy-
resorufin-O-deethylase (EROD) can be found. EROD develops in vertebrate cells that have
been exposed to environmental sample extracts and can be quantified by determining both, the
amount of EROD-catalyzed fluorescent reaction product resorufin (built following addition of
the artificial substrate 7-Ethoxyresorufin) and the amount of protein present at the moment of
reaction. EROD constitutes the endpoint of both, the RTL-W1 EROD and the H4IIE Micro
EROD assay used in this study.

These assays possess a certain predictive ability and might therefore serve as screening tools
for the detection of DLCs in various environmental matrices (2012/252/EU 2012, Eichbaum et
al. 2014). They represent supporting bio-analytical methods for classical, instrumental analysis
of individual DLC congeners. One advantage of bio-analytical characterization of DLCs in
complex mixtures such as sediment or tissue samples is that they provide a more realistic,
ecotoxicological relevant exposure assessment and allow for both, the integration of all
interactions among DLC congeners and detection of inducers not monitored in compound
specific instrumental analyses (Giesy et al. 1997, Wernersson et al. 2015). Bio-analytical and
instrumental results can be compared by using the approach of toxicity equivalent quotients
(TEQs) and biological equivalent quotients (BEQs) (Safe 1998a).

When considering exposure of aquatic organisms to sediment-borne DLCs, different
exposure pathways include aqueous (particle-, sediment- and/or water contact via integument
and gills) and dietary exposure. Rates of accumulation are dependent on the species, its
developmental stage, behavior and sexual condition as well as season, environment and climatic
conditions (as reviewed by Eggleton and Thomas 2004) but are also influenced by physical
chemical properties of compounds. For example, the octanol/water partitioning coefficient
(log Kow) can be used to determine the affinity of a compound to biotic tissue or fat. For aqueous
exposure pathways, a linear relationship between log Kow and bioavailability of a chemical up
to log Kow values < 7 has been found. Log Kow values > 7 result in strong binding of chemicals
to e.g. sediments and thus, their bioavailability decreases (Engwall et al. 1998, Hollert et al.
2002). Concerning the accumulation of DLCs, foodstuff of animal origin is one of the main
sources of POPs (van Leeuwen et al. 2000) and that feeding, movement and burrow formation
can increase contaminant release from sediments. Moreover, sediment ingestion might be

primary routes for congeners exhibiting high log Kow values (Eggleton and Thomas 2004).
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In the present study a cyprinid fish, the common roach (Rutilus rutilus) was studied. This
species is abundant in Eurasian lakes and rivers (Jamet and Desmolles 1994) and thus a species
of high ecotoxicological relevance. To determine the extent to which DLC uptake in roach
depends on the initial sediment contamination and/or sediment-specific characteristics,
individuals were exposed to sediments, differently contaminated with DLCs (Feiler et al. 2013,
Hoss et al. 2010). Exposure of roach to sediments to which oligochaetes had been added, aimed
in determining whether contaminated diet increases uptake of DLCs compared to uptake via
the water phase alone. All exposure scenarios were applied to create more realistic exposure
pathways of DLCs in aquatic systems. Whether an uptake of DLCs by roach is detectable by
means of bio-analytical methods was investigated by analyzing homogenates of fish and
sediments by means of two in vitro bioassays and by verifying those results via results obtained

by chemical instrumental analysis.

5.3 Materials and methods

5.3.1 Study design

In a 28-days exposure experiment, juvenile common roach were exposed to three sediments
and a 1:10 mixture of two of these sediments, which differed in characteristics and level of DLC
pollution. The dietary uptake of DLCs in fish was investigated by comparing the uptake
following the exposure of fish to either worm-inoculated or non-inoculated sediment
treatments. Finally, sediment and biota samples were extracted, subjected to clean-up and bio-
analytically investigated using the 7-Ethoxyresorufin-O-deethylase (EROD) assay with
RTL-W1 cells and the Micro EROD assay with H41IE cells. Concentrations of 29 DLCs were
determined wusing capillary gas chromatography/high resolution mass spectrometry
(HRGC/HRMS).

5.3.2 Sediments

Details on sediment samples can be taken from table 2.1 and section 2.1. Exposure
experiments to sediments ZE and EBR/ZE were conducted in summer 2012
(07.06.2012 - 14.07.2012), those of sediments PR and EBR in autumn 2012
(24.10.2012 - 30.11.2012).

80



Chapter5 — Bio-analytical screening of the uptake of DLCs by fish

5.3.3 Fish

Juvenile common roach were obtained from a pond aquaculture of a local supplier (Inquadro,
Aachen, Germany), transported to RWTH Aachen University and transferred to aerated 1,000 L
tanks. Fish were maintained under flow-through conditions in tap water (approx. 15 °C;
pH 7.8 £ 0.2; NH3 < 0.1 mg/L) with a water exchange rate of 0.5 — 1/d. Light and dark phases
were 12 h each. Fish were fed ad libitum with frozen chironomids (Aquahobby, Peine,
Germany) and allowed to acclimatize for at least one month. A total of 156 fish were used and
distributed among the exposure units in similar dimensions, on average 118 + 5 mm length and
36 + 6 g wet body mass (wm). Fish were used in accordance to the Animal Welfare Act and

with permission of the federal and local authorities, registration no. 84-02.04.2011.A368.

5.3.4 Experimental conditions

Exposures of fish were conducted in accordance with OECD test guideline 305 with the most
important deviations including the lack of true flow-through conditions and depuration time as
well as the exposure to sediment (Ahlf et al. 2002). Experiments were conducted in a purpose-
built exposure facility in an air-conditioned room at the Institute for Environmental Research,
RWTH Aachen University. The exposure facility, which enabled simultaneous testing of three
sediments, consisted of six independent exposure systems, each consisting of five 100 L
aquariums. Four aquaria were used as exposure tanks and one as a sump (Figure 5.1).

The latter enabled continuously pumping and recirculation of water to the individual
aquariums at a rate of about 10 L/min. Water was aerated (approx. 20 L/min) and temperature
was maintained at 17.0 + 0.6 °C by use of stainless steel heat exchangers connected to a re-

circulating chiller via the sumps. Light/dark phases were 12 h each.
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Figure 5.1 Technical drawing of the exposure facility composed of six independent systems (A - F) and respective
aquariums (1 - 4); each system is equipped with a pump sump (S), in which regulation of oxygen and temperature,
as well as the permanent measurement of temperature and turbidity took place.

5.3.5 Experimental set up

5.3.5.1 Exposure scenarios

Individual roach were exposed to sediments under two different exposure scenarios: (1)
Sediments EBR, EBR/ZE, PR and ZE that were inoculated with 100 g wm black worms
(Lumbriculus variegatus, Fauna topics GmbH, Marbach, Germany) and which are referred as
(+) approaches, and (2) non-inoculated sediments ZE and PR, which are referred to as (-)
approaches. Here, fish were daily fed with uncontaminated black worms at a rate of 1%
collective body mass (body mass per aquarium). Feeding was only performed on populated

aquariums.

5.3.5.2 Conduct of exposure experiments
Each homogenized sediment was tested in four pseudo-replicate tanks connected via a sump.
Sediment (8 kg wet mass (wm)/replicate) was covered with tap water (approx. 75 L) avoiding

re-suspension. Sediments were allowed to consolidate over ten days. In case of (+) scenarios,
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sediments were inoculated with 10 g wm of living black worms (L. variegatus) per replicate
before consolidation. Following this period, six individuals of (R. rutilus) from the maintenance
tank were transferred to each replicate tank (except the sump), and in the case of (-) scenarios
were fed daily with 1 g wm of living black worms. Following an exposure period of 10 days,
fish were transferred to new tanks that had been subjected to the same 10 days consolidation
period as described above, to maintain stable sediment contaminant concentrations. This
procedure was repeated until an exposure period of 28 days was reached.

5.3.5.3 Daily measurement of limno-chemical parameters

During both, consolidation and exposure periods limno-chemical parameters were daily
measured in four pseudo-replicates and the sump of each test system, respectively. Parameters
that were consistent among replicate tanks of a system until the first fish transfer were thereafter
only monitored in the sump. Daily measured limno-chemical parameters included: temperature
and conductivity (conductivity electrode LF91 KLE 1/T, WTW, Weilheim, Germany),
dissolved oxygen (DO meter HI 9146, Hanna Instruments, Kehl, Germany), pH (pH meter,
Mettler Toledo AG, Schwerzenbach, Switzerland), redox potential (ORP 15, VWR
international, Darmstadt, Germany) and turbidity (turbidimeter, Ratio/XR, HACH company,
Loveland, Colorado, U.S.A.). The concentration of alkaline earth metals (i.e. total hardness)
was determined in 100 ml water filtrates (0.7 um glass-fiber filters, Macherey und Nagel GmbH
& Co.KG, Diren, Germany) containing both an indicator buffer tablet (Merck, Darmstadt
Germany) and 1 ml of ammonia (32%, Carl Roth GmbH + Co.KG, Karlsruhe, Germany).
Samples were titrated (25 +0.075 ml, 20 °C, Brand, Germany) with Titriplex solution B
(Merck) until colour change.

5.3.5.4 Sediment and biota sampling

Aliquots of the three sediments and the mixture were taken prior to the exposure
experiments. Fish samples were taken on day 4, 7, 14 and 28. Specifically, all fish from one
tank (in case no mortality occurred: six individuals) were removed (starting with the first tank
on day 4 and ending up with the fourth tank on day 28), anaesthetized using benzocaine and
killed by exsanguination. Standard lengths and mass of fish were determined. Fish were
wrapped in aluminium foil and stored at -80 °C until further use. Six randomly chosen animals
from the maintenance tank were treated the same way and used as “summer” and “autumn”

controls.
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Condition factor (K) of each fish was determined according to equation 5.1 (Fulton 1902,
lannuzzi et al. 1995). Where N represents the numerical factor 5, L is standard length measured

in millimetres and W is mass measured in grams.

K =10 «W % L3 (5.1)

5.3.6 sample preparation, extraction and clean-up

Preparation, extraction and clean-up of sediment and biota samples were performed
according to section 2.2, but the following additional steps and/or modifications were applied
for the biota samples:

Homogenates of whole fish (consisting of six frozen animals from one treatment (refer to
section 5.3.5.2) were prepared by mixing in a Philips blender (2096/00, Aschaffenburg,
Germany) for 10 min under addition of deionized water. After freeze-drying of the biota
samples, these were sieved <2 mm and masses of fractions >2 mm of fish homogenates
(mostly containing bones and scales) were determined gravimetrically. Under the assumption
that wet mass (wm) equates dry mass (dm) in the fraction > 2 mm, re-calculation of the initial
homogenate fresh masses was conducted. For extraction of biota samples, 3 g dm of sample
were mixed with the same amount of sodium sulfate as was used for sediment samples (5 g).

The clean-up of biota samples included the steps of the gravimetrical determination of the

fat content, which was not applied for sediments (refer to Figure 2.2).

5.3.7 Bio-analytical and HRGC/HRMS analysis

5.3.7.1 The RTL-W1 EROD and H4IIE Micro EROD assay
The EROD assay with cell lines RTL-W1 and H4IIE were performed according to

sections 2.3.1 and 2.3.2, respectively.

5.3.7.2 Chemical analysis by means of HRGC/HRMS
The HRGC/HRMS analyses of sediment and biota extracts was performed as described in

section 2.4.1.

5.3.7.3 Calculation of TEQs and BEQs
The calculation of BEQs was made according to equation 2.1 in presented in section 2.3.4,

whereby due to the partially very low efficacy of the samples, x in equation 2.1 was the
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concentration at 10% effect level. TEF-based TEQs were calculated according to equation 2.5
with WHO2005 TEFs.

5.3.8 Data analysis and presentation

All plots and linear correlation analyses (Pearson correlation; p < 0.05) were conducted in
GraphPad Prism 5 (La Jolla, CA, USA). Bio-analytical data was processed via Excel (Microsoft
Office Excel 2003) and concentration-response curves were plotted using GraphPad Prism
using a non-linear regression and a dose-response stimulation (log agonist vs. response).
Statistical analyses were conducted by use of the software Sigma Stat 3. Normally distributed
(Kolmogorov-Smirnov test, p < 0.05) data sets with equal variances (Levene’s test, p < 0.05)
were analyzed by use of parametric one-way ANOVA (Dunnett’s test; p < 0.01). Data sets that
were not normally distributed were analyzed with a Kruskal-Wallis ANOVA on ranks
(p <0.01) was performed with Dunn’s test as post-hoc test (p <0.01). A Students t-test
(p < 0.05) was used to statistically analyze the impact of contaminated feed. All graphical

drawings were produced using the vector graphic program Inkscape 0.48.

5.4 Results

The following sections will give the results of general sediment characteristics, experimental
conditions during the exposure experiments, fish condition/ mortality as well as instrumentally

and bio-analytically derived results.

5.4.1 Characterization of sediments

Despite the missing natural origin of the lab-prepared 1:10 mixture EBR/ZE, this mixture

will also be termed “sediment” to simplify matters.
The Elbe sediments PR and ZE clearly differed from Rhine sediment EBR in terms of
composition. Generally, Elbe sediments were characterized by a greater amount of sand and
thus, lesser proportions of silt and clay. Despite this smaller fraction of fine particulate matter,
these sediments had greater concentrations of TOC and higher losses on ignition (refer to
Table 2.1).

Generally, HRGC/HRMS measurements showed that sediments PR, EBR and the mixture
EBR/ZE were equally contaminated with 12 DL-PCBs and 17 PCDD/Fs, whereas sediment ZE
showed an approximately 2 and 4-fold higher contamination, respectively (refer to Table 2.1).
RTL-W1 EROD and H4IIE Micro EROD BEQs determined for DL-PCB and PCDD/F fractions
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were magnitudes higher than the concentrations determined via HRGC/HRMS with a

comparable higher signal strengths for PCDD/Fs than for DL-PCB fractions.

5.4.2 Limno-chemical parameters

Suspended matter concentrations of sediments EBR and EBR/ZE (consisting of 9 parts EBR)
were approximately twice of those observed for the remaining scenarios (Figure 5.2). The
non-inoculated (-) approaches of sediments PR and ZE showed lower particulate matter
concentrations as the respective (+) approaches (Figure 5.2). In general, particulate matter

concentrations were highest for all EBR containing scenarios and all (+) scenarios.
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Figure 5.2 Course of the suspended particulate matter concentration during a 28-days experiment with common
roach (R. rutilus) exposed to six sediment approaches: EBR = Ehrenbreitstein, PR = Prossen, ZE = Zollelbe;
EBR/ZE = mixture consisting of 9 dry mass (dm) parts EBR and one dm parts ZE. Approaches marked with (-) in
contrast to the remaining ones, were not inoculated with black worm. Graphs represent the concentrations
measured in four aquariums of one system (one approach) and error bars show standard deviations thereof.
Asterisks mark dates of fish sampling, each performed on one of the four aquariums of the respective sediment
approaches. Dashed lines mark dates of a fish transfer to freshly consulidated sediment.

Average temperature and dissolved oxygen concentrations during exposure to the 6
treatments were 17 £ 0.6 °C and 8.3 = 1.4 mg/L, respectively. Redox potential, conductivity,
pH and water hardness along the six treatments averaged to 175.5+17.0 mV,
342.2 +17.8 uS*cm, 7.83 + 0.42 and 78.5 * 6.2, respectively.

5.4.3 Mortality and condition of test animals

Mortality was observed in all treatment groups, particularly at the end of the 28-day exposure
period, reaching values between 4% (EBR, PR, PR (-)) and 25% (ZE). Highest mortalities of
21% (EBR/ZE, ZE (-)) and 25% were observed for fish exposed to sediments containing ZE
sediment. Health effects during the exposure experiments have not been observed, partly
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because high turbidity complicated such observations. Control fish originating from the tap
water filled maintenance tank did not show mortality or any effects.

The index of condition K of fish in the summer and autumn run was 1.8 + 0.1 and 1.9 + 0.2,
respectively. A student’s t-test between condition indices of fish prior to and at the end of each
experimental period as well as between fish of different feeding strategies showed no significant

changes in condition.

5.4.4 Bio-analytical and HRGC/HRMS analysis

5.4.4.1 Bio-analytical quality criteria

Overall, 78 measurements were performed with extracts of fish in both assays. Thereby,
limits of detection (LOD) and quantification (LOQ) exhibited values of 0.37 +0.25 and
0.57£0.27 pM TCDD in the H4lIE Micro EROD, respectively and 1.20 £0.71 and
2.03+£1.24 pM TCDD in the RTL-W1 EROD assay, respectively. In contrast to the H4lIE
Micro EROD assay, an overlap between LOQ and EC10TCDD became obvious for RTL-W1
cells. While the maximum EROD induction strengths of sediment fractions averaged to
70 + 18% and 80 £ 9% in the H41IE Micro EROD and RTL-W1 EROD assay, respectively,
induction strengths of fish homogenate extracts only averaged to 54 + 18% and 59 + 13% in
the H4I1E Micro EROD and RTL-W1 EROD assay, respectively.

5.4.4.2 BEQs and TEQs of whole fish extracts with respect to the sediment type

Concentrations of BEQs and TEQs, reported on a lipid mass basis, in fish exposed to the
four sediments to which L. variegatus had been added (referred as (+)) are given in Figure 5.3.
Thereby, BEQs in fish exposed to EBR (+) exhibited a temporal dependency, which was
significant compared to the control in both the RTL-W1 EROD (r2 = 0.808) and H4IIE Micro
EROD (r2 = 0.864) assay. BEQs measured in fish exposed to the remaining sediments exhibited
a similar trend: A marked uptake (day 4) was followed by a slight decrease in concentration of
BEQ (day 7) followed by an increase in concentration of BEQ (day 14), which in turn was
followed by another decrease in concentrations of BEQ (day 28).

Concentrations of BEQs in fish on sediment EBR (+) were significant higher compared to
the control from day 7 (H41IE) and 14 on (RTL-W1). However, there was no clear tendency
observed for fish exposed to EBR/ZE (+). Concentrations of BEQs in fish at day 14 were the
only ones significantly different from the control in both assays. In contrast to concentrations
of BEQs determined via the RTL-W1 EROD assay, H41IE BEQs in fish exposed to PR (+) on
all sampling dates were significantly different from the control (ANOVA, Dunnett’s test;
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p <0.01). The patterns of BEQs determined for fish exposed to ZE (+) and that of EBR/ZE (+)
were similar for both assays. More detailed, BEQs were significantly different from the control
on days 4 and 7 for H4I1E cells and day 14 for RTL-WL1 cells (Figure 5.3).
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Figure 5.3 Lipid mass (Im) normalized, instrumentally (HRGC/HRMS; WHO2005TEQs; A = congeners below
the detection limit were excluded) and bio-analytically (RTL-W1 EROD; H4lIE Micro EROD) determined
toxicity equivalents (TEQs) of whole fish homogenates of common roach (R. rutilus), exposed to four different
worm-inoculated sediments for 28 days. EBR = Ehrenbreitstein, PR = Prossen, ZE = Zollelbe; EBR/ZE = mixture
consisting of 9 dry mass (dm) parts EBR and one dm parts ZE. White (RTL-W1 EROD assay) and light grey
(H4I11E Micro EROD assay) bars represent TEQs of three independent biological replicates, calculated on EC10
basis. Error bars show standard deviations thereof. Asterisks mark results significantly different to C = control
(parametric one-way analysis of variance, ANOVA, Dunnett’s test; p < 0.01 with Kolmogorov-Smirnov and
Levene’s test as pre-tests).

Concentrations of BEQs in fish on sediment EBR (+) were significant higher compared to
the control from day 7 (H41IE) and 14 on (RTL-W1). However, there was no clear tendency
observed for fish exposed to EBR/ZE (+). Concentrations of BEQs in fish at day 14 were the
only ones significantly different from the control in both assays. In contrast to concentrations
of BEQs determined via the RTL-W1 EROD assay, H41IE BEQs in fish exposed to PR (+) on
all sampling dates were significantly different from the control (ANOVA, Dunnett’s test;
p <0.01). The patterns of BEQs determined for fish exposed to ZE (+) and that of EBR/ZE (+)
were similar for both assays. More detailed, BEQs were significantly different from the control
on days 4 and 7 for H4IIE cells and day 14 for RTL-W1 cells (Figure 5.3).

The comparability of BEQs determined by use of both assays was inversely proportional to
sediment DLC concentrations. While linear correlation between the two assays was not
significant (r2 = 0.11) when fish exposed to ZE (+) were included, correlation was significant

(r2 = 0.32) when fish exposed to ZE (+) were excluded. BEQs determined via both assays and
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respective WHO200s TEQS showed comparable trends. (Figure 5.3). Looking at the results of all
three methods, concentrations of TEQs and BEQs in the roaches increased from sediments EBR
(+) and PR (+) over EBR/ZE (+) to ZE (+).

In total, 29 + 18% of the RTL-W1 and 44 £ 15% of the H4IIE BEQs could be explained
through the WHO200sTEQs. Thereby, the correlation between H4lIE BEQs and TEQs
(r2 = 0.62) was distinctly higher than that of RTL-W1 BEQs and TEQs (r? = 0.25).

5.4.4.3 Classification of DLC uptake on basis of environmental quality standards

In 2013 regulation 2013/39/EU entered into force (2013/39/EU 2013), which established an
environmental quality standard (EQS) of 6.5 pg TEQ/g fm for DLCs in biota. To compare the
present data with this EQS lipid mass (Im) data underlying Figure 5.3 was normalized to fresh
mass (fm) (data not shown). BEQs ranged from 1.8t04.9pgBEQ/gfm and
1.0to 5.5 pg BEQ/g fm in the RTL-W1 EROD and H4lIE Micro EROD assays, respectively.
Chemical TEQs ranged from 0.7 to 3.6 pg TEQ/g fm for the sum of WHO-PCDD/Fs and DL-
PCBs.

5.4.4.4 DLC uptake as a function of ingestion

The worms were not chemically investigated, but an uptake of sediment by L. variegatus
could be observed through the skin a few hours following their transfer on the sediments
(Figure 5.4).

Figure 5.4 Tunnels (black arrow) and feces (white arrow) of
black worms (Lumbriculus variegatus) one day after the
sediment has been inoculation.

On a relative basis, uptake factors aligned both seasonal (summer; autumn) and
methodological (BEQs; TEQs) differences among fish exposed to the different scenarios.

Uptake factors of fish exposed to sediment PR predominantly showed uptake factors > 1.
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The general pattern of uptake factors determined for fish on PR (Figure 5.5a) and ZE
(Figure 5.5b) differed in that way that uptake factors determined for fish exposed to PR
(Figure 5.5a) did not show an temporal trends and were relatively consistent among the
different methods (EROD, Micro EROD and chemical analysis). However, the altitude of
uptake factors of fish exposed to sediment ZE ((-) 1.8; (+) 2.0) on average did not significantly

differ from those calculated for fish on PR.
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Figure 5.5 Comparison between instrumentally (HRGC/HRMS, WHO205 TEQS) and bio-chemically (RTL-W1
EROD, H4l1E Micro EROD) determined factors (TEQ/TEQ control) of fish exposed to sediment Prossen (a) and
Zollelbe (b) under consideration of presence (+) and absence (-) of contaminated feed. Dashed line marks the level
above which uptake took place. White (RTL-W1 EROD assay) and light grey (H4lIE Micro EROD assay) bars
represent TEQs of three independent biological replicates, calculated on an ECg basis. Error bars show standard
deviations thereof. Asterisks mark significant differences between (-) and (+) approaches analyzed by using a
student’s t-test (p < 0.05).

In contrast to uptake factors determined for fish on sediment PR (+) and PR (-), uptake
factors in fish exposed to sediment ZE in the presence of worms in the sediment were significant
(student’s t-test, p < 0.05) higher than in the absence of worms. In total, the uptake factors in
fish on ZE (+) were 2.1-fold (TEQs) and 1.8-fold (BEQs, at least for the H41IE Micro EROD
BEQs) higher than uptake factors in fish on ZE (-).

The instrumental derived uptake factors determined for ZE (-) showed an opposite temporal
trend compared to uptake factors in fish exposed to ZE (+). More detailed, BEQs determined
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by both EROD assays showed a temporal increase for the ZE (-) approach, while in fish on the
ZE (+) approach, except day 14) a high initial uptake of DLCs was followed by a decrease. In
contrast to the ZE (+) approach, H411E Micro EROD BEQs determined in fish exposed to ZE (-)

correlated well with instrumental data (r2 = 0.99; n = 4).

5.4.4.5 Congener-specific uptake following 28 days of exposure

This section focuses on concentrations of individual DLCs and their uptake by roach
following 28 days of exposure to four (+) sediments. DLC congeners, their octanol-water
portioning coefficient (log Kow), water solubility and initial sediment concentrations are given
in Table 5.1, accompanied by their respective uptake factors in roach.

DL-PCB uptake factors ranged between 0.5 (ZE (+)) and 4.8 (EBR/ZE (+)) (Table 5.1). In
total, only four of the factors were < 1. On the chemical site, PCB 81 and 169 occurred at small
concentrations or were not detected in sediments, thus were not detected in roach. The
remaining non-ortho congeners were present in sediments at relatively small (PCB 126) or high
(PCB 77) concentrations, but exhibited equivalent uptake factors in roach. For mono-ortho
PCBs, most of the uptake factors were independent of initial concentrations in the sediments.
For instance, the concentration of PCB 118 among the four sediments was, on average, 75 times
the concentrations of PCB 114. Nevertheless, uptake factors calculated for fish were equivalent.

The largest uptake factors among all chosen congeners were observed for PCB 123. Despite
small initial concentrations of this congener in all sediments, uptake factors of as much as

10-fold higher compared to control were observed (ZE (+) day 4, Figure 5.6).

5.4.4.6 Temporal congener-specific uptake depending on sediment characteristics

The temporal patterns of uptake of DL-PCB by roach exposed to sediment mixture EBR/ZE
(+) were compared with those obtained for each sediment EBR (+) or ZE (+) alone (Figure 5.6).
Predicted concentrations of the 12 DL-PCBs in sediment EBR/ZE, deduced from the 1:10
mixing ratio, on average only differed by 12% from the actual concentrations.

While in fish exposed to EBR (+) most of the congeners exhibited a slight increase in uptake
factors over time, fish exposed to ZE (+) showed a high initial uptake, followed by a decrease.

Fish exposed to the mixture exhibited the same high initial uptake as observed for fish
exposed to ZE sediment. These uptake factors moreover showed comparable values ranging
from 1.7 t0 9.0 and 2.7 to 10.0 for EBR/ZE (+) and ZE (+), respectively.
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Table 5.1 Log Kow values, water solubilities as well as uptake factors (in fish after 28 days of exposure to four sediments and normalized to concentration of fish control) and initial
concentrations (in sediments) of non-ortho (77, 81,126, 169) and mono-ortho (105, 114, 118, 123, 156, 157, 167, 189) PCBs and several PCDD/Fs. EBR = Ehrenbreitstein,
PR = Prossen, ZE = Zollelbe; EBR/ZE = mixture consisting of 9 dry mass (dm) parts EBR and one dm parts ZE. Uptake factors were calculated on a dry mass (dm) basis.

Uptake factors (c/co) in fish

Sediment congener concentration

exposed to sediment [pa/g dm]
Water solubility
log Kow 2 EBR EBR/ZE PR ZE EBR EBR/ZE PR ZE
at25°Cac

PCB 77 6.63° 0.0298 25 1.6 2.1 1.7 297 422 357 948
PCB 81 6.34 0.0532 n.d. n.d. n.d. n.d. n.d. 7 12 28
PCB 126 6.98 0.0094 15 2.2 1.0 1.0 25 35 24 50
PCB 169 7.41° 0.0025 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
PCB 105 6.79° 0.0136° 1.6 15 1.3 14 446 453 391 939
PCB 114 6.98 0.0094 15 1.4 1.2 1.4 23 32 29 62
PCB 118 7.12° 0.0071 15 1.4 1.2 1.4 1600 1970 2330 5300
PCB 123 6.98 0.0094 3.8 4.8 3.1 2.9 21 34 23 81
PCB 156 7.60° 0.0017 1.6 1.9 1.4 0.9 533 607 1030 1170
PCB 157 7.62 0.0016 15 2.0 1.1 0.9 102 121 223 162
PCB 167 7.50° 0.0021 1.4 1.9 1.2 0.7 339 369 518 706
PCB 198 8.27 0.0003 1.4 1.9 1.3 0.5 112 132 279 270
12378-PentaCDD 6.64° 0.0009 14 n.a. 1.2 n.a. 1.1 2.8 0.7 4.4
2378-TetraCDF 6.63 0.0019 2.3 2.6 1.7 1.8 0.6 5.8 0.5 3.0
12378-PentaCDF 7.27 0.0003 n.a. 4.3 n.a. 4.1 2.2 6.6 3.7 67.7
23478-PentaCDF 7.27 0.0003 2.6 3.8 1.8 2.8 3.1 7.4 4.5 81.1

a = estimated values (unless highlighted with °) from the US EPA data base “EPISuite”; b = experimentally determined value from the EPI database ;

¢ = estimated from the respective log Kow; n.d. = not detectable; n.a. = not analyzable (in case congener was not detectable in the control group)
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The high initial uptake by fish exposed to the mixture was followed by a constant baseline,

which stayed unaffected by the decrease of uptake factors as it was observed for fish on ZE (+).
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Figure 5.6 Temporal course of the control normalized uptake of 12 WHO-DL-PCB congeners (except PCB 169)
in common roach (R. rutilus) exposed to sediments EBR = Ehrenbreitstein, ZE = Zollelbe and a 9:1 dry mass
mixture thereof (EBR/ZE) for 28 days. Kongeners (legend) were determined instrumentally (HRGC/HRMS).

5.5 Discussion

The following section will characterize the investigated sediments, discuss the condition and
mortality of fish based on the experimental conditions. In particular, instrumentally and bio-
analytically derived results will be discussed with respect to method comparability as well as
with regard to congener-specific and dietary uptake behaviour of DLCs in fish.

5.5.1 Characterization of sediments

The Elbe sediments PR and ZE clearly differ from Rhine sediment EBR since they exhibited
relatively lesser proportions of silt and clay, greater concentrations of TOC and higher losses
on ignition (refer to Table 2.1), indicating a higher number of possible DLC binding sites of
Elbe sediments, which in principle allow for higher concentrations of contaminants.

Instrumentally (HRGC/HRMS) and bio-analytically (RTL-W1 EROD and H4IIE Micro
EROD) derived results both should the same trend with sediment ZE to be distinctly higher
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contaminated with DLCs compared to the remaining sediments. Thereby, BEQs were
magnitudes higher than TEQs, indicating effects of additional dioxin-like compounds, not
targeted by chemical analysis.

5.5.2 Limno-chemical parameters

Limno-chemical parameters provide important information on the environmental conditions
during animal experiments, and moreover form the basis for the availability of xenobiotics and
reflect sediment dynamics.

Sediments differed greatly with respect to their percentage of fine particulate matter (refer
to Table 2.1). This characteristic influenced turbidity during the exposure experiments and,
hence, the amount of particulate matter present in the water phase and most likely the amount
of particle-bound DLCs. EBR as a fine particulate sediment influenced all EBR containing
treatments in that way that highest particulate matter concentrations were found in these
treatments (Figure 5.2). Particulate matter concentrations moreover were dependent on fish
behaviour: In contrast to the non-inoculated (-) approaches, fish in the respective (+) approaches
began to feed on the worms after their transfer, and in turn caused higher re-suspension of
sediment (Figure 5.5a, b). Because suspended matter concentrations are known to influence
DLC uptake kinetics from water (Ahlf et al. 2002), comparably higher concentrations in EBR
containing scenarios and all (+) scenarios most likely have led to a higher DLC uptake in fish
through the water phase.

Average temperature and dissolved oxygen concentrations during exposure met criteria
required by OECD 305 with temperature changes <2°C and dissolved oxygen
concentrations > 60% saturation (OECD 2011). Redox potential and conductivity were
inconspicuous, the pH stayed neutral to slightly alkaline and the average value of the total water
hardness equated 1.4 mmol Calcium oxide/mL and thus was classified as soft (Breitung and
Keller 2010). Hence, all limno-chemical parameters were in the ranges of tolerance of common

roach.

5.5.3 Mortality and condition of test animals

Whether mortality was caused by xenobiotics released from the different sediments is
unclear, but it can be excluded that they were due to limno-chemical conditions, which were
comparable among treatment groups and in the range of tolerance (refer to section 5.5.2). Health
effects neither have been observed during the exposure experiments, nor in control fish in the

maintenance tank.
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The index of condition K gives information on the fish’s fitness and nutritional status. It
assumes that the heavier the fish in relation to its standard length, the better its condition (Kortet
et al. 2003). K values of fish of summer and autumn run corresponded to former K values
measured for common roach (Jamet and Desmolles 1994, Kortet et al. 2003) and did not show
any experimental-related changes.

These findings and the fact that K constantly was in the range of excellent, good and fair
(K=1.6; 1.4 and 1.2, respectively) (lannuzzi et al. 1995), shows that test animals did not suffer

from any stress caused by experimental or environmental conditions.

5.5.4 Bio-analytical and HRGC/HRMS analysis

5.5.4.1 Bio-analytical quality criteria

LODs and LOQs determined for overall 78 measurements indicated the H4I1E Micro EROD
to be the most sensitive assay. The use of ECio values for BEQ calculation is appropriate as
long as these values are well above assay-specific LODs and LOQs, which was the case using
the H4I1E Micro EROD assay, but an overlap between LOQ and EC1oTCDD became obvious
for RTL-W1 cells. Hence, RTL-W1 BEQs have to be evaluated with care. Maximum H4IlIE
and RTL-W1 EROD induction strengths observed for sediment and biota showed that equal
efficacy of sample and standard (Villeneuve et al. 2000) was not reached for most fish extracts,
reflecting difficult initial test conditions of this matrix.

5.5.4.2 BEQs and TEQs of whole fish extracts depending on the sediment type

The following section aims of exploring the question whether different DLC contaminations
of sediments influenced uptake kinetics of those compounds into biota (Figure 5.3).

When interpreting BEQs derived in this study, it has to be considered that the insufficient
initial clean-up possibly has led to impurity-related false-positive effects in extracts of fish and
sediment. Due to the missing PCB and dioxin separation in fish extracts, these substance classes
cannot be interpreted separately (see section 2.4.1). However, acording to Hasegawa
(Hasegawa et al. 2007) and our own experience, concentrations of BEQs accounting for the
sum of DL-PCBs and PCDD/Fs correlate better with respective concentrations of TEQs as
compared to concentrations of BEQs and TEQs of the single fractions. An explanation for that
is that dioxins are much more potent in activating the AhR as compared to DL-PCBs. Hence,
fish homogenate extracts solely allowed for evaluating the overall dioxin-like potential of the

sum of DL-PCBs and PCDD/Fs present in these samples.
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Previous studies revealed that fine-grained bottom sediments such as EBR can act as
reservoirs by reducing toxicity potential to aquatic organisms. Due to their sorptive nature they
accumulate contaminants more effectively (as reviewed by Eggleton and Thomas 2004). But
once re-suspended (Figure 5.2) this reservoir can become a source, which in the case of fish
exposed to EBR (+), could have led to temporal increasing concentrations of BEQs as measured
in both assays. Trends observed for the remaining sediments could be explained by feeding
behaviour. As aforementioned, fish began to feed on the worms as soon as they were transferred
to sediments containing worms. This transfer took place on days 0, 10 and 20. Sampling days
4 and 14, which are located closest in time to these transfer activities, exhibited the overall
highest concentrations of BEQs (Figure 5.3).

By comparing BEQs measured in exposed and in control fish (Figure 5.3), a performed
ANOVA partly could prove significant uptakes of DLCs in exposed fish. This uptake appeared
from day 4 on, especially using the H41IE Micro EROD assay. However, the most significant
uptakes could be determined in fish exposed to EBR (+) using both EROD assays. This supports
the aforementioned hypothesis that due to its fine particulate characteristic, sediment EBR
generates relatively higher concentration of DLC loaded particulate matter to the exposed fish.
The fact that fish exposed to all ZE containing sediment treatments (i.e. ZE (+) and EBR/ZE
(+)) could indicate that the high DLC concentrations present in sediment ZE caused higher
uptakes in fish exposed to the mixture due to the uptake supporting characteristics of sediment
EBR, present in the mixture. But in this circumstance, it should be mentioned that DL-PCB and
PCDD/F concentrations on a lipid mass (Im) basis average were 4.6-fold higher in autumn than
in summer control fish, although the absolute lipid mass for both groups of fish were similar.
Hence, similarities of DLC uptake in fish exposed to ZE (+) and mixture EBR/ZE (+) could
also reflect seasonal differences.

The fact that the correlation between the degree of sediment contamination with DLCs and
the altitude of BEQs was only significant when fish exposed to ZE (+) was excluded, reflects
the mismatch of both EROD assays in fish of this treatment. H411E Micro EROD BEQs, which
generally were smaller compared to RTL-W1 EROD BEQs in this treatment were clearly
higher. Hence, it might be assumed that highly contaminated sediment ZE led to high DLC
uptakes in fish, which in case of the EROD assay with RTL-W1 could have caused inhibitory
effects (Behnisch et al. 2001b, Lorenzen et al. 1997). However, WHO200s TEQS measured in
fish of this treatment, from day 7 on, speak against this hypothesis. Regarding the general trend
of TEQs and BEQs to increase from fish exposed to sediments EBR (+) and PR (+) over
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EBR/ZE (+) to ZE (+), this trend more or less reflected the initial trend of sediment
contamination with DLCs.

TEQ and BEQ comparisons moreover could prove the higher suitability of the Micro EROD
assay to be compared with chemically derived results. Differences between BEQs and TEQs
could be due to synergism and/or the presence of compounds in the extracts not targeted by
chemical analysis (Zacharewski et al. 1989). TEQs and H4IIE Micro EROD BEQs were well
correlated and moreover, their correlation was higher than previously determined for TEQs and
BEQs measured in whole fish samples from Saginaw Bay, Michigan, USA (r2 = 0.44), where
the unexplained percentage of TEQs in BEQs amounted for 75%. (Giesy et al. 1997).

Taking all these results into account and the fact that for the cell line RTL-W1 LOQs partly
overlapped with ECyg values, the H4I1E Micro EROD is the appropriate assay to be compared

to TEQs calculated from instrumental quantification of individual congeners.

5.5.4.3 Classification of DLC uptake on an environmental quality standards basis

Fresh mass normalized RTL-W1 EROD and H4IIE Micro EROD BEQs as well as TEQs for
the sum of WHO-PCDD/Fs and DL-PCBs, deduced from Figure 5.3 (data not shown), indicated
internal fish DLC concentrations to be less than the threshold EQS set by regulation
2013/39/EU (2013/39/EU 2013), although the uptake of DLCs by roach was most likely
promoted by the contaminated feed present in all sediments.

5.5.4.4 DLC uptake as a function of ingestion

In order to examine the hypothesis that ingestion of contaminated feed is a relevant route of
exposure for fish, different feeding scenarios (see section 5.3.5.1) were applied. So far, only
fish exposed to sediments containing worms (assigned by (+)) has been discussed. Those results
in the following were compared with fish exposed to sediments that did not contain worms
(assigned by (-)). An uptake of sediment by L. variegatus apparent through the skin, suggests
that DLCs could have been passed to fish through the worms’ guts (Figure 5.4). But due to the
missing chemical analysis of this matrix, it is not proven that DLCs were accumulated in the
worms.

The general assumptions for the uptake of DLCs included that DLC uptake in fish: (1)
exposed to (+) treatments was higher than for fish on (-) treatments, (2) has a temporal
dependency and (3) increases with the DLC contamination of the sediment. For a better
comparison between bio-analytically and instrumentally derived results, BEQs and TEQs in
fish of each sampling date were normalized to the respective BEQs and TEQs determined in

the control fish, resulting in unit less uptake factors.
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The alignment of previously observed (Figure 5.3) seasonal and methodological differences
created a better comparability among the treatments. Fish exposed to sediment PR
predominantly showed an uptake of DLCs (uptake factors > 1). The fact that patterns of uptake
factors determined for fish on PR (Figure 5.5a) and ZE (Figure 5.5b) distinctly differed from
one another, points towards but does not verify assumption (3). Although sediment ZE showed
the highest initial concentration of DLCs, average altitudes of uptake factors of fish exposed to
sediments ZE and PR did not significantly differ from one another. But, it is likely that species
such as rainbow trout, which exhibit a higher body fat content, would have exhibited higher
uptakes of DLCs compared to roach.

In contrast to fish exposed to sediment PR, the presence of worms in sediment ZE caused
significantly higher uptake factors than without worms. This was the case for both H4I1E Micro
EROD BEQs and TEQs. On the one hand this observation equates assumption (1) and shows
that the initial sediment contamination with DLCs determines a comparably higher uptake of
DLCs by the fish, on the other hand these observations correspond to previous findings of
Rubinstein et al. (1984). In this study, the dietary uptake of sediment-borne PCBs by spot
croaker was chemically investigated and it has been demonstrated that fish exposed to PCB-
contaminated sediments and daily fed with polychaetes from the same sediment accumulated
more than twice as much whole-body concentrations of PCBs after 20 days than fish exposed
to similar conditions but fed with uncontaminated polychaetes (Rubinstein et al. 1984).

Instrumental derived uptake factors for ZE (-) and (+) showed opposite temporal trends,
demonstrating that fish on sediment, which did not include worms, constantly accumulated
DLCs over time, while fish that fed on worms had a higher initial uptake of DLCs followed by
a distinct decrease. The high initial uptake of DLCs most likely caused a higher degradation of
DLCs through xenobiotic enzymes, which in turn could have led to the aforementioned decrease

of uptake factors.

5.5.4.5 Internal DLC concentrations in context to former studies

BEQs in fish exposed to four (+) sediments averaged to 1.8to 4.9 pg/gfm and
1.0 to 5.5 pg/g fm based on the RTL-W1 EROD and H4IIE Micro EROD assay, respectively
and with this were highly comparable to BEQs determined in whole fish and seafood samples
(0.1to 4.5 pg/g fm) using DR-eco screen cells (Kojima et al. 2011). Moreover, minimum
concentrations of congeners 105 and 118 found in filets of roach from the Baltic Sea (Burreau
et al. 2004) corresponded to control fish concentrations determined in this study. Both examples
imply that concentrations of DLCs in roach during this study might correspond to background

contamination. The percentage of individual DL-PCBs and PCDD/Fs found in the present study
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was highly comparable to those observed in previous studies, where PCB 77 was the most
abundant congener among the non-ortho substituted PCBs and PCB 118, 105 and 156 being
the most abundant congeners among the mono-ortho substituted PCBs (Hasegawa et al. 2007),
whereas 2,3,7,8-TCDF was the most abundant congener among the dioxins (Hasegawa et al.
2007, Zacharewski et al. 1989). The relative abundance of the 12 DL-PCBs in this study
furthermore highly corresponded to previous analyses of PCB patterns in filets of three cyprinid
species from the river Po (Vigano et al. 2000).

5.5.4.6 Congener-specific uptake following 28 days of exposure

This section focuses on concentrations of individual DLCs and their uptake by roach
following 28 days of exposure to four (+) sediments. DLC congeners, their octanol-water
portioning coefficient (log Kow), water solubility and initial sediment concentrations are given
in Table 5.1, accompanied by their respective uptake factors in roach.

DL-PCB uptake factors predominantly showed an uptake (uptake factors < 1) after 28 days.
This corresponds to previous findings of Blanco et al. (2007), who found that all DL-PCB
except PCB 169 accumulated in fish. The non-ortho substituted PCBs 77, 81, 126 and 169 are
more potent DLCs than are their mono-ortho analogues and thus, of greater concern. However,
some studies have found that planar PCBs 77, 126 and 169 accumulate to a lesser extent than
might be expected based on their structure (Engwall 1995, Van Bavel et al. 1996). PCB 81 and
169, although present in sediments and relatively potent, according to their uptake factors were
not of toxicological concern for common roach. Concerning the equal uptake factors for PCB
126 and 77 in roach it should be mentioned that on a cellular level, relative potencies (REPS)
for PCB 77 and 126 in RTL-W1 and H4IIE cells correspond to 60 and 1170 times the average
REP of all mono-ortho DL-PCBs, respectively (Behnisch et al. 2002, Clemons et al. 1997).
Assuming that these in vitro REPs are comparable to potentials which occur in vivo, PCB 126
and 77 would be expected to pose the greatest potential risk to fish fromall 12 WHO-DL-PCBs.
Many examples have shown that an uptake of DLCs from sediment into biota cannot reliable
be deduced from the sediments’ initial contamination level of DLC, which in turn complicates
the determination of environmental quality standards.

The observation that PCB 123 caused the highest overall uptake factors in roach is supported
by a study which revealed considerable concentrations of PCB 123 in liver and muscle tissue
of eels (Anguilla anguilla) from the Camargue Nature Reserve, France, compared to the
remaining mono-ortho DL-PCBs (Oliveira Ribeiro et al. 2008). Uptake factors observed might
be due to the small log Kow value and relatively high water solubility of PCB 123, compared to

the other mono-ortho PCB congeners. Moreover, higher chlorinated PCBs like PCB 123 are
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known to possess a higher potential to biomagnify (Porte and Albaigés 1994). Hence, beside
the non-ortho relates 77 and 126, PCB 123 is predicted to have the highest potential to adversely
affect the aquatic fauna.

Although scientists have revealed DL-PCBs to bioaccumulate more efficiently than
PCDD/Fs (Blanco et al. 2007, Isosaari et al. 2002), uptake factors of PCDD/Fs in roach were
comparable to those determined for DL-PCBs and exhibited values between 1.2 and 4.3, which
slightly correlated (r?2 = 0.44) with their initial concentrations in the sediments. This might
demonstrate that the uptake kinetics of PCDD/Fs and DL-PCBs follow different principles and
that the uptake of dioxin is a function of how much sediment s ingested. Thus, it can be
concluded that in addition to log Kow, water solubility and initial concentration of DLCs in the
sediments, other factors influence the uptake of DLCs (Table 5.1).

5.5.4.7 Temporal congener-specific uptake depending on sediment characteristics

Both redox potential and pH can accelerate desorption, partitioning and bacterial
degradation, thereby increasing bioavailability of organic chemicals (Eggleton and Thomas
2004). It is therefore likely that sediments of different origins, such as sediments EBR and ZE
can differentially transform contaminants into more bioavailable or toxic forms. Predicted
concentrations of the 12 DL-PCBs in sediment EBR/ZE nearly equated the excepted
concentrations, demonstrating that uptake factors measured in fish on differing sediments, are
the result of sediment-specific characteristics and not a result of varying distributions of
congeners.

The high initial uptake (Figure 5.6) which has been observed in fish exposed to sediment
ZE (+) and the mixture (EBR/ZE (+) was previously shown in fish exposed to sediments
containing PCBs (Rubinstein et al. 1984). And although uptake factors in fish exposed to the
mixture were expected to be similar to those determined for fish exposed to EBR (+), since
there was a higher proportion of EBR (+) present in the mixture, uptake factors more or less
were comparable to those of fish exposed to ZE (+). One exception was that the baseline behind
the high initial uptake was higher in fish exposed to the mixture, which could reflect the nine
dm parts EBR present in the mixture, which due to their fine-particulate character promote high
DLC concentrations in the water column.

Results of this study indicate that: (1) the initial uptake of PCBs by fish is controlled by
sediment ZE (+), the sediment with higher concentrations of DL-PCBs and (2) characteristics
of sediment EBR promote the uptake of DL-PCBs originating from sediment ZE (+). Hence,
the uptake of DLCs by roach after 28 days of exposure is dependent on sediment-specific

characteristics rather than the initial congener concentration.
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5.6 Conclusion

HRGC/HRMS and bioassay derived uptake factors predominantly indicated an uptake
(factors > 1) of sediment-borne DLCs by common roach. Calculation of factors eliminated
seasonal (summer; autumn) and methodological (HRGC/HRMS; bioassay) differences
observed for TEQs and BEQs. BEQs in fish exposed to sediment EBR (+) increased with time,
whereas BEQs of fish exposed to the remaining sediments reflected suspended matter
concentrations caused by fish transfer and feeding activities. In contrast to fish exposed to
sediment PR, contaminated feed (+) on average caused a 2.1 (TEQs) and 1.8-fold (H411E BEQS)
higher DLC uptake in fish exposed to sediment ZE compared to feeding with uncontaminated
worms (-). This indicates that contaminated feed only promotes the uptake of DLCs by roach
exposed to a highly contaminated sediment.

Results based on both TEQs and BEQs revealed that the uptake of DLCs was largely
independent of the initial concentrations of DLCs in sediments. This was further confirmed by
a comparison of the pattern of uptake of DL-PCBs by fish exposed to lesser contaminated
sediment from EBR (+), the more contaminated sediment from ZE (+) and a 1:10 mixture (+)
thereof. This demonstrated that uptake of DL-PCBs by roach after 28 days of exposure depends
rather on sediment-specific characteristics than on initial concentrations of DLCs in the
sediment. Congener-specific conciderations of the uptake of DL-PCBs by roach indicated PCB
congeners 123, 77 and 126 among all of the DL-PCBs to pose the highest risk to roach.

All bioassay and HRGC/HRMS derived equivalents were less than the EQS of
6.5 pg TEQ/g fm for DLCs in biota. Organic extracts from fish turned out to be a complicated
matrix for BEQ calculations due to low induction strengths. However, especially H41IE BEQs
showed a high sensitivity (LOD = 0.37 £0.25 pM TCDD) and a high correlation with TEQs
(r2=0.62). The authors therefore suggest, using the H4IIE Micro EROD as bio-analytical
alternative or amendment for congener specific instrumental sediment and biota screening

analysis.
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6.1 Abstract

Bioavailability is a complex processes, depending of sediment-, compound- and species-
specific properties. For bioavailability investigations, a combination of a mild extraction
technique with tenax and adjacent cell- and organism-based ecotoxicological tests, including
the 7-Ethoxyresorufin-O-deethylase (EROD) assay with RTL-W1 cells and the sediment
contact assay (SCA) with eggs of Danio rerio, was used. The desorption of polycyclic aromatic
hydrocarbons (PAHSs) from four sediments, differently contaminated with PAHSs, was analysed

for 53 days in tenax containing sediment/water batch systems.

Predominantly desorbing congeners phenanthrene, fluoranthen and pyrene desorbed from
the sediments in a bi-phasic manner, consisting of rapidly and slowly desorbing fraction, of
which the first corresponded well to the initial sediment contamination levels. Rates of
desorption were correlated with sediment organic matter contents (r2 = 0.97, p = 0.05) and
compound characteristics (r2 = 0.85, p = 0.05). All tenax extracts showed cumulative, temporal
decreasing dioxin-like activity in the EROD assay, corresponding to the cumulative desorption
of phenanthrene, flouranthene and pyrene from the four sediments. Since these congeners are
non-inducers for RTL-W1 cells, other dioxin-like compounds most likely caused the observed
effects. In the SCA, lethal and sub-lethal effects were highest in embryos exposed to the highly
PAH contaminated sediments, whereby the latter predominantly included disturbed or lacking
pigmentations of skin and eyes. Besides PAHSs, other sediment-borne compounds such as

dioxins might have caused these effects.

A combination of mild extraction and cellular and organismic ecotoxicological tests served
to investigate bioavailability of sediment-bound compounds and allowed for an improved

sediment risk assessment.

Keywords: Desorption * bioavailability ¢ polycyclic aromatic hydrocarbons ¢ tenax
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6.2 Introduction

Sediments may act as long-term reservoirs of sediment-bound organic pollutants such as
polycyclic aromatic hydrocarbons (PAHS) (Forstner et al. 2008, Hollert et al. 2014). In aquatic
systems, PAHs are relatively persistent and ubiquitously distributed (Burns et al. 1997,
Laflamme and Hites 1978). While low-molecular PAHs have a higher water solubility and are
thus often dissolved in the water-phase (Gocht and Grathwohl 2004), high-molecular PAHs
show higher sorption to particles (Larsson 2009). PAH fractions desorbing from sediment are
potentially bioavailable for aquatic organisms (e.g. fish) (Mackay and Fraser 2000) and may be
absorbed via oral or dermal exposure routes (Larsson 2009). Although PAH in general show
low acute toxicity, several congeners can be mutagenic and carcinogenic (e.g. Benzo[a]pyrene).

In order to determine the overall concentrations of contaminants present in a sediment,
exhaustive extraction procedures are often applied (Brown et al. 2007, Giesy et al. 2002,
Gomez-Ariza et al. 2002, Hilscherova et al. 2001, Li et al. 1999). However, due to the physical
chemical properties of organic pollutants, their aqueous concentrations are much lower than
when compared to concentrations determined using exhaustive extraction procedures
(Alexander 2000, Dossier 2011). Hence, exhaustive extraction procedures do not have a great
value for predicting environmental relevant concentrations and bioavailability.

Towards a greater informative value of natural occurring contaminant concentrations,
scientists progressively used less exhaustive techniques such as extractions of bioavailable
fractions using e.g. Tenax® TA beads (Cornelissen et al. 2001, Reid et al. 2000, Schwab and
Brack 2007). Tenax® TA is an organic polymer with an average pore size of 200 nm, which
due to its hydrophobic properties and porous adsorbent surface binds volatile and dissolved
hydrophobic organic pollutants (Zhao and Pignatello 2004).

Desorption of organic compounds from sediment in general shows at least a bi-phasic
kinetic, consisting of a rapidly desorbing phase (also referred as labile fraction), followed by
slowly desorbing phase (also referred as non-labile fraction) (Cornelissen et al. 1997, Gocht
and Grathwohl 2004, van Noort et al. 2003). The rapidly desorbing fractions, which desorb
during the first days (desorption rate constants > 0.1 ht), are assumed to be decisive in terms
of bioavailability, whereas the slowly desorbing fractions have a smaller influence (Brack et al.
2009, Cornelissen et al. 1997, Cornelissen et al. 2001, Lamoureux and Brownawell 1999).
Bioavailability is a complex process, including desorption, partitioning and diffusion of a
compound, which along with the characteristics of the sediment, the organism, the environment
and the compound itself influence, how much of the compound present in a sediment is
assimilated by biota (Schwab and Brack 2007).
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Bioavailability can be investigated using both chemical and biological methods. One
ecotoxicological test method is the 7-ethoxyresorufin-O-deethylase (EROD) assay with
permanent fish cell line RTL-W1 (Rainbow trout liver - Waterlool), which is the most
commonly applied method to quantify the expression of cytochrome Pasg 1A (CYPas501A) in
vitro (Behnisch et al. 2001b). The test principle is to measure the induction strength of CYP1A
through EROD activity. Following deethylation of the exogenous substrate 7-ethoxyresorufin
through EROD, the resulting reaction product resorufin can be fluorometrically measured. After
normalization to protein concentrations, the specific EROD activity can be calculated by the
amount of resorufin formed by the proteins within a certain reaction time (Lorenzen and
Kennedy 1993, Lorenzen et al. 1997). Because the test presumes a solvent exchange with
dimethyl sulfoxide (DMSO), results cannot be discussed with respect to bioavailability.
Nevertheless, the test uncovers the dioxin-like potential of the desorbed compounds during a
desorption experiment on a cellular level.

Ecotoxicological tests such as the sediment contact assay (SCA) allow for the determination
of the embryotoxic potential of whole sediment samples towards fish eggs of the tropical
freshwater fish Danio rerio. Eggs of D. rerio, in which the larval development can be easily
observed (Scholz et al. 2008) represent a good alternative to fish acute toxicity testing (Lammer
et al. 2009). Typical teratogenic effects in the test may include sub-lethal and lethal effects.
Sub-lethal effects inter alia include reduced or lacking heartbeat, blood circulation and/or
pigmentation, edema as well as malformations of the eyes, fins, and/or the vertebral column of
the embryo, while lethal effects encompass coagulation, missing heartbeat, missing somites and
the non-detachment from the yolk sack (Braunbeck et al. 2005, DIN 2001, Hollert et al. 2003,
ISO 1996, Nagel 2002). Because the embryos have direct contact to the sediment, they reflect
bioavailability of compounds in relatively unchanged sediments (Feiler et al. 2005, Hollert et
al. 2003, Seiler et al. 2008). Hence, the SCA is a promising tool in search for more realistic
exposure scenarios, which represent bioaccessibility (Zielke et al. 2011), the amount of
compounds potentially available following desorption (Semple et al. 2004).

The present study investigated kinetics of PAHs desorbing from differently contaminated
sediments in sediment/ water batch systems under standardized conditions using tenax as a
sorbent. Towards an extrapolation of the instrumentally determined PAH concentrations to
natural scenarios, sediments were additionally tested on their embryotoxic potential using the
sediment contact assay (SCA) and tenax extracts were bio-analytically investigated using the
EROD assay after a solvent exchange (DMSO, < 0.5%). The study focused on the following

questions: (1) Do contaminant concentrations measured in sediments reflect bioavailable
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concentrations? (2) Do sediment and compound properties influence the desorption behavior of

PAHSs? (3) Do ecotoxikological test results reflect chemical detected available PAH fractions?

6.3 Materials and methods

6.3.1 Study design

Desorption kinetics of polycyclic aromatic hydrocarbons (PAHSs) from three freeze-dried
sediments from Ehrenbreitstein (EBR, river Rhine), Prossen (PR, river Elbe) and Zollelbe (ZE,
river Elbe) as well as from a 1:10 dry weight (dw) mixture of sediments from ZE and EBR
(refer to Table 2.1) were analyzed using Tenax® TA in small-scaled sediment/water systems.
Desorbed PAHs were extracted from the Tenax® TA and quantified using gas chromatography
— mass spectrometry (GC-MS). The dioxin-like potential of these extracts was further
investigated using the 7-Ethoxyresorufin-O-deethylase (EROD) assay with the permanent fish
cell line RTL-WL1. To investigate the bioavailability of xenobiotics present the three freeze-
dried sediments and the 1:10 mixture, a sediment contact assay (SCA) with fish eggy from
Danio rerio was conducted. Results of the desorption kinetics, the EROD and SCA assay were
compared and discussed.

6.3.2 PAH desorption experiments

For desorption experiments, simple sediment/water systems, including sediments EBR, PR,
ZE and the mixture EBR/ZE, were prepared in 100 ml brown glass bottles with PTFE-septum
containing screw caps according to a previously described method (van Noort et al. 2003). Each
bottle was equipped with 1 g dry weight (dw) of sediment, 70 ml ultrapure water (LiChrosolv
® Water for Chromatography, Merck, Darmstadt, Germany), 1 mg the of the biocide mercury
chloride (HgCI2; Mercury(ll)chlorid, 5 g, 215465, ACS reagent, > 99.5%, Sigma Aldrich,
Crailsheim, Germany) and 0.6 g pre-cleaned Tenax® TA beads (@ 60-80 mesh,
177 — 250 um, Porous Polymer Adsorbent matrix Tenax® TA, 11982 SUPELCO, Sigma
Aldrich) were, put into PTFE gauze bags. For pre-cleaning, Tenax® TA was rinsed three times
in the order: water (LiChrosolv ® Water; Merck), acetone (p.a.; Roth, Karlsruhe, Germany)
and n-hexane (p.a.; Roth) and dried at 75 °C overnight (van Noort et al. 2003). Two process
control bottles only contained 70 ml ultrapure water and Tenax® TA beads in PTFE gauze
bags. All bottles were horizontally shaken (GFL 3017, Gesellschaft fir Labortechnik GmbH,
Burgwedel, Germany) with 126 rpm and incubated at room temperature for 53 days in darkness.
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Tenax® TA beads were sampled on days 2, 4, 7, 14, 28 and 53. Tenax® TA beads were
removed and transferred into 250 ml beakers and adjacently replaced by new beads. For
extraction, the sampled Tenax® TA beads were three times shaken with 30 ml n-hexane (p.a.;
Roth). Water was removed by leading the extracts through sodium sulfate (anhydrous, Sigma)
containing funnels. Extracts were collected in 100 ml round bottom flasks and rotary evaporated
close to dryness. Exact volumes were adjusted in n-hexane (Roth) using 1 ml volumetric flasks
(1 ml; VWR, Darmstadt, Germany) and extracts were stored in 1.5 ml brown glass vials with
PTFE-caps (4 ml; VWR) at 4 °C until further use.

6.3.3 Gas chromatography — mass spectrometry (GC-MS)

PAH concentrations in extracts of Tenax® TA beads were measured according to DIN 1SO
18287 under slight modifications (DIN 2006) on an Agilent Technologies GC system (7890 A
GC system and 5975 C inert XL MSD with Triple-Axis-Detector, Agilent Technologies
Deutschland GmbH, Bdéblingen, Germany). A HP-5ms capillary column (19091S-433, 30
mx 0.25m, 0.25um film thickness, Agilent Technologies) was used to separate the
compounds. Carrier gas helium had a flow rate 1 ml/min and the temperature program followed
the order: 60 °C (2 min isothermal), 60— 120 °C increasing with a rate of 30 °C/min,
120 — 300 °C increasing with a rate of 5 °C/min and 300 °C (15 min isothermal). The interface
between the GC and the MS had a temperature of 295 °C. The injection temperature was 300 °C
and the injection volume 1 pl.

The quantitative analysis of PAHs was conducted in SIM (selected ion monitoring) mode.
Mass spectrometric detector parameters including time intervals and selected ions with
qualifying fragments given in parenthesis for the 16 EPA-PAHs were the following:
naphthalene, 6 —9 min, 128 (102); acenaphtylene, 9 -12.5 min, 152 (76), acenaphthene,
9-125min, 154 (80); fluorene, 12.5-16 min, 166 (140); phenanthrene, anthracene,
16 - 20 min, 178 (152, 89); fluoranthene, pyrene, 20 - 25 min, 202 (101); benzo[a]anthracene,
chrysene, 25-32min, 228 (114); benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, 32-37 min, 252 (126); indeno(1,2,3-cd)pyrene, benzo[g,h,i]perylen,
37 - 55 min, 276 (138); dibenzo[a,h]anthracene, 37 - 55 min, 278 (139).

6.3.4 Calculation of desorption

For determination of PAH desorption rates, Tenax-desorbed PAH concentrations were
cumulatively subtracted from total sediment concentrations at the beginning of the experiment
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and transformed into relative values. Desorption was calculated according to equation 6.1 by
using the following two-compartment model equation (Cornelissen et al. 1998):

S® _ —Krap't ~Kslow't
So Frap e AT + Fyjy - @7 slow (6.1)

With Soand S being the sediment-sorbed amounts at the experimental beginning and at
time point t(h), respectively. Frp and Fsiow are the rapidly and slowly desorbing fractions,
respectively, accompanied by their rapid and slow desorption constants Krap and Ksiow,
respectively. The time point, at which the rapidly desorbing fraction was exhausted, and thus
the slowly desorbing fraction exceeded the rapidly desorbing fraction, was calculated using the

Newtonian approximation technique depicted in equations 6.2 and 6.3.

~krap't —
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6.3.5 Ecotoxicological analyses

6.3.5.1 The RTL-W1 EROD assay

The RTL-W1 EROD assay was performed as described in section 2.3.1. BEQs were
calculated according to section 2.3.4, whereby x in equation 2.1 was the concentration at the
25% effect level.

6.3.5.2 Sediment contact assay (SCA)

The sediment contact assay (SCA) was performed according to the German DIN 15088 (DIN
2009) for the fish embryo test (FET) with Danio rerio, adapted to sediment testing introduced
by Hollert (2003) and described in detail in Zielke et al. (2011). Fish maintenance was equal to
maintenance and egg production conditions described in Schiwy et al. (2015).

Sediment (EBR, PR, EBR/ZE and ZE) and controls were prepared one day before the SCA.
For this, freeze-dried sediments were serially diluted with quartz sand (W4, Quarzwerke,
Germany) in 20 ml crystallization glasses so that percentages between 6.3 and 100% sediment
and concentrations between 26.8 and 428.6 mg dw sediment/ml were reached, respectively
(Table 6.1). Due to the high volume of sediment EBR, 7 ml of artificial water were given to all
treatments, including the controls, instead of the prescribed 5 ml. Artificial water (294.0 mg/I
CaClz 2 H20, 123.3 mg/l MgSO4 7 H20, 63.0 mg/l NaHCO3 and 5.5 mg/l KCI) was prepared
according to 1SO 7346/3 (ISO 1996). As negative controls eight aqueous controls, simply

consisting of 7 ml artificial water, and four quartz sand controls, consisting of 3 g sand covered
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with 7 ml artificial water were prepared. As positive controls four aqueous controls (7 ml
artificial water with 3.7 pg/ml 3,4-dichloroanilin) and two quartz sand controls (3 g sand
covered with 7 ml 3.7 pg/ml 3,4-dichloroaniline solution) were prepared. On the day of their
preparation, all control approaches singly contained pure artificial water, whereas the 3,4-
dichloroanilin solution was added on the actual test day. All approaches were covered with self-
adhesive foil (Nunc, Roskilde, Denmark) to prevent water evaporation and horizontally shaken
with 50 rpm at 26 °C for 24 hours.

Table 6.1 Amount of quartz sand, sediment and artificial water and resulting dry weight (dw) sediment
concentrations (dw) applied in the sediment contact assay (SCA), which was performed with fish eggs of D. rerio.

Sediment Sediment Sand Acrtificial water ~ Concentration
[%] [d] [d] [ml] [mg dw/ml]
100.0 3.00 0.00 7.0 428.57
50.0 1.50 1.50 7.0 214.29
25.0 0.75 2.25 7.0 107.14
125 0.38 2.62 7.0 53.57
6.3 0.19 2.81 7.0 26.79

Thereafter, normally developed fish eggs in an eight-cell-stadium were transferred to
artificial water (1SO 1996) and thereafter transferred to each treatment (5 eggs/replicate; 15
eggs/treatment). Overall, 60 and 30 eggs were transferred to the negative and positive controls,
respectively. Approaches again were covered with self-adhesive foil and incubated on a
horizontal shaker at 50 rpm and 26 °C for 48 hours.

Prior to the test evaluation, eggs were collected from the treatments using a 5 ml pipette and
transferred to 24-well plates (TPP, Trasadingen, Switzerland) and optically analyzed using an
inverse microscope at 40 and 100-fold magnification. Investigated effects included sub-lethal
(i.e. weak heartbeat/blood circulation, edema, deformed embryo/ fins/vertebral column,
missing/malformed pigments of skin/eyes) and lethal effects (i.e. coagulation, missing
heartbeat, missing somites, non-detachment from the yolk sack) (Braunbeck et al. 2005, DIN
2001, Hollert et al. 2003, ISO 1996, Nagel 2002). The SCA is regarded valid, if mortality of
fish exposed to negative aqueous and quartz sand controls is < 10%, the mortality of fish
exposed to positive aqueous control ranges between 20 and 90% and the egg fertilization rate

was > 70% (DIN 2009). In total, three replicates were conducted for each sediment.
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6.3.6 Data analysis and presentation

Desorption data were fitted to a two-compartment model. EROD assay data was processed
via Excel (Microsoft Office Excel 2003) and concentration-response curves were plotted using
GraphPad Prism 5 software (La Jolla, CA, USA) using a non-linear regression and a
dose-response stimulation (log agonist vs. response). All graphs, curve fittings and correlation

analyses (Pearson correlation; p = 0.05) were conducted using GraphPad Prism 5.

6.4 Results

6.4.1 Sediment PAH contamination

Sediments EBR, PR and ZE differed in their concentrations of 16 EPA-PAHSs (Figure 6.1).
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Figure 6.1 Concentrations of 16-EPA PAHSs in three sediments from Ehrenbreitstein (EBR, top), Prossen (PR,
middle) and Zollelbe (ZE, bottom) measured using gas chromatography — mass spectrometry (GC-MS). Bars
represent results of a single measurement. Darker grey bars mark congeners, which predominantly desorbed from
the sediments during a desorption experiment; dw =dry weight; naphthalene (NAP), acenaphtylene (ACY),
acenaphthene (ACE), fluorine (FLO), phenanthrene (PHE), anthracene (ANT), fluoranthene (FLU), pyrene (PYR),
benzo[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), indeno(1,2,3-cd)pyrene (IDO), dibenzo[a,h]anthracene (DBahA), benzo[g,h,i]perylen
(BghiP).
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The PAH contamination of Elbe sediments PR and ZE were comparable with total
concentrations of 8.1 and 9.3 pg/g dry weight (dw), respectively, whereas slightly contaminated
sediment EBR showed a 3-fold lower total contamination of 2.8 pg/g dw. However, congener
distribution in the sediments was nearly independent of their origin with most dominant
congeners including fluoranthene, pyrene and phenathrene averaging to 35.7 £+ 6.5%. Total
concentrations of all 16-EPA-PAHSs in the mixture EBR/ZE (data not shown) were 3.7 pg/g dw,
and on basis of the detected concentration of PAHs in sediments EBR and ZE, on average only

deviated 15.6% from the expected concentrations. Total contamination of the sediments with

PAHSs thus increased in the order EBR < EBR/ZE < PR < ZE.

6.4.2 Desorption of polycyclic aromatic hydrocarbons (PAHS)

6.4.2.1 Desorption rates of PAHs

Concerning the overall desorption of the 16 EPA-PAHS, only phenanthrene, fluoranthen,
pyrene and fluorene were detected in the water. In all three sediments and the 1:10 mixture, the
predominantly desorbed congeners, including fluranthene, pyrene and phenanthrene, showed

similar bi-phasic desorption kinetics (Figure 6.2a - d).
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Figure 6.2 a-d Kinetics of the relative desorption of phenanthrene (PHE), fluoranthene (FLU) and pyrene (PYR)
from three freeze-dried sediments from Ehrenbreitstein (EBR; A), Prossen (PR; B) and Zollelbe (ZE; D) as well
as from a 1:10 sediment mixture (EBR/ZE; C) during 53 days; sediment-sorbed amounts at the sampling date (St)

at the end of the experiment (S0).
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These kinetics consisted of a high initial desorption (rapidly desorbing fraction), which after
approximately 7 days was followed by a low desorption (slowly desorbing fraction). The
desorption kinetics of fluoranthene and pyrene were similar for each sediment. More precise,
approximately 5% of the initial sediment concentration were desorbed from the sediments
during 53 days (Figure 6.2a - d). The respective rapidly desorbing fraction proportionally
exhibited percentages < 4% for all sediments (Table 6.2) and was exhausted approximately
after 50 days for all sediments, except for ZE, for which the time point of exhaustion was
approximately 75 days (Table 6.2).

Table 6.2 Percentages, concentrations (Crrap) and dates of exhaustion (Frap exh.) of the rapidly desorbing fractions
(Frap) as well as initial concentrations (Co) of phenanthrene (PHE), fluoranthene (FLU) and pyrene (PYR) desorbed

from three freeze-dried sediments from Ehrenbreitstein (EBR), Prossen (PR) and Zollelbe (ZE) as well as from a
1:10 sediment mixture (EBR/ZE) during 53 days.

Sediment Compound Frap[%] Co[ng/gdw] Crrap [Ng/g dw]  Time rrap exh. [days]

PHE 18.59 133.11 24.74 93

FLU 2.63 387.87 10.21 60

°R PYR 2.58 292.05 7.54 64
sum 23.81 813.03 42.50

PHE 5.67 651.50 36.93 68

FLU 1.52 1610.36 24.54 50

oR PYR 1.67 1158.32 19.30 48
sum 8.86 3420.18 80.77

PHE 4.01 748.36 29.99 57

FLU 2.75 1424.94 39.20 45

“E PYR 3.11 1174.97 36.55 46
sum 9.87 3348.28 105.75

PHE 12.04 223.95 26.96 83

FLU 4.05 597.66 24.22 81

EBRIZE PYR 4.08 439.64 17.95 72
sum 20.18 1261.26 69.14

For phenanthrene, the total desorption during 53 days was 20, 12 and 6% for sediments
EBR, EBR/ZE and PR, respectively, whereas it was similar to that of fluoranthene and pyrene
for sediment ZE (Figure 6.2a - d). The rapidly desorbing fractions of phenanthrene in detail
increased in the order 4.0, 5.7, 12.0 and 18.6% for sediments ZE, PR, EBR/ZE and EBR,
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respectively (data nor shown). However, with regard to initial phenanthrene sediment
concentrations (refer to Section 6.4.1), the rapidly desorbing fractions showed concentrations
increasing in the order 24.7, 27.0, 30.0 and 36.9 ng/g dw for sediments EBR, EBR/ZE, ZE and
PR, respectively (Table 6.2). The calculated time point, at which the rapidly desorbing fraction
of phenanthrene is exhausted, was approximately 60 days for sediments PR and ZE, while it
exhibited values of 83 and 93 days for sediments EBR/ZE and EBR, respectively (Table 6.2).

The concentrations of rapidly desorbed fractions of phenanthrene, fluoranthen and pyrene
increased in the order 42.5, 69.1, 80.8 and 105.8 ng/g dw for sediments EBR, EBR/ZE, PR and
ZE (Table 6.2), respectively.

The cumulative concentration of the desorbed sum of phenanthrene, fluoranthene and pyrene
during 53 days increased in the order 56.9, 71.3, 106.9 and 125.4 ng/g dw for sediments EBR,
EBR/ZE, PR and ZE, respectively (Figure 6.3b) and with this corresponded to the sequence
found for the initial, total contamination of the four sediments with 16-EPA PAHSs (refer to
Section 6.4.1).

15

PR
= - EBRJ/ZE
= EBR

= EBRJ/ZE

[y
o
o
~
[y
o
1

[ng/g dw]
[ng/g dw]

504!

N
cumulative BEQ

cumulative concentration

07171 T T OTTT T T T
024 7 14 28 53 024 7 14 28 53

time [days] time [days]

Figure 6.3 a, b Cumulative concentration of the sum of phenanthrene, fluoranthene and pyrene desorbed from
three freeze-dried sediments from Ehrenbreitstein (EBR), Prossen (PR) and Zollelbe (ZE) as well as from a 1:10
sediment mixture (EBR/ZE) during 53 days (A). Cumulative biological equivalents (BEQ) measured in four
sediment extracts from EBR, PR, ZE and EBR/ZE during a 53-days desorption experiment. BEQs were determined
using the 7-Ethoxyresorufin-O-deethylase (EROD) assay with permanent fish cell line RTL-W1 and were the
result of three independent replicates.

The final sum of phenanthrene, fluoranthene and pyrene desorbed from sediment ZE after
53 days equated more than two-times the amount desorbed from sediment EBR. Equivalent to
the relative desorption kinetics (Figure 6.2a - d), the amount of desorbed PAHs was higher at

the beginning than at the end of the experiment (Figure 6.3b).
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6.4.2.2 Desorption rates versus characteristics of sediments
Slowly and rapidly desorbing constants, calculated for phenanthrene, fluoranthene and
pyrene, all should a linear dependency to the organic matter amounts of sediments EBR, PR

and ZE, respectively (Figure 6.4).
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Figure 6.4 Correlation of the desorption rates of rapidly (Krap; A) and slowly (Ksiow; B) desorbing fractions with the
percentage of organic matter of three sediments (represented as circles) from Ehrenbreitstein (EBR), Prossen (PR)
and Zollelbe (ZE), desorbing compounds included phenanthrene (PHE), fluoranthene (FLU) and pyrene (PYR).

While the desorption rate of rapidly desorbing fractions (krap) Of the three compounds
increased with the percentage of sediment organic matter, the desorption rate of slowly
desorbing fractions (ksiow) decreased with percentage of sediment organic matter. Despite the
correlation (p = 0.05) of krap and the sediment organic matter was good for phenanthrene (r2 =
0.974) and fluoranthene (r2 = 0.956), it was only found to be significant for pyrene (r? = 0.994).
In contrast, correlation (p = 0.05) of ksiow and the sediment organic matter was only significant
for phenanthrene (rz2 = 0.999), while a good correlation was found for fluranthene (r2 = 0.981)
and pyrene (r? = 0.936).

6.4.2.3 Desorption rates versus characteristics of compounds

The three investigated compounds phenanthrere, fluoranthene and pyrene exhibit (estimated,
EpiSuit) water solubilities of 0.67, 0.13 and 0.22 mg/Il, respectively, while their experimental
determined log Kow values are 4.45, 5.16 and 4.88, respectively (US-EPA 2015). These two
compound characteristics were well correlated (average r2 = 0.85 + 0.19) with their desorption

rates determined for all three sediments.
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6.4.3 Ecotoxicological analyses

6.4.3.1 Results obtained using the 7-Ethoxyresorufin-O-deethylase (EROD) assay
Regarding the results obtained by using the EROD assay with cell line RT-W1, cumulative
biological equivalents (BEQs) could be detected for all investigated sediment tenax extracts.
BEQs in tenax extracts increased in the following order EBR < ZE < EBR/ZE < PR with final
values of 1.84, 4.06, 8.50 and 9.13 ng/g dw after 53 days, respectively (Figure 6.3b). Hence,
the sediment mixture EBR/ZE unexpectedly showed a higher EROD induction potential
compared to the single sediments EBR and ZE, respectively. Nevertheless, overall lowest and
highest EROD inductions were found for extracts of sediments EBR and PR, respectively,
which corresponds to the trends of the cumulative desorbed concentrations measured for the

sum of phenanthrene, fluoranthene and pyrene (Figure 6.3a).

6.4.3.2 Results obtained using the sediment contact assay (SCA)

The SCA was ranked valid due to mortalities < 10% for the negative controls and mortalities
> 10% for the positive controls, respectively (DIN 2009). Eggs in negative controls were
normally developed throughout the three replicates, meaning that after 48 hours, the embryos
spontaneously moved, had a distinctly structured spinal cord with clearly visible somites.
Furthermore, their eyes and skin were pigmented and both heart beat and blood stream were
visible. Some eggs hatched, which can occur after a 48-hours incubation.

The four examined sediments caused a broad range of both sub-lethal and lethal effects in
embryos of Danio rerio. All listed effects (refer to Section 6.3.5.2) could be observed with the
exception of any kind of spinal deformations. Both mortality and teratogenic effects, however,
in most of the test runs showed no distinct dose-response-relationships. Thus, effect
concentration levels were not determined. Therefore, effects will be expressed in minimum and
maximum percentages in the following.

Minimum and maximum effect percentages ranged between 9.4 and 37.8% for sediment
EBR, 0.0 and 33.0% for the mixture EBR/ZE, 8.9 and 66.0%for sediment PR and 6.7 and 68.1%
for sediment ZE. Moreover, for each of the four different sediments the maximum effect level
was reached at a concentration of 214.29 mg dw/ml medium. Except EBR/ZE, each sediment
caused effects in the lowest concentration of 26.79 mg dw/ml medium. In this context, a
noteworthy observation was that for all sediments the effect level distinctly decreased when the
highest concentration of 428.57 mg dw/ml medium (equates 100% freeze-dried sediment) was

reached.
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With respect to the observed sub-lethal effects observed for embryos exposed to PR and ZE,
the predominant effect in embryos were anomalies in pigmentation of eyes and skin. More
precise, 67 £ 17% and 56 = 22% of all effects amounted for missing pigmentation of skin and/or
eyes, respectively, and in 30% of these cases, both eyes and skin were affected at the same time.
In contrast, sediments EBR and EBR/ZE did not cause any specific, predominant effects. With
respect to lethality, all of the freeze-dried sediments showed an embryotoxic potential with
sediment PR exhibiting the overall highest potential. Maximum mortality summed up to 11.3%
for EBR, 13.7% for mixture EBR/ZE, 18.9% for ZE and 35.6% for PR.

6.5 Discussion

6.5.1 Sediment PAH contamination

Total PAH concentrations measured in the three sediments and the mixture, indicated
sediments ZE and EBR to possess the overall highest and lowest contamination level,
respectively (Figure 6.1). Thereby, congeners fluoranthene, pyrene and phenathrene, which in
a consecutive desorption experiment were proven to predominantly desorb from the sediments,
showed the highest proportion of approximately 36%. This might indicate that high abundance
of compounds present in a sediment leads to comparably higher availability, but there are
further sediment- and compound-specific characteristics, influencing bioavailability (refer to
Sections 6.4.2.2 and 6.4.2.3). The fact that PAH concentrations in sediment mixture EBR/ZE
only deviated 15.6% from the, on basis of the PAH concentrations present in sediments EBR
and ZE, expected concentrations, proved the 1.10 mixing ratio of sediments to be precise. A
failure in mixing, thus can be excluded by considering the present study’s results for the mixture
EBR/ZE.

6.5.2 Desorption of polycyclic aromatic hydrocarbons (PAHS)

6.5.2.1 Desorption rates of PAHs

Only a few EPA-PAHs desorbed from the sediments in significant concentrations.
Consequently, the non-desorbing substances were strongly bound to the sediment-particles and
could not be considered as potentially bioavailable contaminants. The desorbing compounds,
in contrast to the high-molecular and hardly soluble PAHS, had log Kow values < 4.9 and mostly
were three-ring-systems, which are the most water soluble congeners among the 16-EPA PAHs
(Fent 2007, Gocht and Grathwohl 2004). Hence, in all of the investigated sediments,

fluoranthene, pyrene and phenanthrene can be considered as potentially bioavailable
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contaminants. This corresponds to the general observation that low-molecular PAHSs such as
phenanthere and anthracene possess a greater mobility in the environment than larger, more
hydrophobic PAHs (Mackay et al. 1992, Shor et al. 2003, Sutherland et al. 1995).

Moreover, phenanthrene, fluoranthene, and pyrene showed the overall highest degradation
rates during a bioremediation experiment, indicating their high bioavailability in
sediment/water systems (Ghosh et al. 2003). An extensive literature review (n = 100) performed
by Oen and al (2006) revealed that for native sediments the average percentage of the rapidly
desorbing fractions of phenanthrene and pyrene were 22 and 29%, respectively. In the present
desorption experiment, these percentages accounted for 10 £ 7 and 3 = 1% for phenanthrene
and pyrene, respectively. Hence, the rapidly desorbing fractions of these congeners were much
lower compared to the average values of a multitude of studies. Only the rapidly desorbing
fraction of phenanthrene desorbed from sediment EBR (19%) corresponds to those findings.

In a desorption study, using the present desorption approach, the percentages of
high-molecular PAHSs, including benzo[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[K]fluoranthene and benzo[a]pyrene, desorbed from inter alia sediments of the river
Rhine, and desorption percentage were comparable to those determined for phenanthrene
(122%) (van Noort et al. 2003). Further studies also found a significant desorption of those
high-molecular PAHs from native sediments (Shor et al. 2003). It is therefore assumable that
the extraction technique (a sequence of water, hexane and acetone) of Van Noort et al. (2003),
in contrast to that of the present study, could have caused a better recovery of high-molecular
PAHSs. It is also conceivable that the applied freeze-drying process of sediments could have
caused and alteration of desorption kinetics (Zielke et al. 2011). These examples thus could
explain the rapidly desorbing fractions of phenanthrene and pyrene in the present study to be
lower compared to the literature data collected by Oen et al. (Oen et al. 2006).

Desorbing compound concentrations could be divided into rapidly and slowly desorbing
fractions by using a two-compartment-model. The 53-days desorption experiment showed that
the rapidly desorbing fraction of desorbed compounds, which in contrast to the slowly
desorbing fraction is of high importance in terms of bioavailability (Cornelissen et al. 1997,
Pignatello and Xing 1995), mostly constituted a minor part compared to their respective initial
sediment concentrations (Figure 6.2 a - d, Table 6.1), which corresponds to previous findings,
where approximately 40% of PAHs were released quickly and 60% slowly (Talley et al. 2002).

In river systems rapidly desorbing fractions can occur during short-term remobilizations of
contaminants caused by e.g. dumping of dredged material (Forstner et al. 2008). Those fractions

for fluoranthene and pyrene as well as their time point of exhaustion was comparable in all
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sediments. In contrast, distinct differences were observed for phenanthrene. Here, desorption
from the lowest contaminated sediment was the highest and vice versa. Former studies have
proven the desorption of phenanthrene from native sediments to be highly variable for
sediments with different properties (Shor et al. 2003).

However, by taking the initial sediment concentrations of phenanthrene into account, all
sediments the risk through bioavailable phenathrene increased in the order EBR, EBR/ZE, ZE
and PR. This sequence nearly equated the sequence of sediment contamination (refer to
Section 6.4.1), and also the cumulative concentration of rapidly desorbing phenanthrene,
fluoranthene and pyrene showed this sequence, showing that the initial sediment concentration
is an important factor when assessing compound bioavailability.

Nevertheless, while the rapidly desorbing phenanthrene from highly contaminated sediments
PR and ZE was exhausted after two months, this progress took about three months for slightly
contaminated sediments EBR/ZE and EBR (Table 6.1), indicating that despite their lower
contamination levels, sediments EBR and EBR/ZE pose a risk, which is comparably long-
lasting. A previous study has shown that miniaturized desorption experiments are transferrable
to large-scale experimental setups (Schwab and Brack 2007), suggesting that desorption
experiments may also be transferable to field scenarios. However, natural occurring sediment
re-mobilization processes, such as hydrogeological events (e.g. floods) only last for a few days
and compounds, which during such events enter the water phase, are subjected to dilution,
decreasing their risk potential. In general, the present experiment showed that with respect to
sediment risk assessment, the initial sediment concentration is of high importance when
evaluating bioavailability, but further compound- and sediment specific characteristics have to
be considered as well.

6.5.2.2 Desorption versus characteristics of sediments

A comparison of rapidly and slowly desorbing fractions of phenanthrene, fluoranthene and
pyrene with the sediments’ organic matter percentages showed that desorption strongly depends
on sediment-specific characteristics. The higher the organic content of the sediment, the higher
was the resulting rate of the rapidly desorbing fractions of phenanthrene, fluoranthene and
pyrene, respectively (Figure 6.4a). This observation is opposite to previous findings, that the
higher the organic portion in a sediment, the stronger the binding of organic compounds
(Latimer et al. 1999, Reid et al. 2000). However, desorption of PAHs depends on compound
origin and characteristics (Thorsen et al. 2004). Nevertheless, parameters for the estimation of

the desorption such as the equilibrium portioning coefficient, in models have been shown to
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overestimate (partly by a factor of 100) the aqueous concentration of planar PAHs (McGroddy
et al. 1996) indicating that these compounds may be unexpectedly strong sorbed to sediments.

Large molecules due to their steric hindrance and interaction on multiple points can for
examples be very difficult to desorb (Pignatello and Xing 1995). Moreover, desorption depends
on the composition of the sediment organic matter (Kukkonen et al. 2004). PAHSs for example
desorb much faster when associated with pitch particles than with coal or coke particles (Ghosh
et al. 2003) and the presence of detrital plant debris, have been shown to dramatically influence
their desorption from natural sediments (Rockne et al. 2002). Previous studies furthermore
emphasized the dependency of desorption from ,,aging processes‘ of sediments and assumed
that ,,aging” complicates the determination to which extent the desorption of PAHs from
sediment is influenced by compound and sediment-specific properties (Shor et al. 2003). Hence,
other sediment-characteristic influencing components beside the percentage of organic matter
cannot be completely excluded. By taking into account that the rapidly desorbing fraction is of
much higher importance for bioavailability compared to the slowly desorbing fraction
(Cornelissen et al. 1997, Xing et al. 1996), sediment ZE with the highest organic percentage
during e.g. a flood would pose the highest risk to the environment through desorbed,
bioavailable compounds. The assumption that the organic matter content of a sediment allows
for a rough estimation of the extent of desorption especially would be applicable for the rate of
rapidly desorbing pyrene, which according to our statistical findings showed a significant
correlation (r2 = 0.994) to the sediment organic percentage and corresponds to findings of Oen
et al. (2006) with a significant correlation of r> = 0.82 for pyrene.

Slow desorption is thought to be caused by hindered diffusion of organic compounds through
sediment organic matter and/or micro pores (Cornelissen et al. 1998, Farrell et al. 1999,
Pignatello and Xing 1995). Here, the rates of slowly desorbing fractions of phenanthrene,
fluoranthene and pyrene decreased with increasing organic matter content in the sediment.
Good correlations were found for the slow desorbing rates of the three PAH congeners and the
organic matter content, which corresponds to previous findings (Oen et al. 2006). In general,
the slightly contaminated sediment EBR showed the potentially highest risk of contamination
of the surrounding water through desorbed, bioavailable compounds compared to highly
contaminated sediments ZE and PR. Nevertheless, this observation from an ecotoxicological
perspective is of minor importance, because the concentration of the slowly desorbing fractions
are comparably low, thus it takes a long time until these fractions are available for organisms
(Kukkonen et al. 2004, Ten Hulscher et al. 2003). Moreover, with regard to river systems,

dilution would make the slowly desorbing fraction negligible for sediment risk assessment.
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6.5.2.3 Desorption rates versus characteristics of compounds

As the previous chapter could show, the desorbtion of phenanthrene, fluoranthene and
pyrene depended on the sediment-specific characteristics such as the organic matter percentage.
When the desorption rates of the three compounds determined for four different sediments were
compared with the compounds’ water solubility and log Kow Vvalue, respectively, good
correlations were found for each combination, indicating the rate of desorption to increase with
an increasing water solubility and a decreasing log Kow, respectively. It is thus not surprising
that the compound with the lowest log Kow and the highest water solubility (US-EPA 2015),
phenanthrene, showed the overall highest desorption from the four sediments.

With respect to sediment evaluation, these good correlations proved that the desorption and
in turn the bioavailability of compounds depends on both, the sediment-specific as well as the
compound-specific characteristics (Reid et al. 2000). However, with regard to risk assessment
on basis of the three compounds’ log Kow Values, it is important to know that the higher the log
Kow, the higher is the compounds’ potential to accumulate in organisms as well as in the food
chain (Mackay and Fraser 2000, Reid et al. 2000). It is thus questionable if the three compounds,
even though they were the most available ones among all 16-EPA PAHSs, would tend to
accumulate in biota, which would increase their environmental risk potential. Nevertheless,
studies criticizing commonly conducted tenax desorption experiments to singly analyze
predominantly unpolar target-compounds, questioned the risk caused by polar compounds

possessing a higher significance in terms of bioavailability (Brack et al. 2009).

6.5.3 Ecotoxicological analyses

6.5.3.1 Results obtained using the 7-Ethoxyresorufin-O-deethylase (EROD) assay
Chemically based desorption experiments alone are not able to predict bioavailability,
because the potential harm of adsorbed contaminants following their bioavailability depends on
complex processes such as resorption, transport und metabolism in the cells of an organism
(Brack et al. 2009). Therefore, the EROD assay with cell line RTL-W1 was applied to show the
effects of the potentially bioavailable fraction of a cellular basis. Tenax extracts of each of the
four investigated sediments showed dioxin-like activity, while process controls did not show
any of such effects (data not shown). The EROD activity thereby showed a kinetic, which was
comparable to the previously discussed PAH desorption kinetics. More precise, higher EROD
activities were detected in the first days compared to the activities at the end of the experiment,
so that RTL-W1 BEQs formed a saturation curve. In detail, highest and lowest EROD induction
was found for sediments PR and EBR, respectively, which primary gives the impression that
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EROD activity increased with the increase of the cumulative desorbed concentrations
(Figure 6.3a).

But, unexpectedly low inductions of tenax extracts originating from sediment ZE were
found, diminishing the hypothesis that increased cumulative concentrations of desorbed PAHs
led to increased EROD activities. Moreover, tenax extracts of the mixture EBR/ZE, consisting
of nine parts dry weight (dw) EBR and one part dw ZE, showed inductions greater as inductions
of tenax extracts from the single sediments EBR and ZE, respectively. This result may indicate
the presence of synergistic compounds present in tenax extracts of the mixture, which led to an
increase in EROD activity compared to extracts of the initial sediments.

By interpreting the present bioassay-derived results, it is moreover important to mention that
for permanent fish cell line RTL-W1, relative potency (REP) measurements of single
compounds could prove, that only high-molecular PAHSs, including benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno(1,2,3-
cd)pyrene, benzo[g,h,i]perylen and benzo[a,h]anthracene, possessed a demonstrable
EROD-inducing potential (Bols et al. 1999). Further studies proved phenanthrene to be a
non-inducer for cell line RTL-W1 (Billiard et al. 2004) and phenanthrene, fluoranthene and
pyrene to be non-inducer in fish liver cell line PLHC-1 (Villeneuve et al. 2002). Hence, the four
PAH congeners, desorbed from the sediments (i.e. fluorene, phenanthrene, fluoranthene and
pyrene), most likely did not cause the EROD activity measured in the extracts. For this, it was
not possible to compare the present BEQs with instrumental-derived toxicity equivalents
(TEQs) in a mass-balance approach.

The fact that via GC-MS measures only detected four PAHs, which according to the
abovementioned REP studies are not responsible for the observed effects in the EROD assay
and previous studies indeed could prove high-molecular PAHs to desorb from sediments (Shor
etal. 2003, van Noort et al. 2003), lead to the assumption that: (1) other dioxin-like non-targeted
compounds were present in the tenax extracts, which led to EROD-induction and/or (2) the
assay was able to even detect small concentrations of desorbed, high-molecular EPA-PAHS not
detected by using GC-MS.

Summarizing these results, tenax extracts partly reflected the levels of cumulative desorbed
PAHs measured by means of GC-MS, but possibly indicated the presence of dioxin-like
compounds non-targeted by chemical analysis. Because the EROD assay used DMSO as a
solvent carrier, the assays’ results do not reflect any bioavailability (Reid et al. 2000), thus the

EROD assay rather reflects the possible overall receptor-mediated effects worst-case scenario
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of all desorbing compounds over a 53-days’ time range. The use of DMSO hence most likely

overestimates the cell-based fate of the bioavailable fraction (Brack et al. 2009).

6.5.3.2 Sediment contact assay (SCA)

Although tenax extraction techniques are considered to reflect bioavailability, the complex
process of bioavailability encompasses further organism- and species-specific properties (Reid
et al. 2000). Meaning that contaminant concentration alone most likely is insufficient to predict
the environmental risk of sediments.

Because the SCA was ranked valid, results obtained for eggs exposed to sediments are
reliable. The effect of egg coagulation is relatively unspecific compared to other effects.
Negative controls, on which eggs were normally developed distinctly differed from eggs
exposed to the four replicates. These differences were found throughout the three conducted
replicates. Sub-lethal effects encompassed all listed effects (see Section 6.3.5.2), except
malformations of the spinal column. Some of the eggs, independent of the sediment to which
they were exposed to, were coagulated after 48 hours. Coagulation can be the result of lacking
oxygen (Strecker et al. 2011) and cannot completely excluded due to sediment-related oxygen
attrition and a missing oxygen control during the exposure time. An increase in effect
percentage with increasing sediment concentration could not be found, which indicates, that the
dilution of sediment through the quartz sand did not diminish the effects. However, highest
effect levels were reached in the second highest sediment concentration, except for the mixture
EBR/ZE. The unexpected result that pure sediment (highest concentration) showed less effects
compared to the remaining quartz sand diluted approaches, possibly indicates that the quartz
sand increased the bioavailability of desorbing compounds from the four sediments.

The maximum sub-lethal effect levels of approximately 35% for sediment EBR and the
mixture EBR/ZE, 66% for sediment PR and 68% for sediment ZE, hence more or less reflected
the sequence of the initial PAH contamination degree of these sediments (refer to Section 6.4.1)
and more or less reflected the cumulative desorbing fractions of the sum of compounds
desorbing from these sediments (Figure 6.3a). It is therefore assumable that the higher the
initial PAH sediment contamination and the respective amount of the bioavailable PAH
fraction, the higher the effect levels on a fish embryo level. Although the desorbed fraction
decreases with time, the bioavailability increases with time (Reid et al. 2000), which means that
the SCA covers the most harmful time range in terms of desorption. Nevertheless, results
obtained by using the SCA are rather complicated to transfer to other aquatic species such as
benthal oranisms, because accumulation is promoted by additional uptake pathways such as

ingestion (Landrum 1989). Ingestion of sediment-associated PAHs especially is of high
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importance for stronger bond, high-molecular PAH congeners (Kukkonen et al. 2004, Landrum
1989, Ten Hulscher et al. 2003). For this, low-molecular PAHs, which have been shown to
rapidly desorb from the present sediments during the 53-days desorption experiment, most
likely were the more accessible congeners in the SCA.

Nevertheless, it is likely that beside the PAH congeners instrumentally investigated here,
other sediment-borne bioavailable compounds caused the observed effects. Compounds such
as polychlorinated dibenzo-p-dioxins and dibenzo furans (PCDD/Fs), polychlorinated
biphenyls (PCBs) as well as a multitude of dioxin-like compounds could for instance account
for those effects (Cantrell et al. 1998, Sundberg et al. 2005). While embryos of fish eggs
exposed EBR and the mixture EBR/ZE did not show any predominant effects, 67% and 56%
of all effects in embryos exposed to highly PAH contaminated sediments PR and ZE,
respectively, amounted for missing pigmentation of skin and/or eyes and in 30% of these cases,
both eyes and skin were affected at the same time. A number of PAHs are known to cause such
teratogen effects in early-life stages of D. rerio (Barron et al. 2004). The lack of protective
pigmentation possibly leads to an increased sensitivity of the fish embryos towards UV light
(Kosmehl et al. 2006). Beside the sub-lethal effects, all of the investigated sediments showed
an embryotoxic potential with maximum mortality of 36% for embryos exposed to sediment
PR and approximately 15% for embryos exposed to the remaining sediments. Besides the PAH
congeners investigated here, PCBs could possibly have led to this increased mortality (Hollert
et al. 2003, Westerlund et al. 2000). Again, the relatively higher PAH contaminated sediments
PR and ZE led to higher mortality, indicating a correlation between general sediment

contamination degree and lethal effects.

6.6 Conclusion

The PAH congeners phenathrene, fluoranthene and pyrene predominantly desorbed from the
four sediments during 53 days, thus, were considered as most potentially bioavailable
contaminants. Desorption, which occurred in a bi-phasic manner (rapidly and slowly desorbing
fraction) in its intensity corresponded to the initial sediment contamination. Although rapid
desorption lasted longer for slightly than for the highly contaminated sediments, the latter ones
with much higher short-time concentrations of desorbing PAHSs, most likely possess a greater
environmental risk potential e.g. during floods. Rates of desorption were dependent from
sediment-specific (here: percentage of sediment organic matter) and compound-specific (here:

water solubility, log Kow) characteristics, with higher organic sediments PR and ZE causing the
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highest rates of desorption and thus, indicating a higher potential risk to the aquatic
environments during e.g. floods.

Extracts from the desorption experiment all showed dioxin-like activity and the temporal
course of cumulative BEQs corresponded to that of the cumulative PAH desorption of
phenanthrene, pyrene and fluoranthene. These congeners, however, are non-inducers for cell
line RTL-W1, raising the question if high-molecular PAHSs, which probably stayed un-detected
in the extracts, caused those effects in vitro or if other dioxin-like and non-targeted compounds
could have caused these effects. Increased cumulative concentrations of desorbed PAHSs did not
lead to increased EROD activities. Due to the use of DMSO as a solvent carrier, the EROD
assay did not reflect bioavailability but rather a worst-case scenario of all desorbing compounds
over 53 days. In the SCA assay sub-lethal and lethal effect levels were highest in embryos
exposed to sediments PR and ZE, highly contaminated with PAHs, and more or less
corresponded to the intensity of desorption from all sediments, leading to the assumption that
initial sediment contamination and intensity of desorption determine the extent of embryotoxic
effects. It is likely that beside the analyzed PAH congeners, other sediment-borne bioavailable
compounds such as dioxins or led to the observed effects.

Consequently, the applied ecotoxicological test systems partly supported the instrumental
findings, partly uncovered deficits of those quantifying analyses and with this pointed towards
an improved sediment risk assessment. In terms of bioavailability and toxicity, tenax extraction
combined with subsequent ecotoxicological testing allows for prioritization of contaminated
sediments. Since the rapidly desorbing fraction is considered to reflect bioavailability, future

experiments could be shortened to a couple of days to reduce the experimental expense.
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7.1 Abstract

The river Elbe catchment area is the fourth largest catchment area in Europe. Frequently
occurring flood events can cause sediments contaminated with dioxin-like compounds (DLCs)
to be re-transferred into the water phase, where they can threaten the aquatic environment. The
present work applied two 7-ethoxyresorufin-O-deethylase (EROD) bioassays with RTL-W1
and H4I1IE cells for screening DLCs in raw extracts of sediment samples from a longitudinal
sampling program in 2008 and soil samples of inundated floodplains taken in 2003. Bioassay
data were compared with chemical analysis data and discussed in the context of contamination
hotspots and the Elbe flood in August 2002.

Dioxin-like activities of sediment and soil samples were comparable and showed similar
trends in both assays (reproducibility < 23%; r2= 0.586). Samples KS 11 (a former dumping
site of sewage sludge in the North Sea), Schnackenburg, Prossen, Lysa nad Labem and soils of
the Mulde tributary floodplain showed highest EROD-inductions, which corresponded to
contamination hotspots along the Elbe. Near-river soil samples of floodplains consistently
showed higher dioxin-like activities than distant samples, indicating that more frequent
inundations led to higher contaminations. The trend of highest EROD-induction of samples
Schnackenburg, Prossen and Lysa nad Labem was further confirmed following normalization
of bioassay results to total organic carbon (TOC) contents. Correlation between bioassay and
chemical data was weak, most likely due to the missing clean-up of extracts analyzed via

bioassays.

Since prioritized samples were in good accordance between both cell lines, we conclude that
bioassays can provide important information for the assessment of contaminated sediments and

soils in addition to chemical investigations.

Keywords: Micro EROD assay * EROD assay ¢ Toxicity Equivalent Quotient « REP
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7.2 Introduction

The river Elbe extends from the Krkonose Mountains, Czech Republic, to the North Sea at
Cuxhaven, Germany (FGG-Elbe 2015). The river’s most important tributaries include Vltava,
Saale, Havel, Mulde, Schwarze Elster and Eger. With 148,268 km?, the river Elbe catchment
area is the fourth largest river catchment area in Europe (LUA 2005). It serves as an important
waterway, recreational area and as habitat for a diverse flora and fauna (92/43/EWG 1992),
including migratory fish species such as European eel (Anguilla anguilla) and Atlantic salmon
(Salmo salar) (IKSE 1992-1995, 1996-2010). However, increasing lining, sealing and water
level regulation in the tidal part of the river and along its course, especially in the Czech upper
reaches of the river Elbe, led to increases in current velocities and promoted the occurrence of
periodical flood events (LUA 2005) like the Elbe flood in August 2002, which until today
belongs to the most significant inundations of Central Europe (UFZ 2003).

Apart from such flood events, the Elbe ecosystem is threatened by contamination through
e.g. persistent organic pollutants (POPSs), which — due to their physical and chemical properties
— adsorbed to sediments. Following floods or other hydrogeological events such as dredging
and/or bioturbation, sediments get remobilized and reintroduced into the water column and can
contaminate Elbe associated floodplains or downstream river regions (Burton 1992, Forstner
2009). Certain POP contamination in the river Elbe significantly exceed the pollution levels of
other major European rivers (IKSE 1992-1995) and mainly originate from treated and untreated
industrial wastewaters of industries in the Bitterfeld area producing magnesium and
organochlorine compounds (including HCH, DDT) (G6tz and Lauer 2003, Jacobs et al. 2013,
Wilken et al. 1994, Wycisk et al. 2013)or Czech industries such as Synthesa in Pardubice,
Lovochemie in Lovosice or Spolana and Spolchemie in Neratovice (Heinisch et al. 2007,
Stachel et al. 2004, Umlauf et al. 2010) . The POPs releases from industries in Bitterfeld-
Wolfen, a city of the Mulde catchment area, are the major source for contamination of land and
floodplains of the Elbe river in Germany (Brack et al. 1999, Go6tz et al. 2007, Stachel et al.
2004, Umlauf et al. 2005, Umlauf et al. 2010, W6lz et al. 2008), which resulted in threshold
exceedances for POPs (in particular dioxins) in milk and meat of exposed grazing cows (Schulz
et al. 2005, Stachel et al. 2005).

Within the group of POPs, one can find the so-called dioxin-like compounds (DLCs), which
include polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),
as well as dioxin-like polychlorinated biphenyls (DL-PCBs). While PCDD/Fs (collectively
referred to as dioxins) are unintentional, industrial byproducts that are mainly formed from

anthropogenic origin, formed during organochlorine production, in combustion processes as
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well as during e.g. pulp- and paper or magnesium production when chlorine is applied (Fent
2007, Safe 1990a, UNEP 2013 , Weber et al. 2008). The majority of PCB contamination stem
from the approximately 1.3 million tons of technical PCB mixtures used in a range of closed
applications (transformers, capacitors, hydraulic fluids) and open applications (e.g. plasticizers,
paints, cutting oils, flame retardants) containing approximately 1000 kg dioxin toxic
equivalents (TEQs) (Breivik et al. 2002, Denison and Heath-Pagliuso 1998, Fent 2007, UNEP
1999, Wagner et al. 2014, Weber et al. 2008). Unintentional PCB are formed in thermal
processes and organochlorine chemicals such as certain pigments or pesticides (Anezaki and
Nakano 2014, Huang et al. 2014, UNEP 2013 ). Besides their partitioning to solids, DLCs
accumulate in the food chain (biomagnification) and in this way also threaten humans and
wildlife (Safe 1998a) by causing cancer, immune toxicity, neurotoxicity, teratogenicity,
developmental toxicity, disruption of the endocrine system, reproduction and fertility (Denison
and Nagy 2003, Fent 2007, Hilscherova et al. 2000, Safe 1990a, 1994).

On the cellular level, DLCs bind with high affinity to the Aryl hydrocarbon receptor (AhR).
This cytosolic receptor belongs to a multimeric protein complex and binds DLCs and similar
compounds with coplanar structures with high affinity (Fent 2007, Hilscherova et al. 2000). It
has been shown that many of the toxic effects caused by DLCs are mediated by the AhR (Safe
1998b) and that the binding affinity of a ligand is proportional to its toxicity, transcriptional
activity and AhR-mediated enzyme activities (Safe 1995). A ligand binding to the AhR causes
AhR-associated heat shock proteins to dissociate from the complex and its adjacent
translocation into the nucleus, where it forms a dimer with the AhR nuclear translocation
protein (ARNT). The ligand-AhR-ARNT complex binds to dioxin responsive elements (DRE)
and leads to transcriptional activation and the synthesis of e.g. cytochrome Passo-dependent
monooxygenases (CYPs) (Hilscherova et al. 2000). CYPs are enzymes of phase | xenobiotic
metabolism-, which catalyze the oxidation, reduction and hydroxylation of xenobiotics (Fent
2007). The subfamily CYP1A and especially its individual enzyme CYP1ALl is one of the most
important enzymes in ecotoxicology and has been successfully used as biomarker for analyzing
the pollutant exposure of e.g. fish (Whyte et al. 2000).

The most commonly applied method to quantify the expression of CYP1A in vitro is the
measurement of 7-ethoxyresorufin-O-deethylase (EROD) activity (Behnisch et al. 2001b). It
can be performed with different cell lines including the permanent fish liver cell line RTL-W1
(Rainbow trout liver - Waterlool) and the wild-type rat hepatoma cell line H4IIE. The test
principle is to measure the induction strength of CYP1A through EROD activity. Following

deethylation of the exogenous substrate 7-ethoxyresorufin through EROD, the resulting
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reaction product resorufin can be fluorometrically measured. After normalization to protein
concentrations, the specific EROD activity can be calculated by the amount of resorufin formed
by the proteins within a certain reaction time (Kennedy et al. 1993). Bioassays such as the
EROD assay are cost-efficient screening tools, allowing for the analysis and prioritization of a
multitude of samples and with this overcome some of the limitations of classical instrumental
analysis (Wernersson et al. 2015).

Extracts of environmental samples can be evaluated by comparing their response in the
EROD assay to the responses of one of the strongest inducers, 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). Such results are commonly expressed as so-called biological equivalents
(BEQs), enabling a direct comparison to results of chemical analysis, expressed as toxicity
equivalents (TEQs) (Safe 1998a, b, Van den Berg et al. 1998, Van den Berg et al. 2006). TEQs
are the sum of all single DLC concentrations present in an environmental extract multiplied
with their corresponding relative potencies (REPs), representing the congener’s induction
potential related to TCDD, which by definition has a REP of 1. This approach in the present
study enabled the comparison between bioassay and chemical analysis derived concentrations

of DLCs in soil and sediment samples along the river Elbe and selected alluvial plains.

7.3 Material and Methods

7.3.1 Study design

Freeze-dried sediment samples of an Elbe longitudinal sampling program of the year 2008
and soil samples from Elbe associated flood areas Glinde, Woérlitz and Mulde, which were
sampled in the year 2003 following the Elbe flood of August 2002, were extracted by means of
pressurized liquid extraction (PLE) and bio-analytically investigated by means of the EROD
assay with the fish liver cell line RTL-W1 and the Micro-EROD assay with the rat hepatoma
cell line H4I1IE. In vitro results were discussed in the context of contamination hotspots along
the river’s course and the flood event of 2002. Finally, the obtained BEQs were compared with
chemically/instrumentally determined concentrations, which had been analyzed in former
studies (Stachel et al. 2006, Stachel et al. 2011, Umlauf et al. 2010).

7.3.2 Sampling and composition of sediment and soil samples

All freeze-dried sediment and soil samples along with the corresponding measured total
organic carbon (TOC) contents, grain size distributions and concentrations of PCDD/Fs and

DL-PCBs were provided by the Joint Research Center in Ispra, Italy. Details of both, sampling
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and analysis of sediment and soil samples have been published elsewhere (Stachel et al. 2006,
Stachel et al. 2011, Umlauf et al. 2010). Figure 7.1 provides an overview of the Elbe
longitudinal profile samples of 2008 (red dots; Figure 7.1), as well as the inundated flood areas

(boxes 1, 2 and 3 for areas Worlitz, Glinde and Mulde, respectively; Figure 7.1).
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Figure 7.1 Map of sediment and soil sampling locations. Red dots (left side) show sediment sampling locations
of an Elbe longitudinal profile sampling program in the year 2008; Numbered boxes (left side) show locations of
the three inundated floodplains Wérlitz (1), Glinde (2) and the tributary Mulde (3), which are shown in detail on
the right side; the map was designed according to (Stachel et al. 2006).

7.3.3 Extraction

Freeze-dried samples were stored at 4 °C until analysis. Sediments and soils were sieved
< 2 mm and homogenized before 10 g dry weight (dw) of each sample were mixed with fire-
dried quartz sand and extracted by means of PLE (E-916, BUCHI Labortechnik GmbH, Flawil,
Switzerland). Extraction was conducted according to short notes of BUCHI Labortechnik
GmbH, Flawil, Switzerland (BUCHI 2009), using an acetone/n-hexane mixture (v/v; 50/50;

p.a.; Roth, Karlsruhe, Germany) at 100 °C and a pressure of 120 bar. Each extraction consisted
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of two cycles, including a heat-up (1 min), a hold (10 min) and a discharge phase (2 min). In
total, three process controls, containing quartz sand only, were extracted at the beginning, in
the middle and at the end of the whole sample extraction procedure.

Extracts were rotary evaporated down to a volume of approximately 1 ml and
gravimetrically divided into two equal parts. These aliquots were transferred into amber glass
vials with PTFE septum-containing screw caps (VWR, Darmstadt, Germany) and were later on
used for chemical and bio-analytical purposes. For the first purpose, extracts were stored in
n-hexane, whereas the latter one was blown down to dryness completely under a gentle nitrogen
stream and re-dissolved in dimethyl sulfoxide (DMSO, p.a.; Sigma-Aldrich Chemie GmbH,
Steinheim, Germany).

7.3.4 Chemical extract analysis

7.3.4.1 PCDD/Fs and DL-PCBs

Details on the extraction and subsequent determination of PCDD/Fs and DL-PCBs measured
via high resolution gas chromatography — high resolution mass spectrometry (HRGC/HRMS)
can be found elsewhere (Stachel et al. 2006, Stachel et al. 2011, Umlauf et al. 2010).

7.3.4.2 16 US EPA PAHSs

Concentrations of 16 US EPA PAH in sediment and soil extracts were analyzed by the
Federal Institute of Hydrology (BfG) in Koblenz, Germany. Quantitative analysis was
performed via gas chromatography - mass spectrometry (GC/MS; GC 6890- MS 5977N Agilent
Technologies Deutschland GmbH, Boblingen, Germany) over a HP5-MS capillary column
(30m x 0.25mm; 0.25 um film thickness, Agilent). The mass selective detector (MSD) was
operated in single ion monitoring (SIM) mode. The temperature program of the GC was as
follows: 60 °C (2.5 min isothermal) with 20 °C/min to 130 °C, 4 °C/min to 320 °C (1 min
isothermal). The quadrupole temperature was 150 °C, whilst the injection temperature was
230 °C. Samples were 1:10 fold diluted with n-heptane and PAH concentrations were
interpolated from a dilution series of external standards (2.5, 5, 10, 25, 50, 100, 200, 500 and
1000 pg/ul) using MassHunter software (Agilent).
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7.3.5 Bio-chemical extract analysis

7.3.5.1 EROD assay with RTL-W1 cells
The RTL-W1 assay was performed according to section 2.3.1 with the exceptions that only

one sample was tested per plate and that DMSO concentrations in each well were < 1%.

7.3.5.2 The Micro EROD assay with H411E cells
The H4IIE Micro EROD assay was performed according to section 2.3.2.

7.3.6 Data analysis and representation

All graphical drawings were produced using the vector graphic program Inkscape 0.48.
Bio-analytical data was processed via Excel (Microsoft Office Excel 2003) and concentration-
response curves were plotted using GraphPad Prism 5 software (La Jolla, CA, USA) using a
non-linear regression and a dose-response stimulation (log agonist vs. response). BEQs were
calculated according to equation 2.1 with x being the concentration at a 25% effect level. TEQs
were calculated according to equation 2.5. Details on x used in equation 2.5 are given in
section 2.4.2 Limits of detection (LODs) and quantification (LOQs) were calculated according
to equations 2.3 and 2.4, respectively. Z-factors were calculated as given in equation 2.2 and
reproducibility as described in section 2.3.5.

Statistical analysis was conducted using Sigma Plot 12.0 software. Normality was analyzed
by means of a Shapiro-Wilks test (p < 0.5). Differences between BEQs of Elbe length profile
samples were analyzed using a repeated measures one-way ANOVA (p < 0.005) with Tukey’s
multiple comparison test (p = 0.05) as post-hoc test, Elbe inundated flood area samples with
respect to their distance to the river were compared via a two-tailed student’s t-test (p < 0.05;
p = 0.05). All reported linear correlation coefficients were calculated as Pearson’s correlation
coefficients (p = 0.05).

7.4 Results

7.4.1 General consideration of bioassay results

Altogether, 51 measurements performed with the RTL-W1 EROD and H4IIE Micro EROD
assay resulted in average limits of detection (LOD) of 1.86 + 0.84 and 0.24 + 0.06 pM TCDD,
whereas limits of quantification (LOQ) reached values of 4.59 + 2.00 and 0.39 £ 0.09 pM
TCDD, respectively. The average z-factor of 51 measurements summed up to 0.77 + 0.16 and
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0.66 £ 0.26 for the RTL-W1 EROD and H4IIE Micro EROD, respectively. The average
coefficients of variation (CV), taken from the LOD, LOQ and z-factor calculations, accounted
for 23.2 +1.5% and 42.6 + 3.2% for the RTL-W1 EROD and H4lIE Micro EROD assay,
respectively. The reproducibility of three independent replicates on average was 28.6 + 16.2
and 21.7 £ 9.1 for the RTL-W1 EROD and H4I1E Micro EROD assay, respectively.

7.4.2 EROD-activity of Elbe length profile sediment samples from 2008

Figure 7.2 shows that all tested raw extracts, including Elbe longitudinal profile samples,
and samples of inundated flood areas possessed dioxin-like activity. Process controls, which
were tested in concentrations similar to the highest extract concentrations, caused no such

effects (data not shown).
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Figure 7.2 Biological equivalents (BEQs) of sediment and soil raw extracts, produced via the RTL-W1 EROD
(upper part, lighter grey bars) and H41IE Micro EROD bioassays (lower part). Elbe longitudinal profile sediment
samples (left side, darker grey bars) were taken in the year 2008, while soil samples of the inundated flood area
were taken in the year 2003. All sampling sites are depicted in Figure 7.1. Bars show average of three independent
replicates with corresponding standard deviations. Dashed bars mark near-river samples. Capital letters show the
results of one-way ANOVA (p < 0.005) with Tukey’s multiple comparison test (p = 0.05): Significant differences
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compared to Lysa nad Labem (A), Prossen (B) and Schnackenburg (C). Asterisks mark samples which, according
to student’s t-test (p = 0.05), were significantly different (p = 0.05); n.d. = not determined.

RTL-W1 EROD BEQs ranged from 3990 to 25470 pg/g dry weight (dw) sediment and with
this, were constantly higher compared to H4IIE Micro EROD BEQs, which ranged from 150
to 2700 pg/g dw sediment (Figure 7.2). Nevertheless, equal trends in sample activities could be
observed between the two assays. For instance, both methods identified the samples KS 11,
Schnackenburg, Prossen and Lysa nad Labem as those with the highest dioxin-like potential.
In the RTL-W1 EROD assay, the sample Lysa nad Labem showed the overall highest EROD-
inducing potential and was proven (ANOVA with Tukey’s comparison test; p < 0.05) to be
significantly different from all remaining Elbe longitudinal profile samples, except sample
KS11.

Regarding H4I1E Micro EROD assay results, five samples (highlighted with B; Figure 7.2)
were significantly different (ANOVA,; p < 0.05 with Tukey’s method; p = 0.05) from sampling
site Prossen, whereas three samples (marked with C; Figure 7.2) turned out to be significantly
different from those of the location Schnackenburg.

7.4.3 EROD-activty of inundated flood area samples from the year 2003

For each of the inundated floodplain soils from the areas Glinde, Mulde and Wérlitz, two
sampling sites existed, of which one was located close to (striped bars, Figure 7.2) and the other
one with greater distance to the respective river system (Figure 7.1). For each of the three
sampling areas, both bioassays indicated higher dioxin-like activities of samples with smaller
distance to the river compared to their more distant counterparts. For the Mulde area, this
difference was proven to be significant (two-tailed student’s t-test; p = 0.05) using both, the
RTL-W1 EROD (p = 0.007) and H41IE Micro EROD (p = 0.034) assay. Furthermore, sample
32 of the Mulde area was the sample with the highest overall induction potential in the H4IIE
Micro EROD assay, and in the RTL-W1 EROD assay it was among the highly inducing
samples. Rear dike sample Mulde 33, which got inundated once after a dike break during the
flood in August 2002 (Stachel et al. 2006), showed lower REP-based TEQs for both cell lines
compared to Mulde sample 32 (Table 7.1), which was located next to the Mulde River. BEQs
determined in composite samples of the transects increased in the order
Worlitz < Glinde < Mulde using both assays, but generally were in in the same order of
magnitude like the BEQs determined for Elbe sediment samples (Figure 7.2).
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7.4.4 Comparison of BEQs and REP-based TEQs

While the correlation (Pearson, p = 0.05) of RTL-W1 EROD and H411E Micro EROD BEQs
was significant (r2=0.343), neither the RTL-W1 EROD (r2 = 0.003), nor the H4lIE Micro
EROD assay (r2 = 0.237) correlated with their REP-based TEQ values presented in Table 7.1.

Table 7.1 Sampling types, total organic carbon (TOC) content, grain size distributions as well as RTL-W1 and
HA4IIE relative potency (REP)-based toxicity equivalents (TEQs) of sediment samples of the river Elbe and soil
samples of Elbe associated flood areas; all sampling sites are depicted in Figure 7.1; n.a. = not analyzed,
PAH = polycyclic aromatic hydrocarbons; PCDD/F = polychlorinated dibenzo-p-dioxins and dibenzofurans; DL-
PCB = dioxin-like polychlorinated biphenyls; sampling types, TOC, Fraction and concentrations of DL-PCBs and
PCDD/Fs according to (Stachel et al. 2006, Stachel et al. 2011, Umlauf et al. 2010).

RTL-W1 H4lIE
REP-based TEQs REP-based TEQs
[pg/g dw] [Pg/g dw]
sample P TC - oum PAH popor AR peone

[% dw] TEQ® TEQ®
KS 11 EP 2.2 n.a. n.a. 69.5 n.a. 34.4
Brunsbuttel EP 1.7 26 n.a. 111.0 n.a. 49.9
Bunthaus FDS 4.8 45 478.3 110.3 624.5 49.1
Schnackenburg FDS 5.8 46 550.1 200.7 698.9 90.2
Magdeburg FDS 5.7 69 253.0 292.0 315.4 128.6
Rosenburg FDS 4.8 68 605.9 154.4 754.9 67.3
Prossen FDS 7.1 78 1058.0 45.1 1318.2 21.6
Obristvy FDS 5.6 44 555.8 34.1 699.6 15.4
Lysan. Labem FDS 6.9 33 795.5 36.1 1019.3 15.7
Klavary EP 3.7 n.a. n.a. 11.3 n.a. 4.7
Pardubice EP 3.2 n.a. 595.5 1415 746.0 51.6
Glinde 27 TS 8.1 n.a. 826.4 1201.9 1044.0 522.7
Glinde 30 TS 9.5 n.a. 639.0 2071.6  845.3 919.6
Mulde 32 TS 7.9 n.a. n.a. 2168.5 n.a. 980.3
Mulde 33 TS 13 n.a. n.a. 372.8 n.a. 164.0
Worlitz 44 TS 6.2 n.a. 558.1 120.9 742.6 51.3
Worlitz 43 TS 9.0 n.a. 623.8 127.1 827.2 54.2

a = according to Bols et al. (1999) deduced from ECs, following 24 h of incubation; b = according to Clemons et al. (1997) deduced from

ECs, following 72 h of incubation; ¢ according to Behnisch et al. (2003) deduced from ECy, following 72 h of incubation

EP = individual samples; FDS = composite samples of freshly deposited sediments (FDS);TS = transect sample (16 individual samples)
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TEQs were much lower compared to RTL-W1 EROD BEQs, so that only 13 + 5% of BEQs
could on average be explained through the respective TEQs. In contrast, H41IE Micro EROD
assay specific TEQs explained 219 + 102% of the respective BEQs. Total RTL-W1 EROD
TEQs comprised 58% PAHSs and 42% PCDD/Fs, total H41IE Micro EROD TEQs 92% PAHSs
and 8% PCDD/Fs, respectively. For the inundated flood areas, the PCDD/F percentage in total

TEQs increased.

7.45 TOC-normalized EROD-activity of Elbe length profile samples

Following a TOC normalization (Figure 7.3) H4IIE BEQs in more than half of the
longitudinal samples were proven to be significantly smaller (repeated measures one-way
ANOVA, p < 0.05 with Tukey’s multiple comparison test, p = 0.05) than BEQs in extracts from
the sampling sites Schnackenburg, Prossen and Lysa nad Labem.
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Figure 7.3 Total organic carbon (TOC)-normalized biological equivalents (BEQs) of sediment raw extracts from
an Elbe longitudinal profile (sampled in 2008 and depicted in Figure 7.1), produced via the RTL-W1 EROD (upper
part, lighter grey bars) and H4IIE Micro EROD assay (lower part, darker grey bars). Bars show average values
from three independent replicates with corresponding standard deviations. Capital letters show the results of a
one-way ANOVA (p < 0.05) with Tukey’s multiple comparison test (p = 0.05): Significant different compared to
samples Schnackenburg (A), Prossen (B) and/or Lysa nad Labem (C).
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Although a repeated measures one-way ANOVA (p <0.05) with Tukey’s multiple
comparison test (p = 0.05) did not show any significances when conducted with the RTL-W1
data, similar trends for higher TOC-normalized BEQs in the samples Schnackenburg, Prossen

and Lysa nad Labem could be observed.

7.5 Discussion

7.5.1 General consideration of bioassay results

Average LOD and LOQ calculations from 51 bioassay measurements proved the H4IIE
Micro EROD assays to allow for the detection of much lower concentrations compared to the
RTL-W1 EROD assay. This indicates that the assay to be more suitable for the investigation of
weak AhR inducers. According to the average z-factor determined for 51 measurements, both
assays could be classified as excellent, with a good separation of the highest standard
concentration and the negative control (Zhang et al. 1999). Whereas the average CV calculated
from the LOD, LOQ and z-factors showed that the Micro EROD assay is less subjected to
variability than the RTL-W1 EROD assay. According to the results of reproducibility
calculations, both assays were located within an acceptable range of reproducibility
(2012/252/EU 2012).

7.5.2 EROD-activity of Elbe length profile sediment samples from 2008

Although RTL-W1 EROD BEQs were constantly higher compared to H41IE Micro EROD
BEQs, equal trends in sample activities using both assays could prove their predictive potential.
Samples KS 11, Schnackenburg, Prossen and Lysa nad Labem were the samples of highest
dioxin-like potential. Lysa nad Labem showed the overall highest EROD-inducing potential
from cell line RTL-W1, which correspond to findings of Behnisch et al. (2010), who
investigated desulfurized and cleaned sediment extracts of sediment from Brunsbuttel,
Magdeburg, Rosenburg, Lysa nad Labem and Klavary (sample aliquots were used in the present
study) via the DR-CALUX® with the cell line H41IE-luc. Behnisch and co-workers (2010)
received BEQs between 1300 and 8240 pg/g dw sediment and identified location Lysa nad
Labem as overall highest AhR-activating extract. This increased potential most likely
originated from historical pollution of organochlorine industries in the Czech Republic as
shown by (Heinisch et al. 2007) including the plant “Spolana” in Neratovice located upstream,
which until 1986 produced the organochlorine herbicide 2,4,5-trichlorophenoxyacetic acid
known as source for dioxin from Agent Orange assessments (Stachel et al. 2004, Stellman et
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al. 2003, Van Thuong et al. 2014) and from contamination at 2,4,5-T production sites (Weber
and Varbelow 2013).

Considering the “dioxin transport hypothesis”, DLC-loaded particles may have been
transported along the river and in turn caused the contamination of downstream areas (Lick
2009, Stachel et al. 2011). The assumption that an emitter around the sampling site Neratovice
served as a source of DLC contamination for downstream river region Lysa nad Labem is
supported by the lower RTL-W1 EROD and H4IIE Micro EROD BEQs from sampling sites
Klavary and Pardubice located upstream (Figure 7.2). On the contrary, only the REP-based
TEQs in sediment samples from the location Klavary support this assumption with regard to
chemical analyses, while those of sample Pardubice are distinctly higher compared to TEQs for
Lysa nad Labem in both bioassays (Table 7.1). For a more robust assignment of DLC pollution
and sources, PCDD/F and DL-PCBs and other DLCs congener patterns in sediments and
patterns in (former) chemical processes will need to be compared.

North Sea sampling site KS11 was located in a place of former ocean dumping for sewage
sludge from the city of Hamburg (Umlauf et al. 2010). Sewage sludge is known to carry high
loads of DLCs, which due to anaerobic conditions in sewage sludge digestion tanks are less
affected by degradation (Schramm et al. 1995). Umlauf et al. (2010) reported that North Sea
reference samples, un-affected by former dumping activities (not investigated here), in contrast
to sample KS 11 did not show elevated PCDD/F and PCB contaminations. Previous
investigations of sediment cores of the Baltic Sea could prove that dumping site extracts
exhibited and in contrast to a reference site 5-fold higher EROD-inducing potential in cell line
RTL-W1 (Wolz et al. 2009). It is therefore assumable that the high EROD-inducing potential
of sample KS 11 in the present study was a result of former dumping activities. It is further
known that river sediments continuously lead to a contamination of the North Sea (Stachel et
al. 2003, Stachel et al. 2011) with special regard to contaminants originating from the Bitterfeld
industrial region (G0tz and Lauer 2003, Stachel et al. 2005, Umlauf et al. 2010). Hence, sample
KS 11 most likely also reflects contamination through the river Elbe.

Regarding H4IIE Micro EROD assay results, sampling sites Prossen and Schnackenburg
significantly differed from the remaining sampling sites. The German sampling site Prossen,
located next to the Czech-German border, most likely represents particle-bound pollutant loads
from the Czech Republic that had been transported downstream (UFZ 2003). For instance, the
Czech city Usti nad Labem located upstream of the sampling site hosts the chemical plant
“Spolchemie”, which until the year 2000 was a strong PCB emittent (Heinisch et al. 2007). The

increased BEQ of 740 pg/g dw measured in sample Schnackenburg corresponds well to the
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sample’s increased WHO2005 TEQ of 51 pg/g dw, which formerly had been analyzed by Umlauf
et al. (2010). According to the authors, this comparably higher TEQ results from DLC loads
transported downstream from the city of Magdeburg, which in that study turned out to possess
the overall highest WHO2005s TEQ of 68 pg/g dw (Umlauf et al. 2010).

7.5.3 EROD-activity of inundated flood area samples from the year 2003

The fact that both bioassays indicated higher dioxin-like activities of near-river bank samples
of transects Glinde, Worlitz and Mulde compared to their more distant counterparts, could
indicate that these areas were more frequently inundated and thus exhibited higher
concentrations of DLCs. This hypothesis is supported for transects Glinde and Mulde by
comparing their REP-based TEQs of the two sampling sites (Table 7.1). However, it has
formerly been proven that, e.g., the distribution of PCB congeners on an equal sampling area
may vary between 1 and 84% (Barcel6 and Petrovic 2007). Hence, the difference between one
transect’s samples could also be due to landscape-related variabilities (Stachel et al. 2005).
Nevertheless, for the Mulde area, the difference between BEQs of samples close to and far from
the Mulde water level was proven to be significant in both assays.

The comparably high dioxin-like activity of sample 32 of the Mulde in both assays was
expected due to the well-known pollution background of the Mulde River. Its high dioxin loads
are mainly caused by its tributary Spittelwasser. This tributary contains high concentrations of
xenobiotics, which most likely originate from discharges of industrial sites such as the historic
release from magnesium production (G6tz and Lauer 2003, Jacobs et al. 2013) or those of the
ion exchanger wofatit in Bittefeld-Wolfen (Brack et al. 1999). In a study of Stachel et al. (2007)
sediment samples of tributary Spittelwasser produced WHO200s TEQs of 1260 pg/g dw
sediment, whilst 180000 pg/g dw WHO200s TEQ were found for its associated floodplain. POPs
in this area repeatedly and demonstrably contaminated inundated floodplains (Brack et al. 1999,
Brack et al. 2002, G6tz et al. 2007, Kriger and Grongroft 2003, Stachel et al. 2004, Umlauf et
al. 2005, Umlauf et al. 2010) as well as distant downstream river regions of the river Elbe until
the North Sea (G6tz and Lauer 2003). Heise et al. (2008) showed that 70 - 80% of dioxin
contamination in sediments from Hamburg harbor can be ascribed to the dioxin contamination
of the Mulde catchment area. REP-based TEQs of Mulde samples 32 and 33 (Table 7.1) on the
one hand correspond to the bio-analytical findings (Figure 7.2), on the other hand both methods
proved that the frequently flooded sampling site Mulde 32 was more contaminated compared

to its once flooded counterpart.
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According to the initial expectations and the REP-based TEQs for these areas (Table 7.1),
inundated flood area samples of the transect Glinde in both bioassays showed higher BEQs
compared to the transect Worlitz (Figure 7.2). Worlitz in contrast to the remaining transects is
located upstream the Elbe tributaries Mulde and Saale (Figure 7.1) and, thus stayed unaffected
by high contamination loads, which developed during the flood in August 2002 (G6tz and Lauer
2003). In contrast, an in August 2002 inundated Mulde storage reservoir in Bitterfeld, a sink
for particulate matter-bound DLCs (Klemm et al. 2005), caused high SPM loads of 10000 t/d
(Stachel et al. 2011) and in turn contaminated downstream river regions such as the transect
Glinde. Although the Saale tributary Bode showed relatively high PCDD/F WHO 2005 TEQS of
102 pg/g dw (Stachel et al. 2004, Stachel et al. 2011, Umlauf et al. 2010), the contamination
potential of river Saale is rather low compared to that of the Mulde River (G6tz and Lauer 2003,
Stachel et al. 2011, Umlauf et al. 2005). Hence, the comparably high BEQs for the transect
Glinde most likely reflect contamination of the Mulde catchment area. Since the dioxin-like
activities of sediment and floodplain samples were in the same order of magnitude (Figure 7.2),
it might be assumed that the floodplain samples reflect Elbe sediment contaminations caused
by frequent inundations and re-mobilized sediments. Although no data was available,
representing the condition of floodplains prior to the flood event of August 2002 (Stachel et al.
2011), various studies support the assumption that frequent inundations led to contaminations
of floodplains. For instance, recently it has been shown that frequently inundated floodplain
soils of the river Rhine showed higher EROD-inducing potentials in cell line RTL-W1
compared to soil samples of infrequently inundated floodplains (Schulze et al. 2014). The
authors view suspended particulate matter (SPM) and re-mobilized sediments from the river
Rhine as the reason for the observed floodplain contaminations (Schulze et al. 2014). This re-
mobilization of sediments with historical contaminations was further proven in a study, which
investigated the dioxin-like potential of SPM extracts from rivers Rhine and Neckar by using
the DR-CALUX assay with the rat hepatoma cell line H4L1.1c4 and the EROD assay with the
cell line RTL-WL1. The dioxin-like activity of SPM sampled during flood event peaks was on
average 8-fold higher compared to that of SPM sampled during the high water runoff (Wolz et
al. 2008). Increased PCDD/F values, which have been found in eels (Anguilla anguilla) directly
after the Elbe flood in August 2002 furthermore prove the hazard potential of re-mobilized

contaminated sediments (Stachel et al. 2007).
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7.5.4 Comparison of BEQs and REP-based TEQs

The discrepancy between BEQs of both assays and REP-based TEQs may have different
reasons: For instance, AhR inducers that do not by definition belong to the group of DLCs such
as PAHSs, heterocyclic PAHSs (Brack et al. 2005, Hinger et al. 2011, Otte et al. 2013, W61z 2005)
or chemical compounds that were not targeted by chemical analysis may be present in the
extracts, leading to higher BEQs compared to TEQs. Furthermore, incubation times used for
REP calculation (Behnisch et al. 2003, Bols et al. 1999) did not always correspond to the
incubation time (72 h) applied in the present study, hence the REP-based TEQ calculation
always hides failures. Moreover, the dioxin-like activity of e.g. some PAHs may vary with
differing culture conditions (Bols et al. 1999), meaning that only a bioassay strictly adapted to
the method used for REP calculation would give BEQs comparable to REP-based TEQs.

Matrix components may develop during exhaustive extraction techniques such as
pressurized liquid extraction (PLE), which may influence the remaining compounds’ effect
potentials (Barcel6 and Petrovic 2007, Brack et al. 2000, Larsson 2009). Since bioassays reflect
the integrated effect potential of all compounds present in an extract (Behnisch et al. 2001a),
synergism or antagonism may cause the TEQ-concept, which assumes additivity, to fail (Safe
1998b, Van den Berg et al. 2006). Polyhalogenated (PX)DD/Fs, polychlorinated naphtalenes
and many more compounds, which have not been part of the present TEQ calculation, exhibit
dioxin-like properties (Behnisch et al. 2001b, 2003, Hasegawa et al. 2007, Safe 1998b, Till et
al. 1997, Van den Berg et al. 2006) and thus explain the case that TEQs are much lower
compared to BEQs as it was the case for RTL-W1 EROD BEQ to TEQ comparisons. The
considerably high variability of the percentage of TEQs explaining H4I1E Micro EROD BEQs
makes an explanation difficult.

The share of different contaminant groups (i.e. PAHs and PCDD/Fs) in EROD and Micro
EROD BEQs confirmed the frequent observation in raw extracts that PAHs cause the overall
largest dioxin-like activity compared to PCDD/Fs (Barcel6 and Petrovic 2007, Behnisch et al.
2001a, Keiter 2007, Villeneuve et al. 2002). Acid labile compounds such as PAHs, which were
present in high concentrations in the here investigated raw extracts, most likely impaired the
comparability between BEQs and REP-based TEQs. Hence, a clean-up and a H2SO4 treatment,
which according to Villeneuve and co-authors (Villeneuve et al. 2002) at least should last 10 h,
would have removed the PAHSs but not destroyed PCDD/F, PCB and other higher chlorinated
DLCs. The fact that for inundated flood areas, the PCDD/F percentage in total TEQs increased,

indicated a greater importance of this contaminant group for the terrestrial sampling areas.
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7.5.5 TOC-normalized EROD-activity of Elbe length profile samples

The TOC fraction of a sediment sample is composed of dissolved organic carbon (DOC) and
particulate organic carbon (POC) (Meybeck 1982). The presence or absence of TOC distinctly
influences how chemicals associate in the sediment. From an ecotoxicological perspective, one
of the most important characteristics of TOC is its ability to sorb and desorb organic compounds
like PCDD/Fs, PCBs and PAHs (Schumacher 2002). The extraction method applied in the
present study is considered to be exhaustive (Seiler et al. 2008). Hence, bio-analytical results
obtained for the sediment extracts reflect a worst-case-scenario, which through normalization
with the sample’s TOC contents (Figure 7.3) can partly be transformed into more realistic,
naturally occurring scenarios and provides a basis for predicting toxicity of POPs to aquatic
organisms (Ni et al. 2008).

Since some studies reported positive correlations between the concentrations of certain POPs
and the TOC content (Chen et al. 2006, Hinga 2003), but concentrations of POPs do not well
correlate with the overall dry weight of a sediment (Di Toro et al. 1991), TOC-normalized data
might be more relevant as dry weight normalized data. Following a TOC normalization
(Figure 7.3), both assays showed samples Schnackenburg, Prossen and Lysa nad Labem to
exhibit highest dioxin-like activities among all Elbe lengths profile samples. These samples
moreover exhibited the overall highest TOC amounts among the longitudinal samples
(Table 7.1). Such increased TOC percentages are typical for depositional areas where organic
matter accumulates (Michelsen 1992) and most likely indicate an organic contamination (Ni et
al. 2008). These findings support the aforementioned assumptions of samples Schnackenburg,

Prossen and Lysa nad Labem being contamination hotspots among the longitudinal samples.

7.6 Conclusions

All Elbe longitudinal profile samples caused dioxin-like activity using both, the RTL-W1
EROD and H4IIE Micro EROD assay. In spite of higher RTL-W1 EROD BEQs compared to
H411E Micro EROD BEQs, both assays showed equal trends in sample dioxin-like potentials.
More precisely, samples KS 11, Schnackenburg, Prossen and Lysa nad Labem belonged to the
samples with highest dioxin-like potentials, which partly was supported by statistical findings
(ANOVA with Tukey’s comparison test; p<0.005) and further confirmed following
normalization of bioassay results to the sample’s TOC contents. In this context, different
contamination sources in the course of the Czech Republic as well as industrial site Bitterfeld

have been discussed.
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Soil samples of the inundated flood areas Worlitz, Glinde and Mulde, of which only the latter
two ones demonstrably have been affected by contaminant loads of the Saale and Mulde
catchment areas during the Elbe flood of August 2002, all caused dioxin-like activity. For each
of the three areas, both bioassays indicated the respective near-river samples to possess higher
dioxin-like activities than their more distant counterparts, which most likely was caused by
more frequent inundations at the riverbank region. For the Mulde inundated flood area samples,
this difference was found to be significant in both, the RTL-W1 EROD and the H41IE Micro
EROD assay. Because the dioxin-like activities of sediment and floodplain samples were in the
same order of magnitude, it is assumed that Elbe sediments contaminated the floodplains
through frequent inundations.

Altogether, the RTL-W1 EROD and H4IIE Micro EROD showed LODs of 1.7 and 0.2 pM
TCDD, and LOQs of 4.6 and 0.4, respectively. This proved the H4IIE Micro EROD assay to
be much more suitable for the screening of weak AhR inducers. Average z-factors < 1 classified
both assays as excellent with a very good separation of positive and negative control.
Furthermore, with a reproducibility of 19 and 22% both, the RTL-W1 EROD and H4lIE Micro
EROD assay were in an acceptable range of reproducibility. While the correlation (Pearson,
p = 0.05) between both assay results was significant (rz2 = 0.343), neither the RTL-W1 EROD
(rz2=0.003), nor the H41IE Micro EROD assay (r?2 = 0.237) correlated with their respective
REP-based TEQs, which most likely was caused by the presence of a multitude of non-classical
AhR inducers in the raw extracts. Our results let us assume that chemical data alone may be
insufficient for an overall assessment of dioxin-like activity of sediment and soil samples and
that bio-analytical methods such as the EROD assays applied here can hand important
additional information in particular for biota which might also be affected by PAH-triggered
DLC effects.
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8.1 General discussion

The chapters of the present thesis have emphasized the utility of different in vitro bioassays
for the detection of dioxin-like compounds (DLCs) in various matrices to possess a particularly
predicative power, comparable to classical applied chemical analytical methods.

Altogether, the studies could give an overview of the state of the art of different in vitro
bioassays for the detection of DLCs (Chapter 3), could prove the suitability of in vitro bioassays
to (@) be used as predicative, prioritizing bio-analytical tool within frameworks for the
assessment of sediments and dredged material (Chapter 4), (b) to be suitable to predict the
uptake of DLCs from sediments by fish (Chapter 5) and (c) to be used as high-throughput
sediment and soil sample screening tools (Chapter 7). A combination of sediment desorption
experiments and adjacent ecotoxicological tests (Chapter 6) could provide further information
for a final consideration of the toxicity of the four differently DLC contaminated sediments,
which built the basis of the present study’s in vitro bioassay validations. All these results will

be interconnected and critically discussed in the present chapter.

8.2 Bioassays for the detection of DLCs

The use of in vitro bioassays for the characterization of dioxin-like activities in various
environmental matrices such as sediments is of increasing interest to researchers, regulators and
risk assessors. To be reliable, bio-analytical screening tools have to keep up with classical
analytical methods such as HRGC/HRMS by exhibiting high sensitivities (low LOD and LOQ)
and by providing highly repeatable and reproducible results (2012/252/EU 2012, Eichbaum et
al. 2014).

A summary of bioassay-derived quality criteria (Chapter 3) revealed that LODs, which
unfortunately turned out to be rarely stated, ranged between 0.1 and 20 pM 2,3,7,8-TCDD for
various bioassays. Thereby, the luminescence-based bioassays (CALUX and DR-CALUX)
possessed the lowest LODs and thus the highest overall sensitivity (Table 3.1). In contrast,
EROD-based assays (RTL-W1, H4IIE) belonged to the most TCDD-sensitive tests with
ECsoTCDD values of approximately 5 pM (Table 3.1), but their repeatability seemed to be
lower compared to the luminescence assays (Table 3.1) (Chapter 3).

By considering the performance of the three bioassays used in the present study as a whole
(results obtained in Chapters 4, 5 and 7), the luminescence-based H4IIE-luc assay in contrast
to the above stated result (Chapter 3) did not show a higher sensitivity than the EROD-based
assays. Overall LOD and LOQ values were 0.7 and 2.1 pM 2,3,7,8-TCDD, respectively.
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Furthermore, the assays’ repeatability (~35%) and comparability to instrumental-derived TEQs
(r2=0.6) were relatively poor, but at least the repeatability was independent of sample
complexity (raw, multilayer, DL-PCB and PCDD/F, single substance 2,3,7,8-TCDD). Because
the H4lIE-luc assays’ samples number/test cycles was satisfactory and the H4lIE-luc assay
among the three investigated assays covered the widest linear concentration range, there is no
need for time-consuming pre-screening test, which especially is beneficial for the prioritization
of big sampling sets.

The RTL-W1 EROD assay allows for the highest sample number/test cycle among the
investigated assays, which underlines its high suitability for the high-throughput screening of
environmental samples. Nonetheless, the assay exhibited the overall highest LOD and LOQ of
1.3 and 2.8 pM 2,3,7,8, respectively (Chapters 4, 5 and 7), of which the latter one partly
overlapped with the determined effect levels of sample and standard. This gives concern about
the assays’ suitability for the analysis of samples possessing weak AhR-activating potential.
The assays’ overall repeatability of 31% was comparable to that achieved by the H4IIE-luc
assay and was independent of sample complexity (see above) and sample matrix (sediment and
fish homogenate sample). The assay showed a relatively poor correlation with instrumental-
derived TEQs (r2 = 0.5), which disqualifies it to be used in regulatory frameworks, which in a
first step are based on results of chemical analysis.

Except the high sample throughput (RTL-W1) and the high linear range (H4IIE-luc), the
H411E Micro EROD assay showed the overall best performance among the three investigated
assays. According to its average z-factor of approximately 0.6 (Chapters 4 and 7) it was ranked
excellent, exhibited the overall lowest LOD and LOQ values of 0.4 and 0.6 pM 2,3,7,8-TCDD,
respectively and showed the best overall repeatability of <25%, which was independent of
sample complexity and matrix (see above) (Chapters 4 and 7) and in accordance to regulatory
recommendations (2012/252/EU 2012). Its comparability to instrumental-derived TEQs was
good (r2=0.7) and pointed towards its high suitability to be implemented in regulatory
guidelines.

8.3 Isthe H4l1E Micro EROD assay an applicable screening tool?

8.3.1 General performance

A cross-validation (Chapter 4) revealed the H411E Micro EROD assay to constitute the most
preferable bio-analytical screening tool among all examined assays. The assay was classified
excellent, was characterized by a repeatability < 25%, which corresponds to regulatory
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requirements (2012/278/EU 2012). The Micro EROD assay in comparison to the remaining
assays in all studies (Chapters 4, 5 and 7) was less subjected to variability. Moreover, its sample
number per test cycle was satisfying and allows for high throughput screenings. Its high
sensitivity (Chapters 4, 5 and 7) approached that achieved by instrumental analysis and makes
the assay highly suitable for the analysis of samples possessing a low dioxin-like activity.

Inter-laboratory results of the H4IIE Micro EROD assay (Chapter 4) were highly correlated
(r2 = 0.87) and highly reproducible for complex mixtures (17%) and single compounds (2%)
between different operators and laboratories, suggesting the H411E Micro EROD to be a reliable
cross-laboratory method and full filling the basic requirement for implementing the assay as a
regulatory tool. To maintain the Micro EROD assays’ validity over long periods of time, assay
performance and evaluation have to strictly follow cross-laboratory standardized methods
(Engwall and VVan Bavel 2004).

8.3.2 Matrix-related variations

The basic requirement for the declaration of a certain bio-analytically observed effect is that
the chosen effect concentration level is well above the assay-specific detection limits, especially
well above the LOQ. In one study (Chapter 5), the EC1o level was used for BEQ calculation,
due to very low EROD-induction strengths of pooled whole fish homogenate samples of
R. rutilus. Here, the Micro EROD assay, in contrast to the remaining assays, showed no
overlapping neither between the LOQ and the samples’ EC1o value nor between the LOQ and
the EC1oTCDD. This example revealed the high sensitivity of the Micro EROD assay and its
potential to evaluate samples with a weak AhR-activating potential. Nevertheless, low altitudes
of the dose-response-curves of the fish homogenate samples (~54%) most likely complicated
or distorted the calculation of H4IIE BEQs, which assumes equal efficacy (i.e. equal altitude)
of sample and standard. (Villeneuve et al. 2000). This could points towards matrix-dependent
weaknesses in the H411E Micro EROD assay, but the fact that a remarkably good repeatability
of 16% was reached for the complex, DL-PCBs and PCDD/Fs containing fish homogenate
extracts (Chapter 5), contradicts this assumption.

For the sediment fractions (Chapter 4), the maximum sample induction strengths averaged
to (~70%) and with this, in contrast to the fish homogenate samples, complied with the required
equal efficacy of sample and standard (Villeneuve et al. 2000). Repeatability of the complex
sediment DL-PCB (32%) and PCDD/F (15%) fractions did not differ from those determined
for single substance 2,3,7,8-TCDD (23%) so that the regulatory requirement of a repeatability
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< 25% (2012/278/EU 2012) was met. Summarizing this, matrix-related variations of the H4IIE
Micro EROD assay derived results in general should be considered as low.

8.3.3 Predictive power with regard to sediment evaluation

8.3.3.1 Sediments chosen for the DioRAMA project bioassay cross-validation

By cross-laboratory analyses by means of the H4IIE Micro EROD assay, highly
contaminated sediment ZE could clearly be identified as sample of highest concern among the
four observed sediments (Chapter 4). Moreover, calculated H411E BEQs reflected the initially,
chemically determined sequence of the concentration levels of DL-PCBs
(EBR <EBR/ZE < PR < ZE) and PCDD/Fs (EBR < PR < EBR/ZE < ZE) found in the four
chosen sediments. The H4lIE Micro EROD assay in general was highly comparable to
instrumental derived TEQs and produced the lowest range of unexplained percentages from
TEQs in BEQs (Chapter 4). This evidences the assays’ high potential to be implemented in
sediment management guidelines. Compared to environmentally occurring concentrations of
other DLCs, those of PCDD/Fs are very low. However, in vitro bioassays possess a high
sensitivity towards dioxins, what especially with respect to German guidelines for dredged
material (GUBAK 2009), which so far do not provide a screening of dioxins, could constitute

an interesting additional evaluation tool.

8.3.3.2 Sediments and soils of the Elbe catchment area

By screening raw extracts of sediment samples from a Elbe lengths profile and soil from the
Elbe inundated flood area (Chapter 7), the H41IE Micro EROD assay identified sediment
samples KS 11 (a place of former ocean dumping for sewage sludge from the city of Hamburg),
Schnackenburg, Prossen (same location used in Chapters 4 and 5) and Lysa nad Labem as
potentially highest DLC contaminated samples. This partly corresponded to previous bio-
analytical investigations (Behnisch et al. 2010) and previously demonstrated contamination
hotspots along the river Elbe (G6tz and Lauer 2003, Heinisch et al. 2007, Stachel et al. 2004,
Stachel et al. 2005, Stellman et al. 2003, Umlauf et al. 2010, Van Thuong et al. 2014, Weber
and Varbelow 2013).

Furthermore, the assays indicated higher dioxin-like activities of near-river bank samples
compared to more distant samples of the investigated floodplains, which corresponded to
analytical findings and most likely indicated a higher contamination of these near-river bank
samples with particle-bound DLCs, most likely caused by demonstrably more frequent

inundations (Stachel et al. 2005) of these samples.
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Although, the H411E Micro EROD assay demonstrated some contamination hotspots among
the sediment and soil samples of the Elbe catchment area, the correlation with instrumental
results was poor and proved a clean-up and H2SO4 treatment (which was not applied for the
bio-analytically investigated extracts) to be essential (Villeneuve et al. 2002) for a functioning

and reliable mass-balance approach.

8.3.4 Possible regulatory application of the H4I1E Micro EROD assay

An arbitrary chosen TEQLv of 35 pg/g dw sediment, determined on basis of chemical data
for various Elbe sediment sampling sites (Chapter 4) could prove sampling location ZE to be
among the top 25% of the most contaminated sediments of the river Elbe, clearly separated
from other sampling locations such as sediment sample PR. By means of a linear correlation of
available TEQs and respective H4IIE BEQs, a BEQLv of 145 pg BEQ/g dw sediment was
deduced, which could allow for a simple, rapid and low-cost evaluation of sediments and

dredged materials based on bioassays.

8.4 Summary assessment of the four “DioRAMA” sediment samples

The present section aims in final assessment of the toxicity of the four chosen sediments by
means of all chemical and toxicological insights gained in the different chapters (Table 8.1).

8.4.1 Sediment assessment via chemical methods

Chemical assessment of the four chosen sediments took place on basis of both exhaustive
(Section 8.4.1.1) and mild extraction techniques (Section 8.4.1.2). While the exhaustive
extraction techniques (Soxhlet and pressurized liquid extraction) constituted a worst-case
scenario (Seiler et al. 2008), the mild extraction techniques rather reflected the bioavailable
fraction of compounds present in the four sediments (Brack et al. 2000, Cornelissen et al. 2001,
Reid et al. 2000).

8.4.1.1 Exhaustive extraction and HRGC/HRMS measurements

From a chemical perspective, sediment ZE showed the overall strongest contamination with
both DL-PCBs and PCDD/Fs (Chapter 4, Table 8.1) and together with sediment PR was among
the sediments, which were strongest contaminated with 16-EPA PAHs (Chapter 6, Table 8.1).
German dredged material guidelines (GUBAK 2009), which like other staged regulatory
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instructions use chemical data as basic information for subsequent decisions, would classify

sediment ZE as potentially more hazardous relative to the remaining sediments.

8.4.1.2 Mild extractions and GC-MS measurements

The mild extraction techniques (tenax, Chapter 6) were meant to close the gap between
instrumental and ecotoxicological results towards a sediment assessment with respect to
bioavailability.

Among the analyzed 16-EPA PAHSs, the high water soluble congeners fluoranthene, pyrene
and phenathrene (Fent 2007, Gocht and Grathwohl 2004) predominantly desorbed from the
sediments and thus were considered as potentially most bioavailable contaminants within this
group. Results of their cumulative desorbing concentrations showed that higher amounts
desorbed from sediments PR and ZE compared to the remaining sediments (Chapter 6,
Table 8.1). Hence, the cumulative concentrations of desorbed PAHSs corresponded well to the
initial sediment PAH contamination degree and verified the high value of the initial
contamination for assessing bioavailability.

The time point of exhaustion of the rapidly desorbing fraction showed the opposite trend.
Here, the rapidly desorbing fraction, which in contrast to the slowly desorbing fraction is of
high value for the bioavailability (Cornelissen et al. 1997, Pignatello and Xing 1995), was more
long-lasting for slightly contaminated sediments EBR and EBR/ZE compared to highly
contaminated sediments PR and ZE. (Chapter 6, Table 8.1). Even though this is suggestive of
a relatively higher risk potential caused by re-mobilization of the slightly contaminated
sediments (e.g. during a flood), it has to be mentioned that sediment re-mobilization processes
such as floods only last for a few days and desorbed compounds, which anyhow decrease with
time, are subjected to dilution, lowering their environmental risk potential. According to this,
the highly contaminated sediments PR and ZE during a flood (during the first days of re-
mobilization) would possess the highest contamination potential of the surrounding
environment due to their relatively higher total concentrations of desorbed compounds.

8.4.2 Sediment assessment via ecotoxicological methods

With the following ecotoxicological results (Table 8.1), the initial instrumental derived

classifications should be investigated and critically discussed.
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8.4.2.1 Sediment assessment via cell-based in vitro bioassays

Regarding the in vitro bioassay derived results from the RTL-W1 EROD, the H41IE Micro
EROD and the H4lIE-luc assay, they all showed DL-PCB and PCDD/F fractions of sediment
sample ZE to possess the overall highest activity among the four sediment samples (Chapter 4,
Table 8.1). Apart of the fact that bioassay-specific BEQs showed different altitudes (highest
and lowest BEQs were obtained by using the RTL-W1 EROD and H4IIE Micro EROD assay,
respectively), they corresponded well with the chemical instrumental derived classification of

sediment ZE to exhibit the overall highest DLC concentrations (Section 8.4.1.1).

8.4.2.2 Sediment assessment on an organism level

Exposure experiments conducted with Rutilus rutilus (Chapter 5) demonstrated a statistically
significant, bio-analytically determined uptake of sediment-borne DLCs by roach on all
sediments independent of their initial contamination degree with DLCs, however, season-
related effects cannot completely be excluded in this connection. BEQs and TEQs measured in
fish were assumed to reflect DLC background contamination levels, because they were well
below the EQS for biota (2013/39/EU 2013) and corresponded to previously measured BEQs
and TEQs in whole fish homogenates of various origins (Burreau et al. 2004, Hasegawa et al.
2007, Kojima et al. 2011, Vigano et al. 2000).

Unexpectedly, the most significant and temporal dependent bio-analytically determined
uptake of DLCs by common roach was observed for slightly contaminated sediment EBR.
Suspended particulate matter, which showed the overall highest concentration for EBR
containing treatments and which is known to carry organic contaminants such as DLCs
(Eggleton and Thomas 2004), most likely supported this higher and temporally increasing
uptake of DLCs via the water phase.

Regarding the different feeding scenarios, BEQs determined in fish exposed to worm-
containing sediments more or less reflected the feeding behaviour of the test animals (see
Chapter 5). BEQs mostly increased following a fish transfer, which possibly reflects intense
initial feeding activities of fish and thus high initial uptakes of DLCs. Such higher uptakes could
have led to induction of defense mechanisms against DLCs through xenobiotic enzymes, which
could explain the relatively lower DLC concentrations measured on the subsequent sampling
dates. While the presence or absence of worms in sediment PR did not alter the uptake of
sediment-borne DLCs by common roach, the presence of worms in highest DLC contaminated
sediment ZE caused a 2-fold (TEQ and H4IIE BEQ) greater uptake of DLCs by fish compared
to the respective non-inoculated treatment. This indicates that the uptake of DLCs is promoted

through ingestion of food (or sediment) as it was previously observed (Rubinstein et al. 1984),
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but that this is only valid for very strong contaminated sediments such as sediment ZE. Fish
exposure experiments thus gave no clear picture of the risk potential of the differently

contaminated sediments.

Mortality, which occurred during the above exposure experiments of Rutilus rutilus, was
highest for sediments EBR/ZE and ZE (Chapter 5). Because both EQS for biota (2013/39/EU
2013) and results of former studies (Kojima et al. 2011, Hasegawa et al. 2007, Burreau et al.
2004, Vigano et al. 2000) showed that DLC concentrations determined in R. rutilus reflected a
background DLC contamination level and the acute toxicity of DLCs in general has to be
considered low (Fent 2007), lethality most likely was caused by other compound classes such
as heavy metals (Di Giulio and Hinton 2008). Copper for example is known to cause lethality
in fish, probably by disrupting the osmoregulatory function of the gills (Erickson et al. 1996).

In this connection, it is assumable that the limno-chemical parameters measured during the
experiments did not directly affect the fish, but possibly indirectly influenced the toxicity of
compounds such as heavy metals, which could have caused the observed mortality effects.

Desulfurized raw extracts of the four sediments were analysed in the fish embryo toxicity
(FET) test with eggs of D. rerio (unpublished data). Experiments were conducted by M.Sc.
Yvonne Muller (Institute for Environmental research, RWTH University, Aachen) according
to DIN EN ISO 15088 (DIN 2009). According to the ECso values for mortality, which were
determined after 48 and 96 hours of incubation, the extract of sediment EBR exhibited the
highest embryotoxic potential compared to the other sediment extracts (Table 8.1). However,
regarding the respective dose-response-curves (Figure 8.1), the curve obtained for extract of
sediment ZE showed a noticeably steeper course compared to the remaining ones, which in
contrast to the calculated ECso values shows the extracts’ fast effectiveness in a very small

range of concentration.

The sediment contact assay (SCA) with eggs from Danio rerio was conducted with extracts
gained in desorption experiments (Section 3.4.1.2, Chapter 6). Maximum sub-lethal effect
levels observed in embryos of Danio rerio were lowest (35%) for sediments EBR and EBR/ZE
and highest for sediments PR (66%) and ZE (68%) (Chapter 6, Table 8.1). Hence, they more or
less reflected the sequence of the initial PAH contamination degree as well as the sequence of

the concentrations of the cumulative desorbed PAHSs.
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Table 8.1 Concluding presentation of the most important experimental and analytical results obtained for the four sediments from Ehrenbreitstein (EBR) at the river Rhine and
sediments from Prossen/Schmilka (PR) and Zollelbe/Magdeburg at the river Elbe as well as a sediment mixture (EBR/ZE) consisting of nine parts dry weight EBR and one part
dry weight ZE. PCDD/F = polychlorinated dibenzo-p-dioxin and dibenzofuran, DL-PCB = dioxin-like polychlorinated biphenyl, PAHs = polycyclic aromatic hydrocarbons,
* = cumulative concentration of desorbed PAHSs after 53 days, Frap = rapidly desorbing fraction, BEQ = biological equivalent quotient, EC = effect concentration, SCA = sediment
contact assay, FET = fish embryo toxicity test, A = desulfurized, B = native, C = freeze-dried; A simple classification of sediment toxicity was made by setting the maximum value
of each category to 100% and by converting the remaining ones relative to that value, (red =80 — 100% of the maximum value, green = 20 - 80% of the maximum value,
yellow = 0 — 20% of the maximum value).

Category Parameter Organ!sm Assay Matrix EBR EBR/ZE PR ZE
[Cell line

Chemistry Conc. of 17 WHO-PCDD/F [ng/g dw] - - PCDD/F extract 1.1 1.2 0.2

Chemistry Conc. of 12 WHO-PCB [ng/g dw] - - DL-PCB extract 4.4 4.2 5.2

Chemistry Conc. of 16-EPA PAHSs [ng/g dw] - - raw extract A 813.0 1261.3

Desorption Cumulative conc. of PAHs* [ng/g dw] - - tenax extract 71.3

Desorption Frap exhausted [days] - - tenax extract

Cell test BEQ [pg/g dw] H4llE Micro EROD  DL-PCB extract

Cell test BEQ [pg/g dw] H4llE Micro EROD  PCDD/F extract

Cell test BEQ [pg/g dw] HA41IE-luc H41IE-luc DL-PCB extract

Cell test BEQ [pg/g dw] H4l1IE-luc H41IE-luc PCDD/F extract

Cell test BEQ [pg/g dw] RTL-W1 EROD DL-PCB extract

Cell test BEQ [pg/g dw] RTL-W1 EROD PCDD/F extract

Organism max. mortality [%0] R. rutilus (exposition) sediment B

Organism max. sub-lethal effect [%] D. rerio SCA sediment ©

Organism max. mortality [%0] D. rerio SCA sediment ©

Organism EC50 (48h) mortality [mg/ml] D. rerio FET raw extract A

Organism EC50 (96h) mortality [mg/ml] D. rerio FET raw extract A
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While embryos exposed to slightly PAH contaminated sediments EBR and EBR/ZE did not
show any predominant effects, more than half of the observed effects in the embryos exposed
to highly PAH contaminated sediments PR and ZE accounted for missing pigmentation of skin
and/or eyes. Many PAHSs can alter and/or disturb the embryonal pigmentation (Barron et al.
2004), which during the later development can lead to an increased sensitivity of the fish
towards UV light (Kosmehl et al. 2006).
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Figure 8.1 Mortality of fish embryos (D. rerio) exposed to different concentrations of desulfurized raw extracts
of four sediments for 96 hours (dots represent the mean values of three independent replicates). Sediments included
location Ehrenbreitstein (A) at the river Rhine, and locations Prossen (C) and Zollelbe (D) at the river Elbe as well
as a sediment mixture (B) consisting of nine parts dry weight Ehrenbreitstein and one part dry weight Zollelbe,
tested concentrations never exceeded 0.5% DMSO.

Embryos exposed to sediments PR and ZE moreover showed a higher maximum mortality
(Chapter 6, Table 8.1), compared to that of embryos exposed to the remaining sediments. Some
PAHs, PCBs and PCDD/Fs, which generally were higher concentrated in sediments PR and
ZE, but also heavy metals are known to possess an embryotoxic potential (Cantrell et al. 1998,
Hollert et al. 2003, Sundberg et al. 2005, Westerlund et al. 2000) and thus may have led to the
increased mortality of fish embryos exposed to those sediments.

Rapidly desorbing fractions in general are considered to be more important in terms of
bioavailability (Cornelissen et al. 1997, Pignatello and Xing 1995), while slowly desorbing

fractions need a long time until they are available for organisms (Kukkonen et al. 2004, Ten
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Hulscher et al. 2003). The SCA with its incubation time of 48 h therefore covers the most
harmful time range in terms of bioavailability (Zielke et al. 2011).

Summarizing all results of the present sediment assessment, both chemical and
ecotoxicological results predominantly showed sediment sample ZE to possess the highest
contamination/toxic potential. But sediment sample PR, especially in the conducted desorption
experiments and tests on an organism level showed an elevated bioavailable/toxic potential.
The conducted in vitro bioassays, owing to their specificity of DLCs, showed a good accordance
with the exhaustive extracted and instrumentally analyzed DL-PCBs and PCDD/Fs. All those
results show the importance of an integrated sediment assessment (Wernersson et al. 2015).

8.5 Conclusion and Outlook

The present thesis could prove the Micro EROD assay with rat hepatoma cell line H41IE to
possess the overall best performance and the best accordance with results based on
HRGC/HRMS among all investigated in vitro bioassays. The H4IIE Micro EROD assay was
shown to be highly sensitive, since its LOD and LOQ corresponded well to the lowest overall
limits found in a comprehensive literature review and approximate the limits achieved by
instrumental analysis. A cross-laboratory in vitro bioassay comparison moreover verified the
assays’ excellent reproducibility, comparability as well as its predicative power in terms of
evaluating extract fractions of sediments, which are differently contaminated with DLCs.

HRGC/HRMS and HA4IIE derived results of whole fish homogenates predominantly
indicated an uptake of sediment-borne DLCs by common roach, which was largely independent
of the initial concentrations of DLCs in sediments and did not exceed the biota EQS of
6.5 pg TEQ/g fm. The fact that the uptake of DLCs by fish (1) only temporally increasing when
fish was exposed to the sediment of slightest contamination but highest concentration of
dissolved organic matter and (2) BEQs in fish corresponded to fish transfer and feeding
activities, suggests that the uptake of DLCs by common roach is promoted by the particle
concentration in the water column. Fish exposed to the sediment of highest DLC contamination
containing black worms on average showed a 2-fold higher uptake compared to fish exposed to
the same sediment but daily fed with uncontaminated worms. This suggests that the uptake of
DLCs by common roach, additionally to the suspended matter concentration, is promoted by
ingestion of feed/sediment. Although, fish extracts caused lower EROD-induction strengths

than sediment extracts, H4l1IE BEQs in fish extracts showed a good repeatability and

159



Chapter 8 - Discussion

comparability to HRGC/HRMS derived results and thus proved the suitability of the H4IIE
Micro EROD assay to investigate comparably challenging sample matrices.

By analyzing large sampling sets from the Elbe catchment area the H41IE Micro EROD
assay, even though complex raw extracts of sediments and soils were investigated, possessed a
good predicative and prioritizing power for samples, which according to their DLC
concentrations constituted contamination hotspots. A H4IIE Micro EROD assay limit value,
which was deduced from DLC concentrations of those contamination hotspots, could be used
as simple yes/no level and this way could be used as a simple, quick and low-cost prioritization
tool for the assessment of sediments and dredged material. The results of the present thesis
might contribute to future regulatory decisions in that way that in vitro bioassays could be
implemented into German guidelines for dredged material to be used as an additional quality

measure beside traditionally used instrumental analysis.
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