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Summary
Sediment toxicity is an important scientific research subject and besides one of the main practical applications of
ecotoxicology. Due to the multifaceted nature of sediments in combination with varying physical-chemical
properties of environmental contaminants and a multitude of different living and feeding behaviours of the
benthic community, estimation of the toxicological risk associated to polluted sediments appears to get easily
hampered. Hence, for a maximum of veracity in sediment assessment at least applied methods and technologies
should provide reliability of gained results. However, while a large number of differing approaches are
commonly utilized to investigate contamination of sediments, little attention is brought to confounding factors
that might influence the outcome of such applied research. Moreover, knowledge still lacks on how the various
approaches compare and can be combined into a comprehensive investigation strategy. The present study aims at
filling parts of these gaps through investigation and characterisation of (1) sediment extraction procedures and
(2) whole sediment contact tests.
After identifying the main confounding factors within preparation of exhaustive extracts, considerations are
formulated regarding procedures with a reduced risk of altering samples. A novel vigorous but completely
passive extraction method is then introduced, which works with dialysis over a semipermeable membrane driven
only by strong gradients (named membrane dialysis extraction, MDE). Initially, MDE extracts were compared to
samples from the commonly applied Soxhlet extraction protocol in biotests on cytotoxity, embryo toxicity and
dioxin-like activity. Following a first application in a study on two riverine sediments, wherein data from the
above-mentioned biotest systems as well as chemical analysis of 18 PAHs were obtained using extracts from
MDE, Soxhlet and ultrasonic extraction, the new approach was part of a comprehensive comparison of five
different vigorous leaching techniques. Extracts from another two riverine sediments were tested for their toxic
effectiveness with respect to cytotoxity, embryo toxicity, and dioxin-like activity, and a number of compound
classes, including PAHs, PCBs and DDXs, were determined chemically. Furthermore, three biomimetic
extraction procedures were investigated in parallel. All techniques were evaluated in terms of extraction power
and reproducibility. In a further comparative study, MDE, Soxhlet and two biomimetic methods involving either
HBCD or Tenax® were compared to direct contact exposure using the fish embryo test on Danio rerio.
Summarizing all four studies, the ability of MDE, Soxhlet and ASE® to yield toxic substances from sediment
samples was evaluated by ranking data from biotests and chemical analyses.
The topic of sediment contact tests is initiated by an extensive literature review on the use of fish as a test
organism in sediment investigation, covering also direct contact exposure. In order to allow reliable testing of
sediments, six contact assays were thoroughly investigated for toxicity thresholds and test conditions. It was
furthermore intended to identify reference sediments that are applicable for all test systems. Subsequently, the
contact test battery was applied on the reference sediments spiked with a cocktail of either heavy metals or of
organic substances. Resulting data were evaluated with respect to sensitivity and applicability of the different
sediment contact tests.
MDE was found to provide extraction powers comparable to automated ASE®-methods for most applications,
while working at a reduced risk of alteration of resulting extracts. The Soxhlet procedure also gave overall good
agreement with ASE®-based methods and MDE, but results indicate an elevated risk of loss of target analytes.
Among the biomimetic approaches, Tenax proved best in replicating results from contact tests, while HBCD
extracts revealed vigorous extraction powers in some cases. In general, biomimetic methods revealed strong
variability of data among each other, complicating the investigation of the bioavailable contaminant fractions.
With the sediment contact assays, toxicity thresholds were derived for all six investigated test systems.
Furthermore, one natural as well as one formulated reference sediment for the whole test battery could be
identified. The majority of assays returned clear dose-response relations for both sediments contaminated with
either heavy metals of organic substances. However, the contact tests gave different sensitivities for the
sediment-contaminant combinations and also showed varying steepness of the response curves. Based on the
results and available literature data, sediment organic matter, clay content, substance properties and feeding as
well as living habits were accounted for the observed differences in contaminant availability.
The study concludes that investigations into sediment toxicity are likely to be influenced by a multitude of
different parameters. As a consequence, it proposes a comprehensive strategical framework that involves several
approaches in sediment toxicity assessment and points out required future developmental effort. Most pressing is
an automated procedure for vigorous extraction at moderate temperatures, conceivable to be realized through a
combination of ASE-methods and membrane dialysis. Furthermore, increased understanding of contaminant
availability and test species behaviour is essential.
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Zusammenfassung
Die toxische Belastung von Sedimenten ist ein wichtiges Forschungsfeld und eines der Hauptanwendungsgebiete
der Ökotoxikologie. Die Kombination aus der vielfältigen Zusammensetzung von Sedimenten, der breiten
Varianz physisch-chemischer Eigenschaften von Umweltkontaminanten und einer großen Zahl unterschiedlicher
Verhaltensweisen benthischer Organismen kann die Abschätzung toxikologischer Risiken durch belastete
Sedimente erschweren. Um dennoch ein möglichst hohes Maß an Realitätsnähe der Daten zu gewährleisten
müssen die verfügbaren Methoden verlässliche Ergebnisse liefern können. Allerdings finden störende
Einflussfaktoren der verwendeten Technologien und Untersuchungsansätze bei der Untersuchung von
kontaminierten Sedimentproben nur geringe Beachtung. Zudem ist kaum bekannt, wie vergleichbar die
verschiedenen Herangehensweisen sind, und es fehlt ein umfassendes Untersuchungskonzept, das die Stärken
mehrerer Methoden nutzt. Die vorliegende Studie versucht, über die vergleichende Charakterisierung von (1)
Technologien zur Sedimentextraktion und (2) Sediment-Kontakt-Tests Teile dieser Wissenslücken zu füllen.
Einer einleitenden Abhandlung zur Sedimentextraktion als Verfahren und der damit verbundenen Probleme bzw.
ihrer möglichen Lösungen folgt die Vorstellung einer passiven Extraktionsmethode (genannt Membrane Dialysis
Extraction, MDE), welche mittels Dialyse über eine semipermeable Membran Sedimentproben schonend
extrahiert. Die resultierenden Extrakte wurden zunächst bioanalytisch hinsichtlich Zelltoxizität, Embryotoxizität
und dioxinähnlicher Wirksamkeit untersucht und mit Soxhlet-Extrakten verglichen. In einer Studie mit zwei
Flusssedimenten wurden MDE-Extrakte anschließend wiederum bzgl. Zelltoxizität, Embryotoxizität und
dioxinähnlicher Wirksamkeit mit Proben aus Soxhlet- und Ultraschallextraktion verglichen. Zusätzlich wurden in
allen Extrakten die Konzentrationen von 18 PAHs bestimmt. Die MDE-Methodik wurde dann in einer
umfassenden Untersuchung vier weiteren erschöpfenden Extraktionsverfahren gegenübergestellt und in Biotests
sowie chemischer Analyse von PAHs, PCBs und DDXs hinsichtlich ihrer Extraktionsleistung und
Reproduzierbarkeit charakterisiert. In der gleichen Studie wurden zudem drei biomimetische
Extraktionsmethoden miteinander und mit den erschöpfenden Technologien verglichen. Eine weitere Studie von
MDE, Soxhlet sowie den biomimetischen Ansätzen HBCD und Tenax® untersuchte Extrakte und direkten
Sedimentkontakt im Fisch Embryo Test mit dem Zebrabärbling Danio rerio. Die Ergebnisse für MDE- Soxhletund ASE-Extrakte aus allen vier Studien wurden abschließend mit Bezug auf die Extraktionsleistung
vergleichend ausgewertet. Sedimentkontakttests werden als Teil einer umfangreichen Literaturübersicht zur
Nutzung von Fischen bei der Untersuchung von Sedimenten einleitend behandelt. In der darauf folgenden Studie
wurden sechs Kontakttest-Systeme vergleichend untersucht um Toxizitätsschwellenwerte und StandardTestbedingungen zu definieren. Des Weiteren wurden im Rahmen dieser Untersuchung zwei für alle Tests
verwendbare Referenzsedimente identifiziert. Diese wurden sodann mit Mischung von Schwermetallen oder
organischen Schadstoffen dotiert und in allen sechs Biotests untersucht. Die Ergebnisse dienten dazu, die
Testsysteme hinsichtlich ihrer Sensitivität und Anwendbarkeit zu charakterisieren.
Die MDE zeigte eine den automatisierten ASE-Methoden vergleichbare Extraktionsleistung, bei gesenktem
Risiko, dass der Extraktionsprozess die Probe stark verändert. Auch Soxhlet war vergleichbar mit MDE und
ASE, jedoch wurden Hinweise für ein Risiko gefunden, durch die Prozedur Analyten zu verlieren. Mit der
Tenax-Extraktion konnten die Ergebnisse aus dem Sedimentkontakttest am besten reproduziert werden, während
die Stringenz von HBCD sogar an die erschöpfenden Methoden heranreichte. Grundsätzlich unterlagen die
Daten für biomimetische Verfahren starken Schwankungen, was die Untersuchung der bioverfügbaren
Schadstofffraktionen erschwerte. Für alle sechs Sedimentkontakttests konnten Toxizitätsschwellenwerte
errechnet werden, und die meisten Systeme lieferten klare Dosis-Wirkungs-Beziehungen für die Belastung durch
Schwermetalle bzw. organische Substanzen. Allerdings ergaben sich starke Unterschiede zwischen den
Sensitivitäten der einzelnen Testverfahren. Anhand von Daten aus der Literatur wurden organische Materie,
Tonanteil, Substanzeigenschaften und Verhaltensweisen der Testorganismen als entscheidend identifiziert.
Aus der vorliegenden Studie wird ersichtlich, dass die toxikologische Untersuchung von Sedimenten durch eine
Vielzahl von Faktoren beeinflusst werden kann. Dementsprechend wird ein umfassender strategischer
Untersuchungsansatz vorgeschlagen und außerdem auf notwendige Forschung und Entwicklung hingewiesen,
um die Bewertung von Sedimentbelastung verlässlicher zu gestalten. Unbedingt nötig ist in diesem
Zusammenhang eine automatisierte, erschöpfende Extraktion bei moderaten Temperaturen, die mittels einer
Kombination aus ASE und Membrandialyse erreicht werden kann. Daneben ist ein tieferes Verständnis der
Verfügbarkeit von Kontaminanten, v.a. im Zusammenspiel mit den Verhaltensweisen der Testorganismen,
entscheidend.
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Introduction
"The aim of science is not to open a door to infinite wisdom,
but to set a limit to infinite error." Bertolt Brecht
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The application of scientific research within ecotoxicology
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Ecotoxicology is a rather young research field, defined as "the description of hazardous
alterations of structures and functions in ecosystems caused by environmental pollutants"
(Nagel 1988) that demands for "a well-balanced assessment […] based on studies integrating
analytical, toxicological and ecological information […]" (Brouwer et al. 1990) usually
obtained from laboratory and field studies covering all biological levels (Fent 1998). Due to
the complexity of the environment as such, ecotoxicology still holds a multitude of principles
and phenomena to be discovered. On the other hand, work in this area has already very early
been focused on solving problems in a practical approach upon applying concepts and
methods developed before and employ resulting findings in regulation processes (Truhaut
1977, Van Straalen 2003). Already Truhaut outlined with his 1977 introduction into the
concept of ecotoxicology not only the necessity of fundamental research in order to first
comprehensively understand behaviour of environmental contaminants, but also drew a
picture of a research field that will and has to directly avert "the ominous consequences for
the health and well being of man" which may result from "the multifarious chemical pollution
of the environment". As a consequence, research within ecotoxicology may be characterized
as historically grown, often without being validated with up-to-date knowledge, adjusted to
increasing experience and optimized using state-of-the-art technologies. Thus,
ecotoxicological investigations might fail to deliver results with highest veracity, causing
misinterpretation of data and subsequent inappropriate action. Being considered and utilized
as an applied science, this scenario bears a strong risk for ecotoxicological investigations in
general.

„There are no such things as applied sciences, only applications of science.“ Louis Pasteur
Despite from all practical aspects of ecotoxicological research, the main subject still is
scientific research. This sometimes might get hampered when economical issues are taken
into account, e.g. in terms of chemicals testing or the assessment of contaminated sediments
in order to determine further treatment (decontamination, deposition etc.). However,
scientifically valid application of ecotoxicological techniques is crucial for accurate
assessment of the hazardous potential of any given sample type, and this requirement
demands for reliable procedures in analytical as well as bioanalytical investigations. Hence,
ecotoxicologists should question and review their portfolio of methods, concepts and
principles on a regular basis. Outdated techniques should then be banned or updated. New
technologies that can add to the quality of results should be thoroughly tested and included in
protocols or investigation strategies when found appropriate.

1 Introduction

1.2

10

A necessity to understand the processes in aquatic ecotoxicology

„Lucky is he who has been able to understand the causes of things.“ Virgil
Among the most important causes for misunderstanding and misinterpretation of
ecotoxicological data, lack of knowledge of causative interrelations surely plays a strong role.
This deficiency is not limited to the processes influencing mobility, uptake, behaviour or fate
of environmental contaminants (Jaffe 1991, Klein 1989, Knezovich et al. 1987, Richards &
Shieh 1986, Schwarzenbach et al. 2006), but covers also the practical side of ecotoxicological
research. From sorption of substances to lab ware over exposure principles and test conditions
up to the whole process of sample preparation and treatment, various parameters might
influence results drawn from experiments (Escher & Hermens 2004, US EPA 1996).
Bioaccessibility and the organism-specific bioavailability are key issues for risk assessment in
ecosystems and also of major concern regarding bioanalytical investigations (Alexander 2000,
Brack et al. 2009, Ehlers & Luthy 2003, Reichenberg & Mayer 2006, Semple et al. 2003) .
With respect to the vast number of parameters, processes, properties and issues, and
considering their presumable impact on results in ecotoxicology, compromises appear to be
essential at least for the majority of investigations. However, research has to continuously
refine the knowledge used for risk evaluation in ecotoxicology.
A large part of ecotoxicological research deals with water and aquatic ecosystems. Beside
historical reasons (Macek 1980, Pritchard 1993, Truhaut 1977), this fact can be attributed to
the importance of these habitats as the main receiving bodies for any contamination
introduced into the environment by point and diffuse sources (Farrington 1991, Pritchard
1993). In addition, also soil carries water content which is highly determinant for mobility,
behaviour and fate of soil contaminants. Sediments in aquatic ecosystems provide various
functions, such as habitat, food source, or just temporary substrate – e.g. during early life
stages – for limnic and marine organisms (Palmer et al. 2000, SedNet 2004b, a). Most
important from an ecotoxicological point of view is their ability to adsorb and, thus,
temporarily detoxify contaminants that entered the water phase. However, legacy
contamination can be remobilized due to, e.g., dredging, bioturbation or flood events (Ahlf et
al. 2002, Eggleton & Thomas 2004, Hollert et al. 2007, Westrich & Förstner 2005, Wölz et al.
2008). This transforms sediments to secondary sources of pollution and makes them a major
concern regarding water quality in European surface waters within implementation of the
Water Framework Directive, as stressed by Förstner (2002).
Sediments are a highly complex matrix comprising mineral and organic particles, organic
carbon components dissolved in pore water, such as humic substances (Burton Jr 1991), and
large microbial communities forming so called biofilms of extracellular polysaccharides
around and between particles (Battin & Sengschmitt 1999, Decho 2000). Consequently,
sediments are rather difficult to investigate. As many contaminants get sequestered into pores

1 Introduction

11

of organic macromolecular structures – a process called "ageing " – and become unavailable
to organisms (Alexander 2000), vigorous extraction techniques were introduced into sediment
toxicology to exhaustively leach the full spectrum of compounds (e.g. Bandh et al. 2000,
Josefsson et al. 2006).

1.3

Strategies for the ecotoxicological characterisation of sediments

Exhaustive extracts of sediments are proven to represent the total hazardous potential of a
given sample (Dean 1996, Dean & Xiong 2000), thus putatively overestimating actual risk for
organisms but allowing a more or less reliable assessment, as pointed out by Alexander
(2000). Nevertheless, it has to be taken into account that the preparation of exhaustive extracts
produces a hard-to-estimate risk of alteration of the original sample (e.g. Beiras et al. 1998,
Belkessam et al. 2005, Puchalski et al. 1999, Schuytema et al. 1989). The extraction process
might cause severe alterations of the original contaminant spectrum. Many procedures apply
heat to facilitate the separation process and by this introduce auxiliary energy to a system
containing a myriad of chemical substances and reactive groups (Steinberg et al. 2000,
Steinberg et al. 2006). Resulting extracts might no longer represent the original
ecotoxicological state at the sampling site and, thus, compromise the reliability of subsequent
risk analysis and assessment.
An upcoming alternative approach in risk assessment of sediments is the investigation of bulk
sediment samples by applying contact assays (Harkey et al. 1994, Hollert et al. 2003, Nebeker
et al. 1984). Other than extract testing, data on effects due to direct sediment contact are
considered to provide information about the bioavailability of contaminants. Therefore,
obtained results can represent a very realistic scenario regarding the ecotoxicological state of
a given sampling site.
However, while ecotoxicological investigations might rely more and more on contact assays
in the future, with respect to chemical analysis and cell-based bioanalytical approaches
sediment extraction cannot be abandoned. Moreover, due to limited sample availability it is
often necessary to assay extracts using miniaturized biotest systems, such as the Ames
fluctuation assay (Gatehouse 1978, Perez et al. 2003) or a 96-well version of the fish embryo
test with Danio rerio (Seiler et al. 2009). Hence, extraction procedures are still necessary and
should be subject to regular adaptation as well as optimization. Within the last years, much
effort has been put into the development of extraction principles that provide extracts which
can mimic bioavailability for organisms getting into contact with sediments (Cornelissen et al.
2001, Kelsey et al. 1997, Reid et al. 2000). These protocols are aimed at the rapidly desorbing
and therefore readily available contaminant fraction, which is often identified as being
degradable by microbes (Doick et al. 2005). However, concepts for such mild extraction
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cannot be ubiquitous and data for every individual setting of, e.g., sediment characteristics,
organism, substance class – to name but a few – have to be determined empirically (Semple et
al. 2004).
Already in 1990, Peter Chapman postulated with the Sediment Quality Triad (Chapman 1990,
2000) that ecotoxicological investigation and assessment of sediments need to be based on
several different lines of evidence. Chapman and Hollert (2006) further discriminate between
bioanalytical approaches (e.g. sediment contact, extracts, elutriates) as separate lines of
evidence, and also suggest to integrate different extraction techniques as well as effectdirected analysis into comprehensive studies for sediment assessment. But also within these
approaches all individual parts and steps have to fit together and provide a holistic
investigation strategy, as discussed before. The present study aims at the thorough evaluation
and characterization of the most important aspects of sediment extraction on the one hand and
sediment contact tests on the other. Both approaches are primarily analyzed for their
applicability, their suitability and how they add to the aim of a realistic risk assessment of
sediment contamination.

1.4

Comparative investigations of sediment extraction and contact tests

Initially, the two different concepts of testing either sediment extracts – prepared using
exhaustive or biomimetic methods – or (untreated) bulk sediment samples in bioanalytical
investigations are comprehensively characterized and critically discussed.
For sediment extraction, a short historical abstract defines the origin of this preparative
technique as a necessary tool for chemical analysis, which was the main approach for
investigations in the early years of sediment toxicology (Introductory Part A). Following a
brief introduction of the most common and promising extraction procedures, preparation of
sediment extracts is reviewed in terms of general usage in ecotoxicological investigations.
Then, issues of concern associated to extraction in general as well as specific characteristics
of leaching sediments – such as the application of heat, the role of particulate organic matter –
are detailed and critically discussed. The chapter closes with some suggestions on how to deal
with data from extract testing and demands the development of new, more reliable, at best
passive methods, which reduce the risk of altering sediment upon sample preparation.
Chapter 1 introduces passive membrane dialysis, a recent approach in sediment extraction
and a possible alternative vigorous leaching technique, that reduces the risk of alteration of
sediment samples upon extraction. An extraction procedure based on passive dialysis over a
semipermeable membrane (called Membrane Dialysis Extraction, MDE) is described with a
detailed protocol. Biotest data are presented, which compare the effectiveness of sediment
extracts derived from MDE with that of samples gained using the classical Soxhlet extraction.
The results clearly show similar leaching power of either method and, furthermore, indicate
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possible alteration of the hazardous potential in Soxhlet extracts due to the use of heat within
the preparation process. It is concluded that the principle of membrane dialysis is a promising
passive approach towards the preparation of extracts that may represent better the
toxicological situation in situ.
Following this proof-of-concept, MDE was applied within a study of sediment samples from
the German Saar River and compared regarding its extraction power to the Soxhlet procedure
as well as extraction using an ultrasonic bath (Chapter 2). Data for the different extracts were
recorded for effectiveness in biotests and also regarding the identity of the contaminants by
means of chemical analysis. The study demonstrated that MDE is equal to Soxhlet in terms of
stringency of the separation process. Results also again indicated a possible loss of
contaminants upon Soxhlet extraction. As the main difference between both procedures is the
application of heat, the loss might be attributed to degradation of thermally labile substances
or undesired chemical reactions. Ultrasonic extraction gave lower extraction power than the
other two approaches. However, resulting extracts were clearly more effective and revealed
higher concentrations of target analytes than samples prepared using a biomimetic procedure
with cyclodextrins (hydroxypropyl‐β‐cyclodextrin; HBCD).
Nowadays, the industry standard in extraction is not the Soxhlet method any more, but the
highly sophisticated pressurized liquid extraction (PLE). Moreover, vigorous extraction of
complex environmental samples such as sediments is controversially discussed in general.
Firstly, the relevance of knowledge of the hazardous potential rather than the actual hazardous
impact is considered questionable, and secondly the process of extract preparation is
suspected to alter the original contaminant spectrum in a way that overestimation or
underestimation of the ecotoxicological effectiveness might compromise any risk assessment.
Hence, biomimetic techniques are considered much more reliable with respect to the veracity
of gained data. In order to define similarities and differences between several vigorous and
few biomimetic extraction procedures, a comprehensive study was carried out focused on
extraction power, variability and reproducibility (Chapters 3 and 4). PLE, MDE and Soxhlet
proved comparable, while the biomimetic approaches gave strong variation of the analytical
and bioanalytical results. The study concludes that the choice between the investigated
extraction methods can be led by considerations other than stringency, such as sample amount
to be treated, effort necessary or simple available facilities. For biomimetic extraction, no
basic recommendation seems possible, except that several approaches should be applied in
parallel and whole sediment contact assays can help to identify the best procedure for a given
investigation.
Biomimetic extraction of sediments is regularly defined operationally through the speed of
desorption from sediment particles as a measure of accessibility for sediment-dwelling
organisms. The rapidly and the slow desorbing fractions are considered to be readily
bioavailable. Contaminants with this behaviour are also degradable by the microbial
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community, and biomimetic extraction procedures are often compared to this parameter.
However, as outlined above, massive variation can be found regarding the ecotoxicological
effectiveness of extracts derived from different biomimetic methods when tested in bioassays.
Therefore, a direct comparison between biotest data from exhaustive as well as biomimetic
extraction and whole sediment contact test results is presented in Chapter 5. An extraction
based on Tenax®-TA beads provided the best agreement with direct sediment contact, but
strong variation of results were recorded for experiments with these extracts. The study
furthermore revealed that biomimetic methods are able to prepare extracts containing the
whole extractable hazard potential, depending on the progress of ageing of contaminants.
Closing the topic of sediment extraction, Chapter 6 summarizes as a kind of review data for
total extracts from all four studies mentioned above and compares the exhaustive extraction
procedures Soxhlet, PLE and MDE using a meta-analytical approach based on the separation
potentials of these techniques. This analysis confirms – as already shown in Chapters 3 and 4
– that MDE provides stringency of the leaching process at least equal to Soxhlet and PLE.
Furthermore, again indications are found for a reduced risk of loss of effective substances
during sample preparation with MDE. As a consequence, novel techniques are deemed
required that utilize passive principles like membrane dialysis or at least employ mild
conditions in order to reduce the risk of alteration of the sample. Also, it is demanded that
analytical and bioanalytical data are cautiously presented and interpreted, with all
uncertainties of sediment extraction taken into account.
Whole sediment contact assays as a principle are introduced in the Introductory Part B, with
a focus on fish-based test systems, as the bioassays used in the whole study strongly relate to
toxicity on fish. Utilization of fish for test organisms in sediment assessment is presented in a
comprehensive literature review. After summarizing past development and application of
biotests with fish, the chapter gives extensive details on the current role in bioanalytical
investigations and also provides an outlook on future technologies and challenges.
While whole sediment contact tests can definitely be seen as the most realistic approach
towards the evaluation of the actual impact of contaminated sites on their corresponding
ecosystem, standard strategies for their application and data interpretation are still lacking.
Chapter 7 introduces the German SeKT joint project (SeKT = Sediment-Kontakt-Tests,
sediment contact tests), which comparatively determined standard test parameters, toxicity
thresholds, sensitivities to pollutants (organic compounds and heavy metals) and applicability
within sediment assessment for a range of six different sediment contact test systems. The
first milestone of this project was aimed at defining reference sediments suitable for all
applied bioassays, and subsequently calculate test-specific toxicity threshold values from the
obtained data.
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Milestone 2 of the SeKT project (presented in Chapter 8) determined whether the contact
assays are able to deliver dose-response relations when exposed to different concentrations of
mixtures of either organic substances or heavy metals. The obtained results clearly showed
that all test systems can reveal concentration-dependent effects of the spiked sediment
samples. Derived data also provided information on the sensitivities of the different bioassays
regarding organic compounds and heavy metals contamination, and furthermore indicated that
sediment organic carbon has strong impact on the availability of toxicity to the different
applied test organisms, except for Myriophyllum aquaticum in the plant assay. Several assays
exhibited high sensitivities only for distinct combinations of sediment type and contaminant.
This allows the compilation of case-specific biotest batteries for each individual study or
investigation strategy.

1.5

Objectives of the study

In summary, the present study analyzes several aspects of the application of ecotoxicological
procedures within the risk assessment of sediments. It aims at identifying shortcomings,
suggesting optimizations or alternative approaches, and attempts to provide increased
understanding for a number of parameters as well as confounding factors in the whole
process. Sediment extraction using passive dialysis is thoroughly investigated and
characterized. Comparisons between exhaustive and biomimetic extraction as well as between
extract testing and direct contact exposure try to elucidate, which approach or combination of
techniques may provide the highest level of veracity, i.e. representation of the real situation in
situ. Furthermore, sediment contact assays are compared with each other to identify the most
suitable combinations of bioassays as reliable tools that might add to the aim of a more
realistic evaluation of contaminated sediments.
A series of basically comparative research investigates, (1) whether passive dialysis is a
possible alternative to common exhaustive leaching procedures for sediments, (2) how five
common and recently developed extraction methods compare regarding power and
reproducibility of extraction, (3) how three common biomimetic extraction techniques
compare regarding power and reproducibility of extraction, (4) to which extent extracts from
two exhaustive and two biomimetic techniques can reproduce the effectiveness determined
using direct contact exposure, (5) how six sediment contact tests with different test organisms
can be characterized with common parameters in order to equalize test conditions, and (6)
how these test systems compare with respect to their ability to detect and describe
contamination of sediments by either heavy metals or organic substances.
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Organic total extracts play an important role in soil and sediment risk assessment. Beside a
routine application in analytical chemistry, they are used in bioanalytical investigations as a
“worst-case scenario” or, e.g., in order to simulate chronic intoxication, and as samples for
effect-directed analysis. While theoretically providing highly reliable data and good
reproducibility, the whole process of sample handling and extract preparation can lead to
extracts that might fail to accurately represent a toxic potential of their corresponding
sampling site. This review identifies and discusses the most important possible alterations that
have the potential to lead to over and, more often, underestimation of the effectiveness of
extracts. Since incorrect data will compromise soil and sediment risk assessment as a whole,
results from analytical and bioanalytical investigations of extracts demand cautious
interpretation. Reliability of extract testing grows with reproducibility; experiments should
therefore be repeated with independent extraction replicates. New or optimized extraction
procedures should circumvent the issues mentioned here while being suitable for routine
application.

2.2
POM
DOM
AOC
CGC
EDA
TIE
PLE
GPC
DMSO
MDE

2.3

Abbreviations
particulate organic matter
dissolved organic matter
amorphous organic carbon
carbonaceous organic carbon
effect-directed analysis
toxicity identification evaluation
pressurized liquid extraction
gel-permeation chromatography
dimethyl sulfoxide
membrane dialysis extraction

Introduction

Extraction of organic contaminants as applied in soil and sediment toxicology is the transfer
of particle-bound compounds into a liquid phase using an appropriate solvent [1]. Resulting
extracts are widely used as one sample type to investigate the toxicity of the sample (Table 1).
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Extraction as a technology originates from applications in chemistry. One of the most
important and still widespread extraction methods, the one Franz von Soxhlet invented in
1879 for the determination of the fat content of mother’s milk [2], has found its way into
nearly every working field of analytical chemistry over the last 100 years.
Table 1 Selected studies of the past 4 years, which investigated solid sample extracts using (among
others) bio-analytical approaches
Sample

State

Airborne
native
particulate matter

Method

Biotests

Ref.

Soxhlet

Ames assay

[151]

Sediment

freeze-dried Soxhlet

Comet assay, Ames assay

[148]

Sediment

freeze-dried Soxhlet

DotBlot/RNAse Protection assay

[85]

Sediment

native

Sediment

freeze-dried Soxhlet

hsp70 in fish eggs (Danio rerio)

[46]

Sediment

freeze-dried Soxhlet

EDA with EROD induction, Ames assay

[20]

Sediment

freeze-dried Soxhlet

Retinoid signalling reporter gene assay

[153]

Sediment

freeze-dried Soxhlet

Confirmation and EDA with Scenedesmus
vacuolatus inhibition assay

[51]

Sediment

native

Development of Monoporeia affinis

[155]

Sediment

freeze-dried Ultrasonic

In-vivo vitellogenin assay

[156]

Sediment

native

Soxhlet

Nanoinjection in rainbow trout eggs (acute effects
and EROD induction)

[55,56]

Sediment

dried

PLE

DR-CALUX assay

[157]

Sediment

freeze-dried Soxhlet

AhR mediated activity with cell lines GPC.2D.Luc, [161]
H4IIE (DR-CALUX) and RTL-W1

Sediment, SPM

freeze-dried Soxhlet

Comet assay, Ames assay, YES assay, Fish egg
assay (Danio rerio), DHA assay, Neutral red
retention assay

[160]

Sludge

native

Shaking

Comet assay, Neutral red retention assay, Ames
assay

[149]

Sludge

native

Soxhlet

Umu-C assay, Fish egg assay (Danio rerio),
DR-CALUX assay

[150]

Sludge

native

Shaking

DR-CALUX assay, EROD induction assay

[152]

Soil

native

PLE

L-929 growth inhibition assay

[154]

Soil

dried

Shaking

Vibrio fisheri inhibition assay

[158]

Solid waste

native

Shaking

CELCAD assay, DR-CALUX assay

[159]

Ultra-Turrax EDA with a comprehensive biotest battery

Soxhlet

[132]
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Ecotoxicology also discovered extraction techniques via the chemical approach to toxicity
assessment. The question of whether a given sample is contaminated by whatever chemical
compound, and the need to identify the contamination, inevitably requires the separation and
concentration of target analytes. Consequently, most extraction technologies applied within
ecotoxicological studies were developed with the
requirements of chemical analysis in mind, leading to the use of extraction methods within
toxicity testing as common, already approved tools. Before the idea of bioavailability and
bioaccessibility arose and brought a new view of toxicity [3–15], one major requirement was
high performance of the separation process in order to yield – at best – all pollutants present
in the sample.
However, while for chemical analysis new extraction procedures are always evaluated by
determining recovery rates using standard protocols [1], little or even no effort has been put
into addressing the question of whether total extracts are suitable for investigation with bioanalytical tests.
Suitability in these terms means that the sample can develop its own whole toxicological
impact when tested in bioassays. Otherwise, possible under or overestimation will
compromise accurate toxicological risk assessment [6, 16, 17].
For example, it is generally accepted that sorption of hydrophobic organic compounds by
organic content such as particulate organic matter (POM) and dissolved organic matter
(DOM) decreases their availability to organisms [7, 18, 19]. Nevertheless, the extent to which
organic matter can alter biotest results when testing crude extracts has still not been explicitly
investigated. In addition to organic matter, crude extracts contain many other compounds
coextracted with the compounds of interest, e.g. pigments, elemental sulfur, and other natural
and anthropogenic compounds. Consequently, an appropriate clean-up step prior to chemical
analysis is deemed mandatory to avoid matrix effects in chemical and bio-analytical analysis.
Despite this, comparisons of bio-analytical data obtained for cleaned and for crude extracts in
parallel are scarce in the literature [16, 20-23].
However, many issues concerning the reliability of organic total extracts as samples in soil
and sediment toxicology are rather general, and often also apply to environmental chemistry.
Given the few studies addressing or even assessing the influence of environmental co-factors
such as DOM, POM, etc., in context with sediment toxicity testing and analysis, the whole
process of extract preparation, beginning from sample collection, requires a critical review,
detailed discussion and – as a result – precise recommendations. Ultimately, this should lead
to optimized procedures or even new technologies.
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With this review of extract preparation and analysis, putting the main focus on bio-analytical
investigations of total extracts, we aim to address the above discussed issues and provide a
new perspective on soil and sediment extraction. While various authors [6, 24-35] already
thoroughly discussed specific problems related to sample pretreatment, this review tries to
compile the different issues in a comprehensive overview. Furthermore, based on our own
research we want to provide suggestions on how to address this important topic in order to
enhance the reliability of soil and sediment extract analysis. However, it is not our intention to
discuss the different concepts of bioavailability and bioaccessibility nor will this article
attempt to evaluate the approach of extracting only (bio)accessible compounds.
Because concerns about anthropogenic pollution of terrestrial and aquatic ecosystems
primarily focus organic contaminants, this paper relates the process of extraction by default to
the separation of organic compounds from solid environmental samples.
Each type of extract represents a certain toxic potential of a sample, depending on the
chemical compounds that were extracted using a specific method. Hence, within this article
we differentiate between distinct toxic potentials and the entire toxic potential, which ideally
includes the overall toxic load.

2.4

A short outline of extraction

2.4.1 Geosorbents, accessibility, and extractability
The concept of geosorbents in their functions as sorption domains for anthropogenic
hydrophobic organic compounds has been discussed and extensively reviewed by several
authors in the last decade [8, 10, 36-39]. The geosorbent domains include inorganic surfaces
(i.e. clay minerals), different kind of soft, rubbery or amorphous organic matter (AOC) (e.g.
plant residues, humic acids and anthropogenic carbon like nonaqueous-phase liquids), and
hard, glassy, or condensed carbonaceous organic matter (CGC) (e.g. black carbon, coal,
kerogen) [36, 39] (Fig. 1). The AOC shows linear and non-competitive absorption with fast
sorption-desorption kinetics and the CGC is responsible for the non-linear, extensive, and
competitive adsorption of organic compounds with slow sorption- desorption kinetics [36].
Absorption is mechanically regarded as a simple diffusive partitioning into the AOC matrix
and adsorption is understand as a process of atomic interaction between the compounds and
the CGC, and certainly with inorganic sorption domains. Inorganic sorption domains (e.g.
adsorption at mineral surfaces, partitioning in micro or nanopores), in contrast, have no
significant influence on sorption interactions of hydrophobic organic compounds as a result of
steric interactions of the compounds, lack of attractive adsorption sites, and humidity [36, 39,
40].
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Reichenberg and Mayer discussed the more mechanistic concept of chemical activity or
potential which is “the energetic state of the chemical that determines the potential for
spontaneous physicochemical processes, such as diffusion and partitioning” [9]. In contrast to
the operationally defined concept of accessibility it determines the direction and extent of
diffusion between environmental compartments and is linked directly to fugacity and freely
dissolved concentration [9, 41].

Fig 1 Relationships between amorphous organic carbon (AOC) and carbonaceous organic carbon
(CGC) geosorbents, desorption kinetics, biological uptake, and microbial biodegradation (BSAF:
biota-solid-phase-accumulationfactors). The dots represent organic molecules (cf. Ref. [36], modified)

The underlying mechanisms of geosorbents and chemical activity approaches are crucial
regarding extractability of organic compounds in soils and sediments for toxicological risk
assessment. According to geosorbent theory, the geosorbent characteristics are linked to their
influence on contaminant accessibility. Therefore, selection of the extraction technique and
solvent and the settings of extraction conditions interact with the variety of extraction
methods or chemical endpoints. These endpoints are referred to as fractions of organic
compounds which are targeted by the particular extraction method. Potentially available are:
1.

the bioavailable fraction of freely available compounds that are able to cross an
organism’s cellular membrane from a medium at a given time, and

2.

bioaccessible compounds, defined as being able to cross a cellular membrane
only if the organism has access to these chemicals [10].
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Residual and therefore not readily available and extractable are:
3.

compounds that are bound inside the sediment matrix with (very) slow or even
no desorption, and

4.

the fraction that is chemically bound to the soil or sediment matrix (bound
residues) [9, 42].

2.4.2 Application of soil and sediment extracts
Extraction of solid matrices such as soil and sediment is originally aimed at yielding as much
toxic compounds as possible, in order to be able to assess the entire hazardous potential of the
samples as accurately as possible [3, 6]. The inclusion of these data into a risk assessment can
then aid in making decisions regarding what action has to be taken to either deposit, detoxify,
or remediate the sampling site [43-45]. Total extracts (i.e. obtained using exhaustive
procedures) are prepared using rather vigorous conditions like heat and high pressure, and
they are believed to contain also compounds which would not have acute adverse effects on
organisms but could slowly intoxicate fauna and flora of an ecosystem through
bioaccumulation and related processes [46]. Hence, total extracts are regarded to be a “worstcase-scenario” to assess the potential toxic impact polluted soils or sediments would have on
the environment through a massive disturbance of the system, e.g. a flood event [47-49].
Another common applications are effect-directed analysis (EDA) and toxicity identification
evaluations (TIE), where biological and chemical analysis are combined with
physicochemical manipulation and fractionation techniques to allow for toxicant identification
and confirmation [20, 50-56]. As total extracts contain compounds of the residual, (very) slow
desorbing fraction, they are also believed to simulate a chronic contamination via short term
exposure in biotests, supplementing investigations of porewater and elutriates [57].
In recent years, total extracts as a sample type within ecotoxicological studies were partly
displaced by whole samples in contact assays [57-64]. Anyhow, it has to be assumed that the
accessibility of contaminants varies by the route of exposure and thus also among species [6].
Some organisms might have the ability to facilitate desorption or to overcome the binding of
sequestered molecules [6]. Consequently, while providing a more realistic approach to the
ecotoxicological situation of a site, risk assessment regarding bioavailability is limited and
potentially less reliable because of the complexity of nature itself. Total extracts, on the other
hand, are the result of a non-selective separation process and by this reproducibly represent an
entire toxic potential of soil and sediment samples. This, of course, is only the case if the
whole procedure of sample preparation leaves the original sample as well as the final extract
unmodified.
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2.4.3 Fractions and the toxic potential
Extracts derived from soils and sediments that are used for toxicological assessment always
represent only a certain part of putative contamination [65-67]. The type of fraction – i.e. the
sorption domain which is affected – initially depends on the method used for extraction.
While classic extraction techniques are optimized for exhaustive separation of the residual
fraction and the bound residues fraction from the solid phase, more recent non-exhaustive
approaches are aimed at the bioaccessible fraction only, in order to assess the potential actual
impact an environmental sample has on organisms [38, 68-77].
Which contaminants are represented by an extract is also a question of the solvent used during
extraction. Nonpolar solvents, for example hexane, will only yield rather hydrophobic
compounds, whereas e.g. acetone can also dissolve the more polar ones. Therefore, the
effectiveness of an extract will also be influenced by the choice of solvent [25, 48, 50].
The choice of method, solvent, and several other parameters of relevance used in the
extraction of a sample in consequence affects not only the results in any applied test, but
ultimately also the conclusions that can be drawn from the data for a subsequent risk
assessment. Thus, prior to investigating environmental samples using both analytical and bioanalytical approaches, target contaminant groups of concern should be well defined. The
appropriate extraction technique can then be chosen accordingly.

2.5

Extraction and clean-up

Underlying extraction and clean-up procedures have a fundamental function in bio-analytical
testing of soils and sediments. As this issue has been extensively discussed in a series of
previously published papers, in this review only some examples of recent techniques are
given [e.g. 25, 78-80]. Routinely applied methods for exhaustive extraction of soils and
sediments are pressurized-liquid extraction (PLE) [34, 53, 81-85], microwave-assisted
extraction [86, 87], Soxhlet extraction [16, 34, 83, 87-89], supercritical fluid extraction [34,
83], ultrasonic extraction [79, 89-91], and Ultraturrax extraction [92, 93] using different kinds
of solvent and solvent mixture in various combinations. Commonly used techniques for crude
extract clean-up and fractionations are column chromatography [46, 90, 92-94], gelpermeation chromatography [86, 95, 96] and (highpressure) liquid chromatography [97-99].
During recent years, polymer-based methods of extraction and clean-up have also been
developed and applied in bio-analytical investigations [16, 100-103].
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Possible alterations affecting reliability of extracts

Regardless of the particular procedure or solvent used, the toxic potential an extract will
exhibit in a biotest and the contaminants detected by chemical analyses can and will be altered
by a set of issues related to extraction, especially of soil and sediment samples. This
subsequently will have a profound influence on the discussion based on these results, and
thus, on the entire toxicological risk assessment.
2.6.1 Extraction and extract testing
As heat is applied in many extraction procedures to aid the separation process, the question
needs to be raised whether all contaminants originally existing in an extracted sediment
sample can withstand the sometimes high temperatures. Volatile and semivolatile compounds
are a widely recognised problem [104-108]. The extraction of volatile organic compounds
requires specialised procedures to prevent their loss [109, 110]. However, complex
environmental samples contain a large number of possible toxicants with differing physicochemical characteristics. Consequently, preparation and detection procedures are always
adequate for some compounds only [99, 111-121]. On the other hand, there is evidence that a
variety of target analytes become thermally degraded upon extraction [28, 122, 123].
Regarding Soxhlet extraction, an additional issue is that the temperature of the solvent
reservoir increases during the process [16]. The boiling point of acetone, for example, is 56
°C, and during the first cycles after the onset of extraction the solvent will evaporate as soon
as this temperature is reached in the heated round bottom flask of the Soxhlet facility.
However, later on the components which are returned to the solvent reservoir after being
extracted from the sample can raise the evaporation temperature of the solvent due to their
differing boiling points.
Beside the risk of the loss of thermally labile and (semi-) volatile components, heat during the
extraction process serves as a source of auxiliary energy, that can facilitate chemical reactions
between a vast variety of reactive groups within the extract. Humic substances, especially,
carry a myriad of different chemical groups, a large number of which are highly reactive, such
as phenolic, alcoholic, and carboxylic groups [124, 125]. There is a great deal of uncertainty
regarding the type of chemical reactions that can occur while soil and sediment samples are
extracted using heat. These chemical reactions, however, can degrade, transform, and create
contaminant molecules [126]. The dilemma is that investigating the chemical alterations
which heat causes during the extraction process, requires knowledge of the compounds the
sample contains. This, on the other hand, can be accomplished only by means of chemical
analysis, which makes it necessary to extract the sample. As a consequence, any extract
prepared using a heat-based extraction technique might not be representative of the original
spectrum of contaminants in the corresponding solid sample.
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Crude extracts of soils and sediments contain many compounds co-extracted with the
compounds of interest. These include pigments, elemental sulfur, organic matter, and other
natural and anthropogenic compounds [92, 127-130]. As matrix compounds can mask and
mimic toxic effects, e.g. sulfur, and interfere with analytical methods, clean-up of the crude
extracts is required to remove them [82, 83, 128, 131]. Treatment with sulfuric acid or copper
powder and gelpermeation chromatography (GPC) is usually used for the removal of sulfur
[90, 130-133]. Unfortunately, treatment with sulfuric acid or copper powder can also lead to
an alteration of the sample or extract due to oxidation, pH change, and catalytic effects.
Therefore GPC or fractionation with column chromatography or HPLC is the preferred
approach for sulfur removal or sampling in a defined fraction [132, 133]. Regardless of the
chosen approach, the fractionation and clean-up protocols should be carefully evaluated to
prevent any loss of target and non-target compounds.
Organic matter plays an important role for the representativeness of the toxicity of, especially,
total extracts of the original sample. The different types of organic matter that can be found in
soil and sediment samples and become extracted alongside target analytes provide a large
variety of sorption phases for contaminants. In particular, hydrophobic organic compounds
can associate with the organic matrix in many different ways [8, 10, 36, 38, 39, 124, 134].
Being not (bio)accessible, these compounds may fail to cause their assumed effects in
bioassays, which then will lead to an underestimation of the toxic potential [18, 135-137].
Furthermore, organic matter can disturb photometric measurements [138]. Depending on the
applied assay, this can increase or decrease the observed effect. Finally, erroneous data can
also be caused by organic matter particles blocking pipette tips and therefore circumvent exact
volume measurements of, e.g., crude extracts tested in a bioassay. Thus, actual concentrations
may differ from expected concentrations and resulting data can underestimate the risk
potential.
One approach to avoid these issues could be to strictly apply appropriate clean-up steps prior
to toxicity testing. However, most clean-up procedures are time and materialconsuming while
bearing the risk of losing or reducing the concentrations of target analytes due to uncontrolled
sorption processes during the procedure.
Solubility of compounds is a well known problem from bio-analytical assessment of single
substances and substance mixtures. Some compounds can only be dissolved in a particular
solvent, perhaps even requiring a precise temperature, and in some cases under stirring for a
longer time. However, as soon as the solution is mixed with the aqueous medium of an
applied biotest, substances can precipitate again due to alterations of the solution equilibrium
and/or polarity; the latter can also be caused by a changed pH value. The same holds true for
extracts, with the difference that the precipitating compounds and their initial concentrations
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are unknown. Hence, there is no possibility of evaluating the representativeness of the actual
concentrations in a biotest by means of chemical analysis. Furthermore, testing various
solvents is not applicable, especially as extracts can be available in limited amounts only.
Dimethyl sulfoxide (DMSO) is a solvent widely used as the carrier of organic compounds
from organic extracts to the biotests, due to its low toxicity in comparison to other solvents
like acetone, dichloromethane, methanol, or ethanol [139]. However, the utility of DMSO as a
solvent in biotests is somewhat controversial, and its toxicity to the test organism may be
underestimated in some cases [140]. Given these uncertainties, the reliability of DMSO as an
appropriate carrier and for dosing of a wide range of organic pollutants in biotesting may be
questionable [141], but literature dealing with this topic is scarce. To conclude, when testing
extracts with bioassays, special attention should be paid to possible precipitation of extract
components and influence of the solvent, and resulting data must be interpreted with caution.
2.6.2 Sample processing prior to extraction
It is very common to dry soil and in particular sediment samples prior to any extract
preparation steps [26, 27, 127], and most extraction methods can only be used with dried
samples [127]. In addition, dried solid material is easy to handle and allows for easy
homogenization. Furthermore, dry samples can be sieved in order to remove large
components such as stones and small twigs, or to reduce the grain size to a certain fraction on
which the projected investigation might focus. Unfortunately, drying of soils and sediments is
by far the strongest interference with the original state of the sample within the preparation
procedures. As Northcott and Jones [142] outlined in a comprehensive review, all sorts of
parameters, for example temperature, moisture, or salinity, can, if changed, alter the
characteristics of a fresh sample. The drying process causes numerous changes in a highly
complex, rather unknown system of physicochemical and biological processes [142]. Even
more problematic is the technology of freeze-drying. Freezing has additional impact on the
treated sample, such as altered sorption-desorption equilibrium, decreased volume, and
overall changes in physical appearance [29-32, 143]. Most concerning in terms of
ecotoxicological assessment are observations that the toxicity of organic contaminants in
frozen samples seems to decrease [29, 31]. In contrast, Beiras and co-workers [29]
demonstrated that sediment samples can acquire toxic potential upon freezing.
Before a sample can be subjected to further preparation steps, it has to be initially taken,
transported to the laboratory and often is stored for shorter or longer time periods [143]. At
every point during this process, changes in temperature can occur. A temperature other than
that the sample had at the sampling site, however, must be considered as a sudden alteration
of environmental conditions, to which every component of the complex system soil/sediment
shows a specific reaction [142]. Irrespective of the specific reaction this may cause, a change
in temperature is a severe disturbance that has the potential to alter a freshly taken sample. On
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the other hand, maintaining a complete cooling chain from the sampling site and the moment
of sampling to the laboratory and the onset of extraction is difficult to achieve, especially for
ecotoxicological purposes [103, 144-147]. Apart from that, cooling is also a change in
temperature. Cooling at 4 °C over a long time has been found to significantly decrease the
toxicity of fresh sediments [29]. However, if a sample stays uncooled, biodegradation takes
place and changes the spectrum of contaminants prior to any other preparation step, so that
the hazardous potentials of resulting extracts definitely fail to represent the toxicological
situation at the site of interest [143]. As a consequence, the process a sample is subjected to
prior to extraction can putatively alter its toxic potential so that it no longer represents the true
toxicological state at the sampling site.

2.7

Recommendations for research and technology

Considering the multiple issues and resulting uncertainties discussed in the previous section,
great care has to be taken when sampling, treating, and extracting sediment and soil samples
for later chemical or biological analysis. Nevertheless, for a comprehensive assessment of the
toxicological situation of a sampling site extraction of soil and sediment samples cannot be
omitted. Total extracts allow for biological and chemical analysis of the toxic potentials of a
sample which is frequently used in order to, e.g., evaluate the corresponding sampling site’s
environmental impact upon dredging or during flood events.
2.7.1 Quality of data
Very important in terms of reliability is the fact, that each of the mentioned impacts will only
potentially affect a soil or sediment sample. Although specific influences can be expected by
means of the sample pre-treatment applied, a more or less exact prediction of the alterations is
impossible. Hence, uncertainty grows regarding the reliability of data from analytical and bioanalytical investigations using (total) extracts as a sample type. Reproducibility therefore
becomes one measure of the quality of results. As a consequence, it is highly recommended to
test several independent extraction replicates rather than just the same sample repeatedly in
bioassays and chemical analysis. If at the end the data for all extraction replicates do not differ
by more than a range which is tolerable for the respective investigation – bioassay results,
e.g., are generally accepted to vary in a range of about 20% – then the outcome of the tests
can be considered valid; at least concerning the toxic potential of the extracts.
However, quality control in terms of accuracy (i.e. the degree of veracity) of the data obtained
is impossible, because the original toxic load of soil and sediment samples will always stay
unknown. This demands an alternative concept of quality assurance. With respect to all
possible uncertainties of exhaustive extraction as a sample-preparation technology, the most
promising approach is to preserve quality in the first place. As long as alterations during
sampling, transportation, storage, preparation, and extraction are able to change
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characteristics of freshly taken soil or sediment samples, any corresponding extracts might not
reliably represent the actual toxic potential of the sampling site. It is therefore necessary to
either optimize available techniques towards the recommendations of proper total extract
preparation, or completely new approaches have to be thought of, developed and provided to
the scientific community.
2.7.2 Future recommendations of extract preparation
In order to address all uncertainties related to current sample processing and extract
preparation, vigorous extraction procedures in future should provide the following:
1.

reduced risk of loss of contaminants due to thermal degradation, volatilisation,
and undesirable chemical reactions, by utilizing passive or at least lowtemperature processes for separation;

2.

integrated clean-up step based on technologies that avoid loss of target analytes
through uncontrolled sorption or other processes;

3.

the option to extract fresh soil and sediment samples; and

4.

a design allowing for on-site start of the extraction, so that all possible
alterations a sample could undergo during transport and storage would no
longer be of any concern (Fig. 2).

An example of a potentially suitable approach is passive dialysis over semipermeable
membranes. A recently introduced procedure (membrane dialysis extraction, MDE) based on
this principle has been shown to exhibit an extraction performance similar to that of
exhaustive Soxhlet treatment using acetone [16]. Results of bioassays and chemical analysis
were in good agreement between these two extraction methods [103]. In further
investigations, extracts obtained with MDE applied to fresh sediment samples rather than dry
material were tested in bioassays [16]. The recorded toxicity was highly comparable to effects
caused by MDE extracts of dry sediment, proving basic applicability of passive membrane
dialysis for the preparation of fresh sediment extracts. Additionally, an initial protocol exists
for the onset of MDE treatment onsite. Thus, this approach can serve as proof of concept
addressing most of the problems connected to sample processing in general as outlined by this
paper.
Although having various advantages regarding the reliability of extract testing, the application
of the MDE procedure is limited due to being relatively time and cost intensive, the latter
primarily because of the consumption of a large amount of solvent. Concerning future method
development the recommendations outlined above require extraction instruments taking into
account the uncertainties of sample preparation while being sufficient for routine application
in all fields of ecotoxicology.
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Fig 2 Scheme of sample-preparation procedures and possible alterations by most important
parameters. Right side: conventional strategy involving storage, transport and drying prior to
extraction. Left side: approach with a method allowing the extraction to start on-site, as postulated in
this review
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Summary and conclusion

Driven by an increasing understanding of bioavailability, contact assays and passive sampling
approaches have gained major attention in soil and sediment toxicology within the last two
decades, partly displacing or at least supplementing total extracts as a traditional sample type
in ecotoxicological studies. However, total extracts still play an important role in risk
assessment both for analytical chemistry and bio-analytical investigations. Total extracts are
applied in order to assess the overall toxic potential of a sample in terms of a “worst-case
scenario”. They are believed to be able to simulate chronic intoxication via short term toxicity
tests, and are essential for the application of effect-directed analysis. Moreover, while
bioavailability and bioaccessibility are highly dependent on a vast variety of parameters and
are therefore rather difficult to determine, these extracts can provide good reproducibility and
thus reliability of the results.
However, the process of sample preparation and exhaustive extraction in soil and sediment
toxicology can have strong impacts on a sample by changing the original spectrum of organic
compounds. In this review we identified a multitude of:
1.

possible alterations samples might undergo until finally tested with bioassays
or chemically analysed; and

2.

parameters, which can influence the results.

Temperature changes during sampling, transportation and storage can possibly decrease or
increase toxicity. Heat-based extractions bear the risk of thermal degradation and volatile loss
of target analytes, and resulting extracts contain organic matter that could disturb, in
particular, bioanalytical investigations. Obtained toxicological data for extracts can therefore
lack reliability concerning the actual toxic loads of the sites they are representing. As a
consequence, results from investigations involving total extracts should be interpreted with all
issues in mind and repeated several times with independent extraction replicates. Furthermore,
new or optimized extraction procedures have to allow for more reliable extract preparation
while providing high efficiency in sample processing.
Extract testing and analysis is common in soil and sediment toxicology. But total extracts bear
a high risk of delivering incorrect analytical and bio-analytical results, compromising the
reliability of any risk assessment based on such data. What is needed for the future is a new
view and understanding of exhaustive extraction by considering its possibilities without
disregarding the limitations.
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Chapter 3

3.1

Abstract

Goal, Scope and Background. Organic solvents are routinely used to extract toxicants from
polluted soils and sediments prior to chemical analysis or bioassay. Conventional extraction
methods often require the use of heated organic solvents, in some cases under high pressure.
These conditions can result in loss of volatile compounds from the sample and the
degradation of thermally labile target analytes. Moreover, extracts of soils and sediments also
frequently contain substantial quantities of organic macromolecules which can act as sorbing
phases for target analytes and in doing so interfere with both chemical analysis and bioassays.
Membrane dialysis extraction (MDE) is described as a simple, passive extraction method for
selectively extracting toxicologically relevant hydrophobic organic compounds (HOCs) from
polluted soils and sediments and anaylzed for its applicability in ecotoxicological
investigations.
Methods. Toxicologically relevant hydrophobic organic compounds were extracted from wet
and dry sediments by sealing replicate samples in individual lengths of pre-cleaned lowdensity polyethylene (LD-PE) tubing and then dialysing in n-hexane. The efficacy of the
MDE method for use in ecotoxicological investigations was assessed by testing the
concentrated extracts in the neutral red assay for acute cytotoxicity, in the EROD assay for the
presence of dioxin-like compounds and in the Danio rerio fish egg assay for embryotoxic and
teratogenic effects. Conditions of the sediment sample (with or without water content),
dialysis membrane length and duration of dialysis were analyzed with respect to their impact
on three endpoints. Results of the MDE investigations were compared to data obtained in
samples prepared using conventional Soxhlet extraction.
Results and Discussion. The membrane dialysis extraction was found to be at least as efficient
as Soxhlet methodology to extract toxicologically relevant HOCs from sediment samples. In
most cases, MDE-derived extracts showed a higher toxicological potential than the Soxhlet
extracts. Lack of any significant effects in any MDE controls indicated these differences were
not caused by contamination of the LD-PE membrane used. The elevated toxicological
potential of MDE extracts is most likely the result of enhanced bioavailability of toxic
compounds in consequence of lower amounts of organic macromolecules (i.e. sorbing phases)
in the MDE extracts. This effect is probably the result of a size-selective restriction by the
LD-PE membrane.
Conclusion. Membrane dialysis extraction was found to be a simple, efficient and costeffective method for the extraction of sediment samples. MDE can be used to extract
toxicologically relevant hydrophobic organic compounds from both wet and dry sediments
without the risk of loosing volatile and thermally labile target analytes. The size-selectivity of
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the LD-PE membrane also appears to have the capacity to increase the bioavailablity of
potential target analytes in the resulting extracts by retaining much of the organic
macromolecules present in the sample. Thus, results suggest that MDE may be particularly
useful for the extraction of toxicologically relevant hydrophobic organic compounds from
soils and sediments for bioassays and other ecotoxicological investigations.
Recommendation and Perspective. Further validation of MDE has been initiated and the
applicability of the methodology to other sample types will be investigated. Of particular
interest is the potential application of MDE to recover hydrophobic target analytes from
biological samples such as muscle, other soft tissues and blood.

3.2

Introduction

The extraction and concentration of target analytes is a necessary prerequisite for most
analytical methodologies developed to determine concentrations of individual compounds or
assess the overall toxic potential of soil and sediment samples in biotests. 'Soxhlet' extraction
is a commonly used technique for extracting non-polar to moderately polar compounds from
solid samples with organic solvents (Luque De Castro & Garcia-Ayuso 1998). More recently,
a number of quite sophisticated extraction techniques have been developed including
microwave-assisted extraction (MAE), supercritical fluid extraction (SFE) and pressurized
fluid extraction (PFE; Dean & Xiong 2000, Luque De Castro & Garcia-Ayuso 1998). Organic
extraction has been widely used in the fields of environmental analysis and ecotoxicology for
extracting target analytes from various sample types (Biselli et al. 2005, Gustavsson et al.
2004, Longwell & Stiles 1968, Maia et al. 2002). Extraction methods have also been used
extensively in conjunction with various bioassays to determine the cytotoxic, dioxin-like,
embryotoxic, mutagenic and estrogenic potential of air-borne particulate matter, sludge
samples, soils and sediments (e.g., Alexander & Alexander 2000, Brack et al. 2005, Erdinger
et al. 2005, Hollert et al. 2005, Jarvis et al. 1996, Kammann et al. 2005). However, three
potentially limiting shortcomings are associated with the Soxhlet methodology and other of
the abovementioned extraction techniques.
Firstly, compounds extracted from the sample are continually heated to at least the boiling
point of the extracting solvent. The organic solvents most frequently used in Soxhlet
extraction, dichloromethane (DCM), acetone and n-hexane have boiling points of
approximately 40, 56 and 69°C, respectively. Whilst these temperatures are not excessive,
own observations indicate that boiling temperatures in the solvent reservoir increase due to
the materials extracted from the sample. Furthermore, SFE systems work at temperatures up
to 100°C, and during PFE extraction the solvent may be heated up to 200°C. In pressurized
MAE, in some cases solvent temperatures can reach 300°C. Target analytes can therefore be
subjected to excessive temperatures incurring (1) the risk of degradation for thermally labile
compounds and (2) the loss of volatile components from the extract.
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Secondly, both soils and sediments usually contain substantial amounts of organic
macromolecules such as humic substances derived e.g. from the degradation of plant material.
As a group, humic substances tend to be rich in aliphatic and aromatic carbon, phenolic
hydroxyl, alcohol hydroxyl and carboxylic groups which provide numerous potential binding
sites for both hydrophobic and hydrophilic organic contaminants. During conventional
extraction processes, substantial amounts of organic macromolecules are invariably extracted
alongside target analytes and usually form a dark brown or black precipitate when the
extracting solvent is reduced in volume. Some target analyte classes including certain
pesticides and PAHs have been shown to readily bind to the humic fraction (Laor & Rebhun
1997, Poerschmann et al. 1997, Spark & Swift 2002). This binding process can result in a
reduction in bioconcentration factors of up to 98% (Haitzer et al. 1998) and probably results
from the inability of large carbon-toxicant complexes to partition into the small transient gaps
(approximately 1.0 ×10-3 µm) that form between the phospholipid molecules constituting the
epithelium of respiratory organs (Opperhuizen et al. 1985).
Thirdly, in some cases an exchange of the extracting solvent to a carrying solvent more
compatible with bioassays is required. Typically, acetone and n-hexane are replaced by
dimethylsulfoxide (DMSO) or ethanol. However, this requires the removal of all of the
original extracting solvent from the sample (usually by evaporation under nitrogen) and often
results in the formation of viscous tar-like precipitates by organic macromolecules. These
precipitates can be both difficult to re-dissolve and interfere with subsequent handling of the
sample by obstructing fine pipette tips. The presence of insoluble residues may also result in
the generation of erratic concentration-response curves, when extracts are subjected to
bioassays. Moreover, in cases where the results of bioassays are determined photometrically,
the lightabsorbing properties of some residues can result in the generation of false positive
findings.
In 1990, Huckins and co-workers reported the use of a novel dialytic method utilising a lowdensity polyethylene (LDPE) membrane for the extraction of hydrophobic organic
contaminants from fish lipids. Random thermally-induced motion of the LD-PE polymer
chains results in the generation of transient cavities into which neutral organic molecules can
partition and diffuse through the membrane in a process termed 'diffusional jump-transfer'
(Comyn 1985). A key feature of the LD-PE membrane is that the maximum size of the
transient cavities is approximately 1 nm. Compounds with cross-sectional diameters lower
than 1 nm can therefore diffuse through an LD-PE membrane, whereas larger molecules are
retained effectively. Huckins et al. (1990) reported recovery rates of 88 - 101% for various
organochlorine compounds including pesticides and PCBs, when spiked fish lipids were
sealed in 50 µm thick LD-PE tubing and dialysed in cyclopentane. Meadows et al. (1993)
reported recovery rates > 85% for two PCBs from fish lipids after 72 h dialysis in either
nhexane or 80:20 vol:vol n-hexane/DCM with < 4% recovery (carryover) of the lipid. More
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recently, Rantalainen et al. (2000) reported recoveries between 77 and 108% for various PCBs
and PCDD/Fs from seal blubber and concluded that membrane dialysis was an effective, costefficient method for extracting hydrophobic organic contaminants from lipids. In a study to
compare methods used to determine the availability of PAHs in marine sediments, Macrae &
Hall (1998) sealed PAH-spiked sediment and ashed-clay slurries into LD-PE tubing and
dialysed in pentane for 24 h. PAH recoveries between 46 and 100% for the sediments and 61100% for the clays were reported. For both sample types, recovery appeared to be inversely
correlated with both molecular weight and hydrophobicity. Together, these reports suggest
that LD-PE membrane dialysis might be a suitable alternative to conventional techniques for
extracting toxicologically relevant hydrophobic organic compounds from soils and sediments
prior to toxicological assessment. In particular, membrane dialysis extraction (MDE) has the
potential to overcome the problems associated with conventional extraction methods. The aim
of the current study was, therefore, to assess the efficiency of membrane dialysis extraction
(MDE) to recover toxicologically relevant contaminants from soils and sediments by
comparing the toxicological potential of MDE extracts to those obtained by conventional
Soxhlet extraction.

3.3

Materials and Methods

3.3.1 Sediment samples
The sediment used throughout the present study was derived from a larger near-surface
sample taken at the Upper Rhine at Iffezheim in a depth of 4 cm in 2001. Previous studies
have shown this sample to have significant EROD-inducing, embryotoxic and cytotoxic
potential (Hinger 2003, König et al. 2002, Kosmehl et al. 2004), respectively. Pore water was
removed from sub-samples by centrifuging at 3,000 g at 4°C for 10 min. The upper aqueous
phases were discarded, and 250 ml portions of the solid phase were transferred to round
bottom flasks, rotated and shock-frozen at -30°C. Final traces of water were removed by
freeze-drying on an Alpha 1-4 freeze-drier (Christ, Osterode, Germany). The dried sediments
were then homogenised, sieved by means of an 1.25 mm mesh sieve to remove any coarse
particulate material and stored at 4°C in darkness until required.
3.3.2 Membrane dialysis extraction (MDE)
In order to validate the effect of modified experimental conditions during MDE extraction, the
membrane surface area (either 100 or 375 cm2), the duration of dialysis (either 24 or 48 h)
and variable sediment conditions (either wet or dry) were analyzed. To prevent loss of target
analytes during the drying process, wet sediments were prepared by adding 4.5 ml artificial
water ISO 7346-3, (ISO 1984)) to 2.5 g sediment dried as detailed above. The LD-PE
membrane was conditioned by pre-extracting batches of ten 85 cm × 2.5 cm × 50 µm LD-PE
'layflat' tubing (Jencons, Leighton Buzzard, UK) in 2.5 L n-hexane (p.a. grade; Merck,

Novel Membrane Dialysis Extraction (MDE)
Darmstadt, Germany) for 3 × 48 h with complete solvent changes after each 48 h. The
nhexane was distilled and recycled after each 48 h period. Once cleaned, membranes were
dried by suspending in a fume hood for approximately 15 min and the last 1 cm removed from
either end. The cleaned and dried membranes were then coiled and stored under argon in a
solvent-rinsed vapour-tight stainless steel container at -27°C until required.
Sediments were prepared for dialytic extraction by sealing samples in pre-extracted LD-PE
membranes. Either 25 or 80 cm of pre-extracted LD-PE was loosely suspended in a frame
comprising a support and two adjustable clamps. The lower clamp was positioned below the
upper clamp to allow the membrane to form a deep bight (Fig. 1a). This ensured that the
central portion of the membrane was lower than both open ends to allow the addition of the
sediment samples. Either wet sediment (2.5 g dry sediment mixed with 4.5 ml artificial water)
or dry sediment (2.5 g) were inserted into the open lower end of the membrane with the aid of
a glass funnel (see Fig. 1a). The open lower end of the membrane was then heat-sealed
(molecular weld) with a Polystar 100 GE heat sealer (Rische and Herfurth, Hamburg,
Germany) and released from the clamp. Sediments were evenly distributed and spread
through the interior of the membrane, and any air was expelled by means of a bent glass rod.
The open upper end of the membrane was then heat-sealed at a pre-determined point to give a
seal-to-seal length of either 20 or 75 cm (equivalent to a diffusive surface area of either 100 or
375 cm2, respectively; Fig. 1b).
The sealed membrane was released from the upper clamp and any excess LD-PE was
removed before being coiled and sealed inside a 250 ml brown glass jar containing 150 ml nhexane (p.a. grade, Merck, Darmstadt, Germany). Dialysis was then allowed to proceed for
either 24 or 48 h at room temperature. Following dialysis, the hexane was reduced to
approximately 5 ml by rotary evaporation and then close to dryness under a gentle nitrogen
stream. Residues were redissolved in 500 µl dimethylsulfoxide (DMSO) for bioassay.
3.3.3 Soxhlet extraction
Soxhlet extraction of dried sediment was carried out as described by Hollert et al. (2000).
Briefly, two 40 g portions of dried sediment were weighed into two 200 ml extraction
thimbles (Schleicher & Schuell, Dassel, Germany). The extraction thimbles were stoppered
with glass wool, placed in Soxhlet extractors and extracted with 400 ml acetone (p.a. grade,
Reidel-de-Haën, Seelze, Germany) for 14 h at 8 - 10 cycles per hour. Following extraction,
the acetone was reduced in volume, and residues were re-dissolved in DMSO as described
above.

Novel Membrane Dialysis Extraction (MDE)
Expelled air
Position of
upper heat-seal

Leave small
opening

Sample spread
using a bent glass rod
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Fig 1 Techniques used to prepare samples for MDE. a: Introduction of the sample into the membrane
tubing and the application of the lower heat-seal. b: Spreading the sample and voiding trapped air
using a bent glass rod before applying the upper heat-seal

3.3.4 Cell cultures
The fibroblast-like permanent cell line RTL-W1 (Lee et al. 1993) used for the cytotoxicity and
EROD-induction bioassays were kindly provided by Drs. N.C. Bols and L. Lee (University of
Waterloo, Canada). RTL-W1 cells were originally derived from Rainbow trout
(Oncorhynchus mykiss) liver and have been shown to have a high biotransformation capacity
when exposed to cytochrome P4501A (CYP1A)-inducing compounds such as PAHs and
PCDD/Fs (Behrens et al. 2001, Lee et al. 1993). RTL-W1 cells were maintained in 75 cm2
plastic culture flasks (TPP, Trasadingen, Switzerland) in Leibowitz's L15 medium (SigmaAldrich, Deisenhofen, Germany) supplemented with 9% foetal bovine serum (Sigma-Aldrich)
and 1 % penicillin/streptomycin solution (10,000 U/10,000 µg/ml) in 0.9% NaCl
(SigmaAldrich) at 20°C.
3.3.5 Statistical analysis
Statistical analysis of the data was performed using SigmaStat 3.0 (Systat Sofware, Erkrath,
Germany). MDE data sets for the different extraction parameters (dialysis duration,
membrane surface area and sediment condition) were analysed for significant differences
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using either Students ttest (for normally distributed data) or the Mann-Whitney rank-sum (U)
test (in case data sets failed normality). Oneway analysis of variance (ANOVA) was then
carried out to elucidate significant differences between MDE and Soxhlet extraction.
3.3.6 Bioassays
Neutral red retention assay
The acute cytotoxicity of the sediment extracts was determined with the neutral red retention
assay as detailed by Babich & Borenfreund (1992) with modifications described by Klee et al.
(2004). Sediment extracts were serially diluted in L15 medium along seven wells in six
replicates of a 96-well microtitre plate (TPP) to give a final concentration range of 0.78-50
mg/ml. 3,5-Dichlorophenol (DCP, RiedeldeHaën) was used as a positive control at a
maximum concentration of 80 mg/L medium. Confluent cultures of RTLW1 cells were
trypsinized, and the resulting cell suspension was added to each well of the microtitre plate.
After incubation at 20°C for 48 h, cells were incubated with neutral red (2-methyl-3-amino-7dimethylamino-phenanzine) for 3 h, and neutral red retention was measured at 540 nm with a
reference wavelength of 690 nm using a Spectra ™III multiwell plate reader (Tecan,
Crailsheim, Germany). Second-order polynomial dose-response curves expressing the
viability of the cells compared to controls were plotted using Prism 4.0 (GraphPad, San
Diego, USA), and the cytotoxic potential of individual extracts was subsequently calculated
as NR50 values.
EROD induction assay
The presence of dioxin-like compounds in the sediment extracts was determined using the
ethoxyresorufin-O-deethylase (EROD) induction assay as described by Behrens et al. (1998)
with slight modifications by Gustavsson et al. (2004). Briefly, confluent RTL-W1 cells were
trypsinized, re-seeded into 96-well microtitre plates (TPP) and exposed to sediment extracts
diluted in L15 medium to give 8 dilutions with 6 replicates each covering a range between
0.39 and 50 mg/ml (maximum DMSO concentration < 1%). 2,3,7,8-Tetrachlorodibenzo-pdioxin (TCDD) was serially diluted to give a final concentration range of 6.25-200 pM on two
separate rows of each plate as a positive control. The test plates were incubated at 20°C for 72
h. EROD induction was terminated by removing the growth medium and freezing at -80°C to
kill and disrupt the cells. After at least 1 h plates were thawed and 100 µl of 1.2 µM 7ethoxyresorufin were added to each well, before deethylation was initiated for 10 min with
0.09 µM NADPH in phosphate buffer. The reaction was stopped by adding 100 µl of 0.54
mM fluorescamine in acetonitrile. Resorufin was measured fluorometrically at an excitation
wavelength of 544 nm and emission at 590 nm using a GENios plate reader (Tecan,
Crailsheim, Germany). Whole protein was determined fluorometrically using the
fluorescamine method (excitation 355 nm, emission 590 nm; Brunstrom & Halldin 1998,
Hollert et al. 2002). Fluorescent units from the EROD measurement were converted to mass
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of resorufin and protein with the aid of calibration curves. Dose-response curves for EROD
induction as the specific enzyme activity were computed by non-linear regression (Prism 4.0)
using the Boltzmann sigmoid curve as a model equation. The concentration of each sample
causing 25% of the TCDD-induced maximum EROD activity was defined as EC 25 values.
Zebrafish embryo assay
The embryotoxic potential of the sediment extracts was determined with the zebrafish (Danio
rerio) embryo assay according to Nagel (2002) in the modifications described by Hollert et al.
(2003). Fish were maintained in a breeding condition and eggs harvested as detailed by Nagel
(1986). Sample extracts were diluted in artificial water to give a concentration range of 1.6325 mg/ml. Ten fertilised zebrafish eggs were selected and transferred to individual wells of
24-well microtitre plates (one egg per well) along with 2 ml of the diluted sample. The plates
were then covered with adhesive film and incubated for 48 h at 25°C.
Table 1 Endpoints recorded in fish egg and early life-stage assays to determine the mortality of
zebrafish embryos and larvae according to Nagel (2002) and Hollert et al. (2003) ● = Lethal effect
Endpoint

24 h

48 h

Lack of somite formation

●

●

Coagulation of embryos or larvae

●

●

Non-detachment of tail

●

●

Non-development of eyes

●

Lack of heart function

●

Lack of blood circulation

●

The developing embryos were inspected after 24 and 48 h following the onset of exposure.
Lethal endpoints were recorded, and mortalities were determined according to Table 1
(Hollert et al. 2003, Nagel 2002).
Results from individual plates were regarded valid, if negative controls exhibited less than
10% effect in any of the recorded endpoints (DIN 38415-T6; DIN 2001). Median effective
concentrations (EC50 values) for each sample-exposure-duration combination were calculated
by plotting second-order polynomial dose-response curves with Prism 4.0.

3.4

Results and Discussion

The MDE was found to be easy to perform and, with the exception of the heat-sealing
apparatus, required no specialised equipment. When concentrated, MDE dialysates were
found to be translucent, lightly to moderately coloured with little or no precipitate (Fig. 2a). In
contrast, concentrated Soxhlet extracts were opaque, strongly coloured (dark green-black) and
contained substantial amounts of dark brown-black precipitate (Fig. 2b).
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Sediment samples often contain considerable amounts of relatively high molecular weight
(500-5000 u) humic substances, which can reach concentrations of 500-900 mg/g in pore
water (Rand et al. 1995). It is therefore likely that a significant proportion of the colour and
precipitation observed in the Soxhlet samples was due to the presence of coextracted humic
substances. In contrast, the paler colouring and lack of precipitate in the MDE extracts
suggested that the size restriction by the LD-PE membrane effectively restricted the diffusion
of organic macromolecules like high molecular weight humic substances from the sample into
the dialytic medium.

a

b

Fig 2 Examples of concentrated sediment extracts obtained by MDE (a) and conventional Soxhlet
methodology (b)

3.4.1 Comparison to Soxhlet extraction
Significant effects were elicited in each bioassay by all Soxhlet and MDE extracts. In
contrast, no significant effects were seen in any of the process control extracts. Antioxidants,
softeners and slip agents are routinely added to plastics such as LD-PE to enhance
performance and aid the manufacturing process (Wolf 1992). Moreover, LD-PE will readily
sequester volatile hydrophobic compounds from the ambient air (Ockenden et al. 1998,
Soderstrom & Bergqvist 2004). The possibility therefore existed that either additives or other
contaminants bound to the LD-PE membrane might have caused effects in the bioassays and
led to false positive results. However, the lack of significant effects in any process control
clearly demonstrated that the toxic effects observed were due to compounds extracted from
the sediment samples rather than to non-target contaminants from the LDPE membrane.
Although non-conditioned membranes were not tested on their own, we strongly recommend
to routinely pre-extract all LD-PE membranes destined for use in MDE as detailed above.
In many cases, the toxic activity by MDE-derived extracts appeared to be equal to or greater
than that of the corresponding Soxhlet extracts (Fig. 3a-f). Statistical analysis revealed that the
level of effect caused by five of the MDE extract types was significantly higher than that of
the respective Soxhlet extracts. The MDE-derived extracts of wet sediment samples dialysed
in membranes with the larger surface area were significantly more cytotoxic (see Fig. 3a, p <
0.01) and embryotoxic (see Fig. 3c, p < 0.05) than Soxhlet extracts. The MDE-derived
extracts of dry sediment samples dialysed in membranes with the smaller surface area and for
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48 h gave significantly greater activity (p < 0.05) in the EROD assay, if compared to Soxhlet
extracts (see Fig. 3b, e). In contrast, the only MDE extract found to have an effect
significantly lower than the respective Soxhlet extract was the wet sediment dialysed for 24 h
and tested in the EROD assay (see Fig. 3e, p < 0.05). Finally, MDE extracts of wet sediment
samples dialysed for 48 h were also significantly more embryotoxic (p < 0.05) than the
Soxhlet extracts (see Fig. 3f).
Several studies have indicated that, for many fish species, passive diffusion across gills (i.e.
bioconcentration) is the predominant route of uptake for hydrophobic compounds with log
Kow ≤ approx. 6 (Qiao et al. 2000, Randall et al. 1998). Likewise, for the cells and fish
embryos used in this study, bioconcentration (or passive diffusion across the chorion) was the
dominant route of uptake for the majority of hydrophobic toxicants in the extracts. However,
bioconcentration appears to be restricted to compounds with cross sectional diameters of
approximately the same size as the transient cavities (1 nm) in LD-PE membrane
(Opperhuizen et al. 1985). The binding of small, freely-dissolved hydrophobic toxicants to
large humic molecules should therefore result in a reduction in the readily bioconcentratable
fraction (cf. Steinberg et al. 2000). In several studies, the addition of humic substances to
water has been shown to reduce the bioavailability of hydrophobic organic compounds to
various fish species (Black & McCarthy 1988, Freidig et al. 1998, McCarthy & Jimenez
1985).
During the MDE process, small hydrophobic toxicants bound to organic macromolecules in
the sediment samples would have been encouraged to disassociate from these relatively large
molecules and diffuse across the LD-PE membrane into the dialytic medium. The selective
removal of organic macromolecules during MDE should therefore have resulted in an
increase in the proportion of hydrophobic toxicants freely dissolved, and therefore readily
bioavailable in the extract. The increase in toxic potentials of some MDEderived extracts
(relative to Soxhlet extracts) could thus be due to increased bioavailability resulting from the
selective removal of organic macromolecules from the extracts. However, it is also possible
that some of the differences observed in the toxic potential might have resulted from the loss
of volatile and thermolabile toxicants from the Soxhlet extracts during the extraction process.
Furthermore, given the physicochemical properties of extracted target analytes, the multiple
Soxhlet methodology performed in the current study can be considered to be relatively nonselective and compounds with a wide range of polarities can be expected to have been
extracted (Hollert et al. 2000). In contrast, the hydrophobic nature of LD-PE acts as a
selective barrier to polar compounds, which are effectively excluded from the resulting
extract. It is therefore possible that whilst the hydrophobic toxicants present in the MDE
extracts were more readily bioavailable to the cells and organisms used in the bioassays, the
Soxhlet extracts probably contained significantly higher concentrations of polar toxicants
present in the sediment. Differences in toxicant composition between the two extract types
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could therefore have had marked effects on the response in the bioassays and, ultimately, on
both the extent and magnitude of any significant difference. In order to examine these
possibilities, aliquots of the original Soxhlet extracts were subjected to a second round of
extraction using the MDE methodology, and the resulting extracts were re-evaluated in the
three bioassays along with raw (i.e. non-dialysed) Soxhlet extracts.
MDE extracts vs. Soxhlet extracts
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Fig 3 Comparison of the results of bioassays performed on the extracts of wet and dry sediments
obtained by MDE and conventional Soxhlet extraction. Effects of the membrane surface are
represented in Fig. 3a-c, and effects of dialysis duration are shown in Fig. 3d-e. Data are given as
means ± SD , * = p ≤ 0,05, *** p ≤ 0,001; Large / Small: Results for extracts prepared using 375 cm2
and 100 cm2 membranes, respectively, 24 / 48 h: Results for extracts prepared with 24 and 48 h of
dialysis, respectively. Sox: Results for Soxhlet extracts

The Soxhlet extracts subjected to MDE were found to elicit significantly higher embryotoxic
and EROD-inducing potential than the raw Soxhlet extracts (data not shown). Whereas some
thermolabile and volatile target analytes may have been lost during the original Soxhlet
extraction, this would have been the case for both the raw Soxhlet extracts and those
subjected to MDE. The observed differences in the toxic effectiveness for the two extract
types were therefore probably due to the selectivity of the MDE process. Differences in the
range of toxicants present in the raw and MDE-treated Soxhlet extracts probably did exist.
However, the elevated level of toxicity by the MDE-treated Soxhlet extracts seems to support
the conclusion that the selective removal of organic macromolecules from the extracts results
in an increase in the bioavailability of any toxicants present.
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In the future, it should be possible to gain an insight into the relative contributions of the polar
and non-polar components of soil or sediment samples to its total toxic potential. Soxhlet
extracts could be subjected to MDE and then both the dialysate (primarily containing nonpolar toxicants) and the residues retained in the membrane (primarily containing polar
toxicants) could be tested in appropriate bioassays. Combined Soxhlet-MDE extraction could
therefore be used as both an extraction/clean-up methodology and as a fractionation technique
to separate polar from non-polar target analytes.
3.4.2 Comparison of extraction parameters
The degree of response elicited by the various MDE extract types in each bioassay appeared
to depend on both MDE parameters (surface area, duration of dialysis and sediment
conditions) and the bioassay in question. In the cytotoxicity test, the condition of the
sediment, membrane surface area and duration of dialysis all appeared to influence NR 75
concentrations. The mean NR75 concentration for the wet sediment samples dialysed in
membranes with the larger surface area was significantly lower than that for both the wet
sediments (p < 0.001) and dry sediments (p < 0.01) dialysed in membranes with the smaller
surface area (Fig. 4a). Additionally, although the differences were not statistically significant,
the NR75 concentrations of samples dialysed for 48 h appeared to be lower than those dialysed
for 24 h regardless of sediment conditions (Fig. 4d). This held true for the fish egg assay,
where EC50 values for the samples dialysed for 48 h were slightly lower than those of samples
dialysed for 24 h (Fig. 4f).
In the EROD assay, the primary parameter affecting the degree of response was the condition
of the sediment: EC25 values for the dry sediments were significantly lower than those of the
wet sediments regardless of membrane surface area or duration of dialysis (Fig. 4b, e).
Conversely, for a given sediment type, EC 25 values appeared to be independent of both
membrane surface area and the duration of dialysis (Fig. 4b, e). In contrast to the results of the
EROD assay, regardless of the size of surface area or dialysis time, mean EC 50 values for wet
sediments in the fish embryo assay appeared to be lower than those for dry sediments (Fig. 4c,
f). However, with the exception of dry sediments dialysed for 24 h vs. wet sediments dialysed
for 48 h (p < 0.05, Fig. 4f), no significant differences were found in fish embryo assay EC 50
values.
The correct interpretation of the results shown in Fig. 4 is difficult and hampered by a lack of
statistical significance between what otherwise appeared to be real differences in response
(e.g., Fig. 4d). In all three bioassays, the response elicited by samples dialysed for 48 h was
greater than that of samples dialysed for 24 h (see Fig. 4 b, d, f). It is likely that these
differences existed because the time required for the system to reach equilibrium was closer to
48 h than to 24 h. However, the transfer of hydrophobic compounds from the sediment sample
into the dialytic medium should follow first order kinetics. As such, the rate of transfer
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between the sample and dialytic medium would have been greatest shortly after the onset of
dialysis. The rate of mass transfer would then have decreased and eventually reached an
asymptotic value as the system approached equilibrium and no net exchange took place. It is
therefore likely that the greater proportion of the total mass of target analytes was recovered
within the first 24 h of dialysis. Moreover, in addition to target analytes diffusing from the
sample to the dialytic medium reservoir, hexane molecules will readily diffuse through the
membrane into the sample.
MDE extraction parameters
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Fig 4 Comparison of the results of bioassays performed on the extracts of wet and dry
sediments obtained using MDE. Effects of the membrane surface are represented in Fig. 4 a-c,
and effects of the dialysis duration in Fig. 4d-f. Data are given as means ± SD, * = p ≤ 0,05,
** p ≤ 0,01; Large / Small: Results for extracts prepared using 375 and 100 cm2-membranes,
respectively. 24 / 48 h: Results for extracts prepared with 24 h of dialysis, respectively
After 48 h dialysis, the volume of hexane inside an empty membrane (375 cm2 surface area)
can exceed 9 ml (Fig. 5). The relatively small differences in response between the 24 h and
48 h samples were therefore probably due to a combination of first order mass transfer
kinetics and the influx of dialytic medium into the membrane. It is possible that target analyte
recovery could be enhanced by exchanging the dialysis solvent after approximately 12 or 24
h. It is also possible that, if the dialytic solvent is exchanged during the extraction process, a
smaller volume could be used. The effects of dialytic solvent volume, exchange and recycling
on target analyte recovery are currently under investigation.
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Fig 5 The mean volume (n = 3) of dialysis solvent (n-hexane) found inside empty membranes as a
function of dialysis time (r2 = 0.99)

Secondly, the influence of membrane surface area on MDE efficacy appears to depend on
sediment conditions. For dry sediments, membrane surface had little effect on the degree of
toxicity in the bioassays: MDE extracts from membranes with a smaller surface area (100
cm2) were at least as toxic as those carried out with membranes of the larger surface area (375
cm2). However, results from all three bioassays indicated that MDE of wet sediments is more
efficient when carried out using membranes with a larger surface area. The extent of these
differences varied between the bioassays, but was only statistically significant in the
cytotoxicity test, where the mean NR 75 value for wet sediments extracted in membranes with
the larger surface area was the lowest of the four treatments (see Fig. 4a). At present, the
cause(s) of these differences remain unclear, but could be linked to differences in the rate or
extent of influx of the dialytic medium into the membranes. In particular, a film of water on
the inside of the LD-PE membranes containing wet sediments may have retarded the influx of
hexane from the dialytic medium. Alternatively, it is also possible that differences existed in
the rates at which toxic compounds diffused through the interior of the membranes. Adding
water to the sediments may have immediately initiated the extraction process for the less
hydrophobic components and served to provide a medium through which these more polar
compounds could have diffused to reach the membrane's inner surface. These processes are
currently being investigated.
Finally, although the presence of water does appear to influence the degree of response in a
particular bioassay, results clearly indicate that toxic hydrophobic compounds can readily be
extracted from wet sediments using the MDE methodology described here. For some
applications, the use of MDE could both eliminate the requirement for expensive drying
equipment and reduce the overall time required to extract individual samples. MDE may
therefore provide a cost-effective alternative to conventional techniques for laboratories with
limited resources. Moreover, due to the minimized requirement for specialised equipment, a
scenario can be envisaged in which the extraction of hydrophobic target analytes from
sediment or soil samples could be initiated in situ and in which dialysis is allowed to proceed

Novel Membrane Dialysis Extraction (MDE)
already when the samples are brought to the laboratory. This would reduce both overall
handling time and the oxidative or metabolic degradation of target analytes following
collection of the sample.

3.5

Conclusions

The current study demonstrates the ability of MDE to recover toxicologically relevant
hydrophobic organic contaminants from both wet and dry sediments. MDE is simple, easy to
perform, and results suggest that MDE is at least as efficient as conventional Soxhlet
methodology (using acetone) at extracting hydrophobic cytotoxic, dioxin-like and
embryotoxic compounds from sediment samples. One of the primary advantages of MDE
appears to be the selective removal of target analytes from organic macromolecules, which
may otherwise corrupt the results of bioassays. While sediment extraction using an UltraTurrax high-speed dispersion tool (cf. Schwarzbauer et al. 2000) works like MDE at ambient
temperatures, the dialysis additionally excludes this high molecular matrix.
Further investigations are required to fully optimise MDE: these include the effects of further
variables such as dialysis duration and solvent exchange as well as the effect of organic
carbon concentration and water content of the sample.
An accurate assessment of target analyte recovery rates based on chemical analysis needs to
be made followed by a comparison to other common extraction methodologies. In conjunction
with bioassay data, this will help to evaluate MDE with respect to its applicability for various
biotests. Chemical analyses should give an insight into the influence of high molecular weight
organic molecules on the bioavailability of contaminants in crude sediment extracts.
In conclusion, MDE apparently has great potential to provide an effective alternative to
conventional methodologies for the extraction of hydrophobic compounds from soils and
sediments and may be particularly useful in studies which require the extraction of multiple
samples as well as for laboratories with limited facilities. In this context, MDE is currently
being established at the University of Montenegro (Podgorica, Montenegro) and the
University of Shkodra (Shkodra, Albania) as part of an ongoing field validation process
within the EULIMNOS project framework (a transboundary joint-venture between the
Universities at Podgorica and Shkodra (Hollert et al. 2004, Kostanjsek et al. 2005, RakocevicNedovic & Hollert 2005, Rastall et al. 2004)).
This study has been carried out within the framework of the EULIMNOS project initiated by
the German Rectors Conference (HRK). The authors are particularly grateful for the support
and assistance by Christine Jung, Jan Wölz, Steffen Keiter and Thomas Kosmehl throughout
this study. We also would like to thank Drs. Niels C Bols and Lucy Lee (University of
Waterloo, Canada) for providing RTL-W1 cells.
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This paper has been developed on the basis of presentations given at the 9th and 10th
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The consideration of bioaccessible fractions of contaminants in sediments was recognized as a
key part of the assessment of their likely risks to the aquatic environment. The aim of this
study was to examine contaminated riverine sediments for the extractability and potential
toxicity with procedures representing different fractions of contaminants. Sediment samples
were treated with different extraction methods including ultrasonic and Soxhlet extraction
with acetone, Membrane Dialysis Extraction, and extraction with (2-hydroxpropyl)-βcyclodextrin. The extracts were analysed for priority organic pollutants and tested for toxicity
using the cytotoxicity and the EROD assay. SOX and MDE approaches were comparable in
their extraction power regarding PAH and the cytotoxicity thereof. However, the EROD
activity was not comparable due to size-exclusion effects of the polyethylene membrane used
in MDE such that for example the sediment macromolecule matter was not extracted and
might not provoked toxic effects. The HBCD extraction provided 3.4% of the total PAH
content in the sediments and might be an appropriate approach to predict the bioaccessible
fraction. The USE approach was ambiguously, because it neither reached the amounts
extracted using the MDE or SOX approach nor it was non-depletive such as the HBCD
method. Hence, the USE extraction is not an appropriate method for the determination of the
proposed chemical endpoints.

4.2

Introduction

The river basin management that accounts for the probability of contaminant emission and
their potential impact on the environment is an inherent part of the European Water
Framework Directive (WFD) (Directive 2000/60/EC). Thus a risk based sediment
management that accounts for the probability of contaminant emission and their impact on the
environment is recommended (Apitz 2006, Chapman & Hollert 2006, Den Besten et al. 2006,
Förstner 2002, Quevauviller 2006) to estimate negative effects of dredging (Babut et al. 2006,
Den Besten et al. 2006) and floods . In this approach the riverine sediments are recognized as
secondary sources of contaminants, and the suspended particulate matter (SPM) is the carrier
of these contaminants (Schulze et al. 2007).
The consideration of bioaccessible fractions of contaminants in sediments and riparian soils is
a key part of the assessment of their likely risks to the aquatic environment (Brack et al.
2009). However, no comprehensive concept for analysis and classification exists (Brack et al.
2009, Ehlers & Loibner 2006, Reichenberg et al. 2006). Although sediment contact tests are
tools to characterize most properly the bioavailability in toxicity testing (Kosmehl et al. 2006,
Kraaij et al. 2002) they are not yet able to identify toxicant and receptor targets.
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The definition of bioavailability and bioaccessibilty is a topic of controversy discussion
(Brack et al. 2009, Reichenberg et al. 2006, Seiler et al. 2008). Hence, in our approach these
terms are defined as: bioavailable compounds are able to cross an organism’s cellular
membrane from a medium at a given time, and bioaccessible compounds are defined as being
able to cross a cellular membrane only if the organism has access to these chemicals (Brack et
al. 2009, Seiler et al. 2008, Semple et al. 2004).
All other compound are defined as residual and not readily available or extractable are
compounds that are bound inside the sediment matrix with (very) slow or even no desorption
and that chemically bound to the soil or sediment matrix (Seiler et al. 2008).
Various chemical extraction methods were developed for the assessment and prediction of
potential bioaccessible and determination of residuals fractions of organic compounds in
sediments: (1) non-exhaustive for the bioaccessible – rapidly desorbing – fraction and (2)
exhaustive methods for the residual fractions. Non-exhaustive extraction methods mimicking
bioaccessibillity or bioavailability are for example solid-phase microextraction (SPME)
(Bergknut et al. 2007, Namieśnik et al. 2005, Peñalver et al. 1999, Ramos et al. 1998, Van der
Wal et al. 2004), extraction with absorber resins as TENAX or XAD (Cornelissen et al. 1997,
Lei et al. 2004, Lu et al. 2006), SPMD (Bergknut et al. 2007, Leppänen & Kukkonen 2006,
Lu & Wang 2003, Lyytikäinen et al. 2003, MacRae & Hall 1998, Petty et al. 1995, Petty et al.
1998, Tusseau-Vuillemin et al., Verweij et al. 2004), methods using mild solvents like butanol
(Kelsey et al. 1997, Swindell & Reid 2006, Tang et al. 1999), mixtures of methanol/water
(Chung & Alexander 1998, Kelsey et al. 1997), surfactants (Brown 2007, Cuypers et al. 2002,
Guha et al. 1998) and HBCD (Allan et al. 2006, Bergknut et al. 2007, Cuypers 2001, Sabaté et
al. 2005). In effect-directed analysis (EDA) or toxicity identification evaluation (TIE) the
bioavailability was considered as a main challenge avoiding biasing prioritization of toxic
fractions and compounds towards lipophilic compounds which are less or not bioavailable
(Brack et al. 2009). New bioavailability and partition based dosing techniques for the direct
usage in biotests were recently published by some authors .
Generally, resulting extracts are analyzed in biotests or test sets regarding different endpoints.
The aim of this study was to examine contaminated riverine sediments for the extractability
and potential toxicity with procedures representing non-depletive and exhaustive extraction
[Soxhlet extraction (SOX), membrane dialysis extraction (MDE), hydroxypropylene-βcyclodextrin extraction (HBCD), ultrasonic extraction (USE), hydrolysis] and biotests
(Neutral red test, EROD activity with RTL-W1-cells), respectively.
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Material and methods

4.3.1 Chemicals
The solvents used were Picograde® purchased from LGC Promochem (Wesel, Germany) if
noticed nothing else. All certified reference standard solutions for chemical analysis were
obtained from Dr. Ehrenstorfer (Augsburg, Germany) or LGC Promochem (Wesel, Germany).
Other chemicals were supplied by Sigma-Aldrich (Deisenhofen, Germany) or Merck
(Darmstadt, Germany). All gases (helium 5.0, nitrogen 5.0) used were delivered by Messer
( Griesheim, Germany).
4.3.2 Study area and sample collection
The sediment samples were collected in the River Saar (Germany) using a stainless steel Van
Veen grab sampler (Hydrobios, Kiel, Germany) in autumn 2003 (Figure 1). Location S1
(Lat.: 49° 22' 18'' N / Lon: 7° 02' 16'' E; Saar km 90.1) is located at the East Harbour of the
city of Saarbrucken (Germany). Location S2 (Lat.: 49° 36' 95'' N / Lon: 6° 70' 00'' E; Saar
km 54.7) is located upstream to Rehlingen Barrage (Germany) (Schulze et al. 2007). The
River Saar is characterized as an heavily modified water body according to WFD
(European°Community 2000).
4.3.3 Sample storage and preparation
The samples were homogenized 5 minutes by hand by means of a polypropylene spatula in a
stainless steel tub and filled in stainless steel containers. After that, they were shock frozen
using dry ice and stored at –18°C. An aliquot of the unfrozen and homogenized samples were
stored in polyethylene bottles for analysis of grain size distribution and stored at 4 °C. The
frozen samples were freeze-dried in laboratory, sieved through a stainless steel test sieve with
a hole-plate (mesh: 2 mm; Retsch GmbH, Haan, Germany) and stored in amber bottles at –
30°C in the dark until analysis. The unfrozen wet samples for analysis of grain size
distribution were stored at 4 °C and processed within a week to prevent alteration.
4.3.4 Grain size distribution and content of organic carbon
Standard procedures were used for analysis of grain size distribution (ISO 11277, ISO 1998;
meshes: 2 mm, 630 µm, 200 µm, 63 µm, 20 µm; Retsch GmbH, Haan, Germany) and loss on
ignition at 550 °C (LOI) (DIN 19684-3) . Divergent from ISO 11277 the sediments were not
treated by acid or hydrogen peroxide to remove carbonate or organic matter. The content of
total organic carbon (TOC) was analysed according to ISO 10694 (ISO 1995) by means of a
C-Mat 500 (Stroehlein Instruments, Juwe GmbH, Viersen, Germany).
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Combustion of sediments at 375 °C for 24 h in an oxygen rich atmosphere and subsequent
analysis of organic carbon content is a common method for estimation of black carbon
content (BC) (Cornelissen et al. 2004, Gustafsson et al. 1997, Sundelin et al. 2004). The
content of TOC in the combustion residue is defined operationally as the BC. Aliquots of
0.5 g of freeze-dried sediments were treated at 375 °C for 24 h.
4.3.5 Extraction Methods
Soxhlet Extraction was carried out with 20 g portions of freeze-dried sediment, weighed into
100 ml extraction thimbles (Schleicher & Schuell, Dassel, Germany). The extraction thimbles
were placed in Soxhlet extractors and extracted with 200 ml acetone for 8 h at 8 - 10 cycles
per hour.
Membrane Dialysis Extraction (MDE) was applied according to Seiler et al. (2006a).
Portions of dry sediment (2.5 g) were filled into pre-extracted (48h, n-hexane, p.a. grade,
Merck) low-density polyethylene (LD-PE) dialysis membranes (Jencons, Leighton Buzzard,
UK). Sediments were evenly distributed and spread through the interior of the membrane, and
any air was expelled by means of a bent glass rod. The open upper end of the membrane was
then heat-sealed at a pre-determined point to give a seal-to-seal length of either 75 cm
(equivalent to a diffusive surface area of 350 cm 2). The sealed membrane was placed inside a
250 ml brown glass jar containing 150 ml n-hexane (p.a. grade, Merck, Darmstadt, Germany).
Dialysis was then allowed to proceed for 48 h at room temperature.
Ultrasonic Extraction (USE) was performed with 10 g portions of freeze-dried sediment
under different conditions: (1) Sediments were double extracted ultrasonically at 35 kHz
(Sonorex Super RK 514, Bandelin, Berlin, Germany) for 15 min with 40 ml n-hexane/acetone
(1:1) after vortex mixing for 2 min and shaken for 1 h at room temperature at 100 U min-1
using an orbital shaker (IKA, Stauffen, Germany). (2) Sediments were one-time extracted
ultrasonically for 15 min with 40 ml acetone after vortex mixing for 2 min and horizontally
shaken for 1 h at room temperature at 100 U min-1.
Extraction with (2-hydroxpropyl)-β-cyclodextrin (HBCD) was carried out according to
Reid et al. (2000). Briefly, 5 g of freeze-dried sediments were extracted in centrifugation jars
with Teflon® caps with 100 ml of 50 mM HBCD (Sigma-Aldrich) in purified water
(SERALPUR Pro 90 CN, Seral, Gelman Sciences Inc., Ann Arbor, U.S.A.) orbitally shaken
for 20 h at 20 ± 2°C at 100 U min -1 (IKA, Stauffen, Germany). The supernatant was removed
by centrifugation at 1972 g and subsequently liquid-liquid extracted 3 x 5 minutes with 20 ml
dichloromethane at pH 2 (acidified with 1 M hydrochloric acid, Suprapur®, Merck)
(Schwarzbauer et al. 2003). HBCD degrades to glucose at pH <3 and thus the complex is
dissipated (Saenger 1980, Schwarz-Barać 2003).
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4.3.6 Extraction and hydrolysis of sediment residues
Sediment residues derived from SOX, MDE, HBCD and USE were extracted double by
ultrasonic extraction with acetone/hexane as describe above (method 1). Sediment residues of
this extraction step were hydrolysed using 2 M KOH (p.a. grade, Merck) in methanol
(Eschenbach et al. 1994) for 1 h at 70 °C in centrifugation jars with Teflon caps. The
supernatant was removed, passed through a glass microfibre filter (GF/C, Whatman,
Brentfort, UK) and liquid-liquid extracted as described above. Following extraction, the
organic extracts were dried with Na 2SO4 (organic analysis grade), reduced in volume by
means of rotation evaporation and a gentle nitrogen stream close to dryness and solvent
changed to n-hexane. Vortex mixing for 2 min was used to dispense sediments and solvents in
centrifugation jars.
4.3.7 Extracts preparation
Extracts of primary Soxhlet, MDE, HBCD and acetone ultrasonic extraction were reduced in
volume using rotary evaporation and split into equal aliquots for mass spectrometric and
ecotoxicological analysis. The aliquots were evaporated close to dryness under a gentle
nitrogen stream and dissolved in n-hexane for chemical as well as in dimethylsulfoxide
(DMSO, Merck) for ecotoxicological analysis.
4.3.8 Silica gel fractionation
Organic extracts were separated into six fractions by column chromatography (2 g silica gel
60, Merck, Darmstadt, Germany) (Ricking & Terytze 1999). Mixtures of n-pentane,
dichloromethane and methanol were used as eluent (Bundt et al. 1991, Franke et al. 1998,
Heim et al. 2005). Extracts from hydrolysis were separated into two fractions using
dichloromethane (fraction 1) and methanol (fraction 2) as eluent (Schwarzbauer et al. 2003).
The fractions were reduced to 200 µl under a gentle stream of N2.
4.3.9 Gas chromatography / Mass spectrometry
Gas chromatographic-mass spectrometric (GC/MS) analyses were carried out on a HP 5890 II
GC coupled to a HP MSD 5971 A (Agilent, Palo Alto, USA), equipped with a
60 m x 0.25 mm i.d. x 0.25 µm film DB-XLB fused capillary silica column (Agilent J&W,
Folsom, USA). Chromatographic conditions were as follows: 300 °C injector temperature,
2 µl splitless injection at an oven temperature of 80 °C, then programmed at 4 °C min-1 to
310 °C (25 min isotherm). Carrier gas velocity (Helium 5.0) was 25 cm s-1. The mass
spectrometer was operated in electron impact ionisation mode (EI+, 70 eV) with a source
temperature of 180 °C. External five-point-calibration was used for quantification in single
ion monitoring mode (SIM). Prior to analysis an internal reference standard solution
containing 4.0 ng µl-1 acenapthene-d10, phenanthrene-d12, chrysene-d12 and perylene-d12 were

Extractability of organic pollutants

72

added to each fraction for recovery correction. Selected samples were analysed in the scan
mode with 50–550 amu and a scan time of 1.5 scans s-1 under the same chromatographic
conditions.
4.3.10 Toxicity testing
Neutral Red retention assay
Acute cytotoxic effects were determined with the Neutral Red retention assay (Babich &
Borenfreund 1992) with modifications (Klee et al. 2004). Cells from CYP1a-expressing cell
line RTL-W1 were exposed to serial dilutions of sediment extracts along seven wells in six
replicates of a 96-well microtitre plate (TPP, Trasadingen, Switzerland) at a final
concentration range of 1.56–100 mg/ml. 40 mg/L 3.5-dichlorophenol was used as a positive
control. After incubation at 20 °C for 48 h, cells were stained with neutral red (2-methyl-3amino-7-dimethylamino-phenanzine) for 3 h, and neutral red retention was determined at
540 nm with a reference wavelength of 690 nm using a GENios plate reader (Tecan,
Crailsheim, Germany).
EROD induction assay
The EROD-inducing potential of sediment extracts was assayed using the ethoxyresorufin-Odeethylase (EROD) induction assay (Behrens et al. 1998), using an optimized protocol
(Seiler et al. 2006a). Briefly, RTL-W1 cells were-seeded into 96-well microtitre plates and
exposed to sediment extracts in 8 dilution steps with 6 replicates. 2,3,7,8-Tetrachlorodibenzop-dioxin (TCDD) was serially diluted on two separate rows of each plate as a positive control.
Following incubation at 20 °C for 72 h, EROD induction was terminated by disrupting the
cells at -80 °C. Subsequently, 100 µl of the substrate 7-ethoxyresorufin were added to each
well, before deethylation was initiated for 10 min with NADPH in phosphate buffer. The
reaction was stopped by adding 100 µl of fluorescamine in acetonitrile. The production of
resorufin as a metabolite of the substrate was recorded fluorometrically at 544 nm (excitation)
and 590 nm (emission) using a GENios plate reader. Whole protein was also determined
fluorometrically using the fluorescamine method (excitation 355 nm, emission 590 nm).
Fluorescent units were converted to mass of resorufin and protein with the aid of calibration
curves. Keiter et al. (2008) determined a variability of EROD EC 25 by ± 35 % using a dataset
of n = 59 positive controls.
4.3.11 Data analysis
Toxicological data
Analyses of concentration-responses curves were performed by non-linear least-square fitting
using the software package GraphPad Prism® 5 (GraphPad 2007).
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Neutral red retention and EROD induction was calculated relative to the controls.
Concentration-response relationships were calculated using the following sigmoid log-logistic
Hill-model (Equation 1) (GraphPad, 2007):
y  A2 

A1  A2
1  10 (log[ EXCx  x ] p ]

(1)

Where A1 represents the maximum response fixed to 100%, A2 the minimum response fixed
to zero and the parameters x , p and y represent the concentration, slope and response,
respectively.
Significance testing
Significance testing was performed either using the Kruskal-Wallis test followed by Dunn’s
post-test or one-way analysis of variance (ANOVA) with Tukey’s post test to elucidate
significant differences between the different extraction methods using GraphPad Prism® 5.

4.4

Results and discussion

4.4.1 Chemical analysis
Grain size distribution
The grain size distribution showed a highly content of the fraction below 63 µm of both
sediments investigated (Table 1). However, the sediment S2 was finer grained as sediment S1.
In comparison with sediment data from German rivers S1 could be classified as a coarse and
S2 as a middle grained sediment (Schulze et al. 2007). Due to possible alterations of the
sediments during sieving procedures, the sediments were only sieved below 2 mm to
normalize the sediments for further experiments.
Table 1 Sampling locations and physico-chemical characterization of the sediment samples (LOI: loss
on ignition; TOC: total organic carbon; BC: black carbon)

Carbon
Content

Grain
size
(%)

Sample
code

Latitude °N / LOI
Longitude °E
(%)

TOC
(%)

BC
(%)

<20
µm

20-63 63µm
200
µm

2002000
µm

S1

49° 22' 18'' /
7° 02' 16''

7.4 ± 1.4

3.0 ± 0.8

0.4 ± 0.1

22.4

19.4

43.4

14.8

S2

49° 36' 95'' /
6° 70' 00''

10.3 ± 0.1 4.5 ± 0.1

0.9 ± 0.1

44.1

25.6

28.5

1.8
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Organic and black carbon
The sediments S1 and S2 a total organic carbon content (TOC) of 3 % and 4.5 %, respectively
(Table 1). Comparing to other sediment from German rivers these were low to middle TOC
values (Schulze et al. 2007). The BC levels of 0.4 % and 0.9 % were very low comparing to
other sediments (Cornelissen et al. 2005)
Extractability of PAHs.
The sediment were analysed for 16 EPA-PAH and additionally benzo[e]pyrene and perylene.
Previously, we found only very low amounts of polychlorinated biphenyls and no
organochlorine compounds such as HCH, HCB or DDX (DDT, DDD, DDE) in sediments of
these locations (Schulze et al. 2005). Therefore these compounds were not included in this
study.
4.4.2 Comparison of different extraction approaches
Total amounts of PAH are plotted in Fig. 1 showing the first extraction step and the
subsequent second Ac:Hx extraction as well as the hydrolysis step. The first extraction was
performed with the different extraction approaches to yield the bioaccessible fraction (HBCD)
(Cuypers et al. 2002, Fai et al. 2009, Reid et al. 2004, Rhodes et al. 2010) and the exhaustive
fraction (MDE, SOX) (Seiler et al. 2006a, Seiler et al. 2008). The second extraction step was
carried out with residual sediments to estimate the completeness of the first extraction step.
Subsequently, the hydrolysis was applied to gain the bound residues from macromolecular
sediment organic matter due to cleavage of ester bonds by chemical degradation (Eschenbach
et al. 1994, Schwarzbauer et al. 2003).
The total sum of PAH ranged between 256 ng/g dry weight (dw) for HBCD and 6948.5 ng/g
dw for SOX extraction in S1 and between 242.8 ng/g dw for HBCD and 6741.9 for MDE
extraction in S2, respectively. The HBCD extraction resulted in both sediments with the
lowest amounts in primary extraction steps with significant differences comparing to USE,
MDE and SOX (Fig. 2A, p ≤ 0.05) and on average 3.4% of the whole PAH fraction in the
sediments. The USE extraction significantly yielded higher amounts than HBCD, but was less
exhaustive than MDE and SOX (Fig. 2A, p ≤ 0.05). The MDE and SOX extraction elicited
the highest concentrations in the first extraction step (Fig. 2) that were considered to be the
most depletive extraction methods (Seiler et al. 2006a).
Considerable amounts of PAH of 8322.3 ng/g dw (S1) and 5414 ng/g dw (S2) were extracted
in the second extraction step of HBCD extraction as expected (Fig. 1 and Fig. 2B). The
residues of MDE extraction in this step were elevated due to possible incomplete extraction of
sediment S1. The extraction using SOX was exhaustive in the first extraction step (Fig. 1).
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However, in total there was a non significant loss of PAH during SOX extraction and
subsequent procedures (Fig. 2D, p > 0.05) through feasible evaporation of analytes during
extraction procedure (Seiler et al. 2008).
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Fig 1 Summarized concentrations of PAHs in sediment extracts of sediment S1 and S2 from first
extraction step (blank), second extraction step with acetone/n-hexane (slashed) and the hydrolysis step
(solid) given in ng/g dw (dw: dry weight; HBCD: 1-hydroxypropyl)-β-cyclodextrin; USE: ultrasonic
extraction; MDE: membrane dialysis extraction; SOX: Soxhlet extraction)

The hydrolysis step resulted in significant two- to ten-fold higher residues in HBCD
extraction comparing to USE, MDE and SOX extraction (Fig. 1 and Fig. 2C, p > 0.05). The
residues of USE, MDE and SOX extraction were similarly. Comparing the summarized PAH
concentrations for all extraction steps there was found no significant divergence between the
total amounts of PAHs extracted (Figure 2D).
In summary the results from MDE and SOX extraction provided similar extractability or
extraction power for the first extraction step. The USE approach was ambiguously, because it
neither reached the amounts extracted using the MDE or SOX approach nor it was nondepletive such as the HBCD method. HBCD gained a low quantity of 3.4 % of the whole
PAH fraction in the first extraction step – operationally defined as the bioaccessible fraction.
The latter results was comparable to the findings of Reichenberg et al., they found an average
of 4 % of PAH accessible in a gas plant soil.
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Fig 2 Comparison of PAH results in sediment S1 and S2 from first (A) and second extraction steps
(B), hydrolysis (C) and total amounts extracted using first extraction, Ac:Hx extraction and hydrolysis
(B) [HBCD (solid): 1-hydroxypropyl)-β-cyclodextrin; USE (doted): ultrasonic extraction; MDE
(slashed): membrane dialysis extraction; SOX (blank): Soxhlet extraction] (Data are given as
means ± MD ng/g dw; *: p ≤ 0.05, **: p ≤ 0.01, p ≤ 0.001, ANOVA with Tukey’s post test)

4.4.3 Compound specific extractability of PAH
Figure 3 depicts the correlations of individual PAH compounds obtained from the different
primary extraction methods for sediment S1 (Fig. 3A-C) and S3 (Fig. 3D-F). The correlations
showed very good values (R2 > 0.9) with linear regression terms for the most relations
between the SOX, MDE and USE extraction, respectively. The extractability of the particular
PAH is related to the physico-chemical properties thereof and the sediment characteristics
(e.g. content of black carbon or amorphous organic matter). Therefore the correlations
between the different extraction approaches should be similar for methods with same leaching
power.
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Fig 3 Correlations of individual PAH concentrations (ng/g dw) between different primary extraction
steps in sediment S1 (Figure 2 A-C) and sediment S2 (Figure 2 D-F)

In Figure 4 are plotted the fractions of the PAH grouped by the numbers of aromatic rings. In
the first extraction step there were extracted similar amounts of different fractions comparing
USE, SOX and MDE (Fig. 4A). However, the fractions of five- and six-ring PAH in HBCD
were revealed in slight higher relative abundances than by the other methods. This
observation might be explained because of the selectivity of the HBCD for larger and thus
more hydrophobic PAHs. HBCD is water soluble torus-shaped cyclic oligosaccharide with a
hydrophilic shell and a hydrophobic centre (cavity) forming inclusion complexes with
hydrophobic compounds (Saenger 1980, Schwarz-Barać 2003). Hence, the water-solubility of
the compounds is elevated because of the HBCD complexes the substances with a
hydrophobic affinity such that a higher amount of even strong hydrophobic compounds might
be desorbed from the sediments. The secondary extraction step revealed a similar pattern
regarding HBCD and MDE extraction and USE and SOX extraction, respectively (Fig. 4B).
In the hydrolysis step the extraction yielded in high amounts of >80% of two- and three-ring
PAHs during HBCD extraction (Fig. 4C). The small PAH molecules prevailed in the USE,
SOX and MDE extracted as well.
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Fig 4 Comparison of PAHs fractions grouped by numbers of aromatic rings extracted by (A) primary
extraction HBCD, USE, Soxhlet and MDE extraction, (B) secondary extraction step using a mixture of
acetone/n-hexane (1:1;v:v) by ultrasonic extraction and (C) hydrolysis. Amounts of PAHs are given in
mean values of sediment S1 and S2 and are normalized to the sum of PAHs extracted with each
extraction method

4.4.4 Toxicity analysis
The bioanalytical investigation of the extract types gave similar results for SOX and MDE
and for both sediment samples regarding cytotoxicity (Figure 5A). Data from the EROD assay
were still comparable, but SOX extracts had an overall stronger impact on the RTL-W1 cells
(Figure 5B). USE-derived extracts from sample S2 matched the cytotoxicity data for MDE
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and SOX, whereas for sample S1 clearly lower effectiveness was found. For HBCD extracts,
no or only neglectable responses were recorded. This findings can not be explained with the
compond-specific composition of the extracts (Fig. 2 and 4), as at least SOX and MDE
extracts were highly comparable in terms of both PAH concentration and composition of the
PAH fraction. The USE extracts showed similar composition of PAHs, but yielded lower
compound concentrations. Hence, other differences between SOX and MDE extracts might be
responsible for the differences in ecotoxicological effectiveness. Sulphur and sediment
organic matter (SOM) are regularly extracted alongside contaminants by exhaustive
extraction (Salizzato et al. 1998, Schwarzenbach et al. 1993). Whereas sulphur can be
expected in both extract types, the appearance of SOM is limited to SOX extracts. The size
exclusion limit of LD-PE membranes (~10 nm) keeps any organic macromolecules inside the
membrane during dialysis (Seiler et al. 2006b). Sulphur, furthermore, is only known to have
cytotoxic potential (Ricking et al. 2004, Svenson et al. 1996, Svenson et al. 1998). In the
EROD assay, this effect is avoided by applying test concentrations below a cytotoxic impact.
On the other hand, SOM comprises countless chemically functional groups (Steinberg et al.
2000, Steinberg et al. 2006), with a strong potential to interact with cellular mechanisms, such
as the monooxogenase-based biotransformation system (Steinberg et al. 2006). Hence, this
content could be a possible cause for the elevated reactions of the cells upon exposure to SOX
extracts that lead to stronger dioxin-like activity.
B
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Neutral Red test for cytotoxicity (A) and EROD induction assay regarding dioxin-like activity (B)

4.5

Conclusions

The extractability and potential toxicity of contaminated river sediments was investigated to
gain information about the extraction power of the different approaches and the respective
toxicity. The results from MDE and SOX extraction provided similar extractability or
extraction power for the first extraction step. The cytotoxicity test confirmed the result.
However, the EROD activity was lower in the MDE extracts due to size-exclusion effects of
the polyethylene membrane such that e.g. the SOM was not extracted and might not provoked
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toxic effects. The USE approach was ambiguously, because it neither reached the amounts
extracted using the MDE or SOX approach nor it was non-depletive such as the HBCD
method. Hence, the USE extraction is not an appropriate method for the determination of the
proposed chemical endpoints. HBCD gained a low quantity of 3.4% of the whole PAH
fraction in the first extraction step – operationally defined as the bioaccessible fraction. The
results provided evidence that the MDE approach has exhaustive extraction power that is
comparable to conventional SOX approach. Further research on the comparability of MDE
with other depletive extraction methods is necessary. HBCD was confirmed as method
providing the bioaccessible fraction, however, there is more research required regarding the
compound classes extracted by HBCD and comparison with other partitioning based nondepletive extraction methods such as e.g. TENAX to get more information on the biomimicking mechanisms of these approaches.
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In a comprehensive study on extraction power, reproducibility and applicability, five vigorous
and three mild extraction techniques were applied to dried sediment samples. Compared
procedures were Soxhlet extraction, membrane dialysis extraction (MDE), accelerated solvent
extraction (ASE®), direct accelerated membrane-assisted clean-up (DAMAC), Tenax®-TA
extraction, hydroxypropyl-β-cyclodextrin (HBCD) extraction and methanol/water extraction.
ASE extracts were also subjected to gel permeation chromatography (GPC) or accelerated
membrane-assisted clean-up (AMAC). Resulting extracts were investigated in the Neutral red
retention and EROD induction assays (with RTL-W1 cells) as well as the fish embryo test
with zebrafish (Danio rerio). Concentrations of polycyclic aromatic hydrocarbons and
chlorinated compounds, such as polychlorinated biphenyls, pesticides and chlorobenzenes,
were determined for all extracts types by GC-MS (cf. [1], this issue).
The Soxhlet approach turned out to be very stringent and reliable concerning comparability
between extraction replicates. Likewise, MDE proved to be suitable for exhaustive sediment
extraction. ASE using AMAC performed slightly better than ASE with subsequent GPC
clean-up, indicating AMAC to be a promising alternative clean-up method. DAMAC was
found to require further development and optimization.
The mild extraction procedures TENAX and HBCD gave highly variable results. In contrast,
methanol/water extraction proved to be a very reliable technique for the separation of certain
– putatively polar – toxic compounds from solid sediment matrices. Extraction of bioavailable
compounds should therefore routinely rely on several extraction approaches in parallel, and
supplemental whole sediment contact assays could be used to identify the most compatible
extract for subsequent chemical analysis. Future research needs to be directed towards a better
understanding of bioavailability, eventually resulting in more reliable biomimetic extraction
methods.

5.2

Abbreviations

AMAC

Accelerated Membrane-Assisted Clean-up, clean-up via membrane dialysis in
Accelerated Solvent Extraction
ASE
Accelerated Solvent Extraction
ASE/AMAC Accelerated Solvent Extraction with subsequent Accelerated MembraneAssisted Clean-up
ASE/GPC
Accelerated Solvent Extraction with subsequent Gel Permeation
Chromatography clean-up
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DAMAC
EROD
FET
GPC
HBCD
LD-PE
MDE
MEOH
NR
MOST
PREL
SOX
TENAX
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Direct Accelerated Membrane-Assisted Clean-up, combined extraction and
clean-up via membrane dialysis in Accelerated Solvent Extraction
Ethoxyresorufin-O-deethylase induction assay
Fish Embryo Toxicity test
Gel Permeation Chromatography
Hydroxypropyl-β-Cyclodextrin extraction
Low-density polyethylene
Membrane Dialysis Extraction
Extraction using methanol/water 1:1, v/v
Neutral red retention assay
Sediment sampled near the town of Most at Bilina River
Sediment sampled near the town of Přelouč at Elbe River
Soxhlet extraction
Extraction using Tenax-TA beads

Introduction

The assessment of sediment contamination is a common task in applied ecotoxicology [e.g. 2,
3-5]. It is a pre-requisite for decisions on the treatment of dredged materials [6] and part of the
evaluation of water quality of lakes, rivers and streams under the EU Water Framework
Directive [WFD; 7]. Furthermore, sediment pollution plays a key role in the estimation of
possible adverse effects during floods, which can massively disturb legacy sediment layers [812], turning these into secondary sources of contamination, with suspended particulate matter
as the carrier [13]. As a consequence of climate change, such events are considered to increase
in number and severity within the coming centuries [14].
Comprehensive assessment of sediment contamination should always be based on several
parallel lines of evidence, including biological effects, chemical analyses and investigations
into community structure [15]. Whereas chemical analyses are applicable for the identification
of contaminants, only bioassays can deliver information about possible adverse effects on the
ecosystem.
In vitro biotests provide high efficiency in ecotoxicological high-throughput investigations,
and increase reliability due to standardized methods under permanently controlled conditions.
A considerable number of test systems has been made available for various different lethal
and sublethal endpoints, providing acute toxicity data as well as results on mechanismspecific effectiveness [e.g. 16, 17-20]. For a review on literature on sediment investigations
involving biotests, see [21].
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Toxicity testing and assessment of putatively contaminated sediments can be accomplished
using various sample types derived from the original sampling site. Possible exposure
scenarios are pore water, aqueous elutriates, sediment samples (either dried or native), and
extracts [22, 23]. For the preparation of sediment extracts a broad range of procedures is
available [24-26].
Extractability of contaminants, however, highly depends on the individual sample matrix and
the specific technique, providing different levels of extraction power [27]. Correspondingly,
several rather mild extraction procedures like hydroxypropyl-β-cyclodextrin extraction or
Tenax®-TA extraction, which focus on the rapidly desorbing contaminant fractions, are
considered to mimic bioavailability of – at least – hydrophobic compounds in subsequent
biotests [28-31]. Together with whole sample investigations using sediment contact assays
[32], these data can provide a realistic picture of the ecotoxicological burden on-site.
In contrast, vigorous methods such as pressurized liquid extraction (PLE; trademarked as
Accelerated Solvent Extraction (ASE®) by Dionex, Sunnyvale, CA, USA), microwave
assisted extraction, membrane dialysis extraction (MDE) and the Soxhlet technique aim at the
preparation of total extracts [21, 24, 33], including also very slowly desorbing contaminants,
which would be only hardly accessible for the majority of organisms under natural conditions
[27, 34-37].
Extracts resulting from each individual procedure therefore represent distinct contaminant
fractions with corresponding bioavailability, and each extract type reveals a particular
hazardous potential of the original sample [38-40].
In the present study, extracts from eight extraction procedures (5 exhaustive techniques versus
3 mild ones mimicking bioavailability) were compared with respect to ecotoxicological
effectiveness (part A, this paper) and target analyte concentrations [part B, 1]. For part A,
different extract types resulting from parallel extraction of two sediment samples using the
eight approaches were tested for cytotoxicity, dioxin-like activity and embryo toxicity. Beside
extraction power, reproducibility and applicability were analyzed by means of effect
concentration values and compared among the applied techniques.

5.4

Material & Methods

5.4.1 Samples and sampling
Near-surface sediments from the river Elbe close to the towns of Bílina and Přelouč, Czech
Republic, were sampled in 2005 by means of an Ekman-Birge dredge and stored cooled at
4 °C. Subsamples were centrifuged for pore water removal, shock-frozen at -30 °C and
freeze-dried. Subsequently, dried sediments were sieved at < 63 µm and stored at 4 °C until
extraction. Two subsamples of each sediment were then extracted in parallel with the
compared extraction techniques, giving 4 extracts from each approach.
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The sampling sites had been characterized within the integrated EU project MODELKEY
[41], and the sediments were considered suitable for a comparison of extraction techniques.
5.4.2 Extract treatment and storage
Following the respective extraction or clean-up procedure, extracts were reduced to a volume
of approx 2 ml using rotary evaporation and then close to dryness under a gentle nitrogen
stream. Residues were re-dissolved in 2 ml hexane and split into two equal aliquots. For
bioassay, extracts were reduced again and re-dissolved in dimethylsulfoxide (DMSO). All
samples were stored at -20 °C until further use.
5.4.3 Soxhlet extraction (SOX)
Soxhlet extraction was based on the method applied by [16]. An appropriate number of were
pre-extracted using hexane (Picograde®, LCG Promochem, Wesel, Germany. 10 g portions of
dried sediment were weighed into 100 ml Soxhlet extraction thimbles (Schleicher & Schuell,
Dassel, Germany), which were pre-extracted with hexane (Picograde®, LCG Promochem).
Acetone extraction was carried out at 8 - 10 cycles per h over 8 h.
5.4.4 Membrane dialysis extraction (MDE)
MDE was carried out according to Seiler and co-workers [42], with slight changes as detailed
below. In brief, 2.5 g of dried sediment were inserted into 80 cm of pre-extracted LD-PE
membrane (Jencons, Leighton Buzzard, UK) . The sediment was evenly distributed by means
of a bent glass rod prior to introduction of the membrane into a 250 ml brown glass jar
containing 200 ml n-hexane (p.a.; Merck). Membrane ends were secured and sealed with the
surface grinded lid. Dialysis was allowed to proceed for 48 h at room temperature.
5.4.5 Methanol/Water extraction (MEOH)
Methanol/water extraction was performed according [43]. Potions of 10 g dried sediment
sample were weighed into individual centrifuge jars with a 1:1 mixture of 50 ml methanol
(Picograde®, LCG Promochem, Wesel, Germany) and 50 ml purified water. The jars were
sealed with Teflon caps, vortexed for 2 min and horizontally shaken at 100 rpm for 2 h at
20 °C (IKA, Stauffen, Germany). The supernatant was separated by centrifugation at 1972 g,
filtered over GF/C microfibre filters (Whatman, Brentfort, UK) and re-extracted by means of
liquid-liquid extraction with methylene chloride.
5.4.6 Hydroxypropyl-β-cyclodextrin extraction (HBCD)
Hydroxypropyl-β-cyclodextrin extraction followed the protocol by [29]. 10 g portions of dried
sediment samples were weighed into separate centrifuge jars with Teflon caps, and 100 ml of
a 50 mM HBCD solution in purified water were added. The jars were vortexed for 2 min and
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horizontally shaken at 100 rpm for 2 h at 20 °C (IKA). The supernatant was separated by
centrifugation at 1972 g, filtered over GF/C microfibre filters (Whatman) and re-extracted by
means of liquid-liquid extraction with methylene chloride.
5.4.7 Tenax-TA extraction (TENAX)
Tenax extraction was carried out as described by Schwab et al. [44]. Briefly, Tenax-TA beads
obtained from Alltech International (mesh 60-80, Deerfield, IL, USA) were cleaned by
pressurized liquid extraction with solvents of different polarity. After drying the beads in a
nitrogen stream for 2 h at 60, 110, and 200 °C, fresh sediment (equivalent of 125 g dry
weight), 180 g of clean Tenax beads and approximately 3 L of deionized water were
vigorously stirred for 24 h at 20 °C. Following separation of the sediment suspension from the
Tenax-TA, loaded beads were washed until the water phase was clear, and then extracted
using 2.5 L of acetone followed by 2.5 L of hexane. The solvent phase was reduced in volume
close to dryness and residues re-dissolved in dichloromethane. Finally, particles were
removed using a combination of glass microfibre filters and polytetrafluorethylene (PTFE)
frits. Particle-free extracts were purified by GPC.
5.4.8 Accelerated solvent extraction (ASE)
Dried sediments were subjected to a 2-step extraction procedure with an ASE® 200 device
(Dionex, Sunnyvale, CA). The first step applied 3 static cycles of 10 min with
hexane:dichloromethane 50:50 (v/v) at 80 °C, 10 MPa and 60 % flush volume. The second
step consisted of 3 static cycles using toluene at 140 °C as solvent, while other parameters
remained the same. Immediately after extraction, resulting extracts were purified using either
GPC or AMAC. All solvents were obtained from Merck (Darmstadt, Germany) and of
Suprasolv® or Lichrosolv® grade.
5.4.9 Gel permeation chromatography (GPC)
Prior to the clean-up procedure, samples were evaporated close to dryness under a gentle
nitrogen stream and re-dissolved in dichloromethane (Merck, Suprasolv® grade). Extracts
were filtrated using a glass cartridge containing a combination of glass microfibre filters and
PTFE frits to remove solid particles. Clean-up was performed applying an automated gel
permeation chromatography (GPC) system (AccuPrep MPS™, Antec GmbH, Sindelsdorf,
Germany). The chromatography column (3.5 x 38 cm) was filled with BioBeads S-X3 (200400 mesh, J2 Scientific, MO, USA), and dichloromethane served as eluent. Using the fraction
collector, only the second out of three fractions was processed, whereas the first and the last
fraction containing macromolecules and sulphur, respectively, were discarded. The volume of
each fraction was determined with a calibration mixture prepared according to US EPA
Method 3640A [45], and by monitoring the retention time using a UV-detector at a
wavelength of 253 nm.
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5.4.10 Accelerated membrane-assisted clean-up (AMAC)
Accelerated membrane assisted clean-up (AMAC) is a newly developed clean-up method and
has recently been described in detail [46]. Briefly, ASE extracts were concentrated to 0.5 ml
and transferred into pre-cleaned bags prepared from LD-PE tubes (Polymer-Synthese-Werk
GmbH, Rheinberg, Germany) using a heat-sealing apparatus (Sealboy 2-1038, Audion
Elektro, Kleve, Germany). This sealing technique was also applied to completely enclose the
extract within the membrane bag. Membranes with the extracts were placed in a 33 ml ASE
cell inside an ASE® 200 device, which pressed a 70:30 (v:v) solvent mixture of hexane and
acetone (Merck, Suprasolv® grade) into the cell and, thus, started diffusion of compounds
from the extracts across the membrane into the solvent. The device was operated with
16 cycles lasting 10 minutes each, a pressure of 3.45 MPa, a temperature of 40 °C, a flush
volume of 60 % and a nitrogen purge time of 60 seconds. The high number of automatic
solvent exchanges and the elevated temperatures accelerated the dialysis compared to
classical dialysis procedures.
5.4.11 Direct accelerated membrane assisted clean-up (DAMAC)
Direct accelerated membrane-assisted clean-up (DAMAC) is a method still in development
and constitutes a consecutive combination of extraction by ASE and clean-up by AMAC. 2 g
of dried sediment were directly introduced into the membrane bag and dialysed as described
for AMAC.
5.4.12 Process controls
For each extraction method, a process control was performed using exactly the same
parameters as in the respective treatment, but without sample. Resulting control extracts were
tested in parallel to the obtained sediment extracts with all bioassays.
5.4.13 Cell cultures
The fibroblast-like permanent cell line RTL-W1 [47] used for the cytotoxicity and EROD
induction bioassays were kindly provided by Drs. N.C. Bols and L. Lee (University of
Waterloo, Canada). RTL-W1 cells were maintained in 75 cm 2 plastic culture flasks (TPP,
Trasadingen, Switzerland) in Leibowitz's L15 medium (Sigma-Aldrich, Deisenhofen,
Germany) supplemented with 9 % foetal bovine serum (Sigma-Aldrich) and 1 %
penicillin/streptomycin solution (10,000 U/10,000 µg/ml) in 0.9 % NaCl (Sigma-Aldrich) at
20 °C.
5.4.14 Neutral red retention assay (NR)
Acute cytotoxicity of the sediment extracts was determined in the Neutral red retention assay
as detailed by Babich & Borenfreund [48] with modifications described by Klee and coworkers [49]. Sediment extracts were serially diluted in L15 medium along seven wells in six
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replicates of a 96-well microtitre plate (TPP) to give a final concentration range of 0.78–
50 mg sediment equivalent (SEQ) per ml medium (mg/ml). 3,5-Dichlorophenol (DCP;
Riedel-deHaën, Selze, Germany) was used as a positive control at a maximum concentration
of 40 mg/L medium. Confluent cultures of RTL-W1 cells were trypsinized and the resulting
cell suspension was added to each well of the microtitre plate. After incubation at 20 °C for
48 h, cells were incubated with Neutral red (2-methyl-3-amino-7-dimethylamino-phenanzine)
for 3 h, and neutral red retention was measured at 540 nm with a reference wavelength of
690 nm using a GENios plate reader (Tecan, Crailsheim, Germany). Dose-response curves
expressing viability of the cells compared to controls were plotted and cytotoxic effectiveness
was calculated as NR50 values.
5.4.15 EROD induction assay (EROD)
The presence of aryl hydrocarbon receptor (AhR) agonists in the sediment extracts was
determined in duplicates using the ethoxyresorufin-O-deethylase (EROD) induction assay as
described by Behrens and co-workers [50] with slight modifications introduced by more
recent studies [51, 52]. Briefly, confluent RTL-W1 cells were trypsinized, re-seeded into 96well microtitre plates (TPP) and exposed to sediment extracts diluted in L15 medium to give
8 dilutions with 6 replicates each covering a range between 0.39 and 50 mg SEQ/ml medium
(maximum DMSO concentration < 1 %). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was
serially diluted to give a final concentration range of 6.25-100 pM on two separate rows of
each plate as a positive control. The test plates were incubated at 20 °C for 72 h. EROD
induction was terminated by removing the growth medium and freezing at -80 °C to kill and
disrupt the cells. After at least 1 h, plates were thawed and 100 µl of 1.2 µM 7-ethoxyresorufin
were added to each well. Deethylation was initiated with 0.09 µM NADPH in phosphate
buffer, and after 10 min the reaction was stopped by addition of 100 µl of 0.54 mM
fluorescamine in acetonitrile. Resorufin was determined fluorometrically at an excitation
wavelength of 544 nm and an emission wavelength of 590 nm using a GENios plate reader
(Tecan, Crailsheim, Germany). Whole protein was determined fluorometrically using the
fluorescamine method (excitation 355 nm, emission 590 nm; [53], [cf. 54]). Fluorescent units
from the EROD measurement were converted to mass of resorufin and protein via calibration
curves. Dose-response curves for EROD induction as the specific enzyme activity were
computed, and the concentration of each sample causing 25 % of the TCDD-induced
maximum EROD activity was defined as EC25TCDD values.
5.4.16 Zebrafish embryo assay (Fish embryo test; FET)
The embryotoxic potential of the sediment extracts was determined with the zebrafish (Danio
rerio) embryo assay [17, 55], adapted to a high throughput system in 96-well plates. Fish were
maintained in a breeding condition and eggs harvested as detailed by Nagel [56, cf. 57].
Sample extracts were diluted in 1.5 ml artificial water (half the volume required for the test),
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but at twice the highest concentration, i.e. 200 mg SEQ/ml water. Serial dilutions with 5 steps
(12.5, 25, 50, 100, 200 mg SEQ/ml water) were prepared in 25 ml beakers for pre-incubation
of the fish eggs. Ten fertilized zebrafish eggs were selected per beaker and transferred
alongside 150 µl of artificial water each, using a micropipette equipped with a widened 200 µl
tip. Thus, the volume of each extract dilution was increased to 3 ml with half of the initial
concentration (i.e. 6.25, 12.5, 25, 50, 100 mg SEQ/ml water). Eggs were then transferred to
individual wells of 96-well microtitre plates (one egg per well) along with 200 µl of diluted
sample. Finally, plates were covered with adhesive film and incubated for 48 h at 26 °C.
The developing embryos were inspected after 48 hpf. Lethal endpoints were recorded, and
mortalities were determined according DIN 38415-T6 [cf. 57]. Results from the individual
plates were regarded valid, if negative controls showed less than 10 % effect. Median
effective concentrations (LC 50 values) for each sample were calculated by plotting doseresponse curves.
5.4.17 Graphical evaluation and statistical analysis
All effect data were plotted against extract concentrations with GraphPad Prism 5.0
(GraphPad Software, San Diego, USA). Data points were fitted using sigmoid non-linear
regression as a model equation, and effect concentrations were determined by means of this
regression curve. Mean values for determined effective concentrations were compared
statistically by One-Way ANOVA with Newman-Keuls' post-hoc test using Prism 5.0 and
SigmaStat 3.5 (Systat, Erkrath, Germany). Similarities between the investigated extract types
were identified by average linkage hierarchical cluster analysis of the data derived from in
vitro bioassays using R version 2.9.1 (http://www.r-project.org). Further details on statistical
analyses are given in the discussion.

5.5

Results

5.5.1 Process controls
None of the investigated process control extracts revealed elevated background toxicity,
proving that all effect data obtained were due to extracted contaminant fractions. The whole
sample treatment process of each extraction procedure apparently did not cause any undesired
contamination.
5.5.2 Comparability with respect to extraction power
SOX and MDE were comparable in all investigations (Fig. 1, Table 1). Extracts from
ASE/AMAC were also comparable to SOX and MDE-derived samples, whereas ASE/GPC
produced extracts with overall significantly lower cytotoxic potential than SOX. DAMAC
extracts showed effects in the Neutral red retention and the EROD assays comparable to other
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putatively exhaustive extraction methods. However, regarding embryo toxicity extracts
obtained using DAMAC had significantly lower effectiveness than SOX, MDE and
ASE/GPC.
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TENAX performed statistically comparable to the vigorous procedures. In contrast, regarding
embryo toxicity, TENAX showed even significantly higher potential than DAMAC. The mild
approaches HBCD and MEOH showed significant differences to all other methods in almost
every comparison. MEOH provided extracts which were principally less toxic than samples
obtained using more stringent procedures, such as SOX, MDE, ASE/GPC – at least in the
Neutral red retention and EROD assays. In contrast, statistics for EROD data proved no
significance for any comparison with vigorous methods.
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Table 1 Statistical analysis of pairs of extraction procedures, listed by ecotoxicological endpoints.

Order for EROD data: MOST/PREL. For NR and FET, data for MOST and PREL were pooled.
Findings in brackets may be questioned from the result graphs. NR: cytotoxicity, EROD: dioxin-like
activity, FET: fish embryo toxicity
NR

SOX MDE ASE/GPC ASE/AMAC DAMAC HBCD TENAX MEOH

SOX

-

MDE

ns

*

ns

ns

-

ns

***

-

ns

ns

ns

-

ns

***

-

ns

ns

-

ns

***

-

ns

-

ns

***

-

-

ns

***

-

-

-

-

***

ASE/GPC
ASE/AMAC
DAMAC
HBCD
TENAX
MEOH

-

EROD

SOX MDE ASE/GPC ASE/AMAC DAMAC HBCD TENAX MEOH

SOX

-

MDE

ns

ns

ns

ns

***

ns

***/(ns)

-

ns

ns

ns

***

ns

***/(ns)

-

ns

ns

***/** ns

***/(ns)

-

ns

***

ns

***/(ns)

-

***

ns

***/(ns)

-

***

ns/**

-

***/(ns)

ASE/GPC
ASE/AMAC
DAMAC
HBCD
TENAX
MEOH

-

FET

SOX MDE ASE/GPC ASE/AMAC DAMAC HBCD TENAX MEOH

SOX

-

MDE
ASE/GPC
ASE/AMAC
DAMAC
HBCD
TENAX

ns

ns

ns

**

-

ns

ns

-

ns

ns

*

-

ns

ns

-

ns

*

-

ns

ns

-

ns

-

ns

ns

-

-

**

ns

-

-

-

-

ns

MEOH
*/**/***: significant difference with p < 0.05/0.01/0.001, ns: not significantly different
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5.5.3 Ranking according extraction power and reproducibility
Based on the mean effect concentration values of all replicates for each sediment sample and
biotest, all extraction methods were assigned ranks in ascending order of the respective mean
(Table 2). SOX received the highest ranking for nearly every sample-biotest-combination,
followed by MDE and ASE/AMAC. ASE/GPC and DAMAC were the least effective
techniques regarding effect potentials of corresponding extracts.
With high effectiveness in the Neutral red retention assay and especially the fish embryo test,
TENAX ranked number 1 among the biomimetic approaches. MEOH reached lower rankings
in all experiments.
Table 2 Ranking of extract types according their effectiveness in the cytotoxicity (NR), dioxin-like
activity (EROD) and embryo toxicity (FET) assays

MOST

PREL

NR EROD FET

Mean
NR EROD FET Rank

Overall
Ranking

Exhaustive extraction procedures
SOX

1

1

1

1

1

2

1.2

1

MDE

2

3

3

2

2

3

2.5

2

ASE/AMAC 4

2

5

3

5

5

4.0

3

ASE/GPC

5

4

4

6

4

4

4.5

4

DAMAC

3

5

7

5

3

7

5.0

5

Biomimetic extraction procedures
TENAX

6

6

2

4

6

1

4.2

1

MEOH

8

7

6

7

7

6

6.8

2

HBCD

7

8

8

8

8

8

7.8

3

As a measure for the reproducibility of extraction power, overall mean effect concentration
values per ecotoxicological endpoint were determined, based on data for both sediment
samples. For every mean value, the range was then expressed in percent, giving a relative
range. Finally, corresponding sets of relative range values were averaged resulting in a mean
relative range for each approach, with lower values indicating higher reproducibility
(Table 3).
MEOH provided lowest deviations within the entire study, followed by SOX and MDE,
forming a group with close reproducibility. ASE/GPC and ASE/AMAC resulted in slightly
higher variance, whereas TENAX and DAMAC performed comparably poor.
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Table 3 Mean range in percent of effect values determined for each extract type with the respective
biotest. NR: cytotoxicity, EROD: dioxin-like activity, FET: embryo toxicity

Range [%]
NR

EROD

FET

Mean range [%]

Rank

MEOH

24.57

81.67

55.37

53.87

1

SOX

45.86

86.02

44.66

58.85

2

MDE

28.83

66.21

84.33

59.79

3

ASE/GPC

67.28

61.02

77.86

68.72

4

ASE/AMAC

14.06

154.48

42.39

70.31

5

TENAX

31.63

194.46

130.12

118.74

6

DAMAC

49.74

234.42

94.96

126.37

7

5.5.4 Correlations concerning strength of effect potential
Results for all total extracts were evaluated with respect to correlation. Data for the MOST
sample were plotted against PREL, points were fitted by means of linear regression and
correlation analyses were carried out. Cytotoxic effectiveness could be documented in
comparable relative strength by most extracts for both sampling sites (Fig. 2a). Results for
MDE, ASE/AMAC, ASE/GPC and DAMAC were close to each other, whereas SOX extracts
gave stronger toxicity. Dioxin-like activities of total extracts did not correlate significantly
(p = 0.454; Fig. 2b). Strong differences between MOST and PREL extracts were found for
ASE/AMAC and DAMAC.
Data from the fish embryo assay were highly correlated (Fig. 2c; p < 0.01, Pearson
coefficient: 0.956). Again, MDE and ASE-based methods (ASE/AMAC and ASE/GPC)
formed a separate group of close mean effect concentrations.
For comparison of all biotest results, lowest recorded values for effect concentrations from
each biotest and sample were divided individually by every other value for the same test
system. Resulting ratios are a measure for the effectiveness relative to the corresponding
strongest effect. These values were plotted against each other and analyzed for correlation
(Fig. 2d). A significant correlation with p < 0.05 (Pearson coefficient: 0.894) indicated that all
exhaustive extraction procedures were comparable between MOST and PREL. Again, MDE,
ASE/AMAC and ASE/GPC grouped close together.
A cluster analysis revealed strong relations between MDE, ASE/AMAC and ASE/GPC
(Fig. 3), which supports the observed grouping in the correlation analyses discussed before.
Furthermore, the DAMAC approach turned out to be closer to these methods than SOX. As
already indicated before, TENAX extracts were at least in part comparable to samples
obtained using any of the exhaustive methods.
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Fig 2 Correlations of mean effect data and 95 % confidence intervals (dashed lines) for MOST and
PREL extracts obtained using the five different exhaustive extraction procedures. a) cytotoxicity, b)
dioxin-like activity, c) embryo toxicity, d) pooled data for all three biotests expressed as effect
potentials (see text for explanation)
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Fig 3 Dendrogram of biotest results obtained for each extraction type by average linkage hierarchical
cluster analysis. Low height and small distance indicate closer relationship of the samples with respect
to toxicological effectiveness
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Discussion

SOX gave lowest EC values in almost every comparisons and also relatively low variability.
Whereas the graphs suggested higher toxicity by most SOX extracts, these were not
statistically different. Some authors, e.g. Saim and co-workers [58], also found the Soxhlet
process to have high extraction powers. Likewise, Berset and co-workers [59] reported on
small variations for recoveries of 16 EPA-PAHs through Soxhlet extraction. However, it is
generally accepted that ASE is at least comparable to Soxhlet [e.g. 60, 61-65]. In various
studies the ASE technique provided even higher recovery potential [e.g. 66, 67-69]. The two
ASE-based methods turned out to be closely related to each other as well as to MDE. Equality
of the procedures in terms of leaching power was also indicated by the grouping in correlation
analyses. Especially for EROD induction, effect concentrations were close, and, hence,
differences could mainly be considered as the intrinsic uncertainty of measurement. Based on
these findings, it can be concluded that ASE as a technique is similar to SOX and MDE with
respect to leaching power and reproducibility. Still, GPC clean-up might carry the risk of loss
of effective substances. The weakest of five putatively exhaustive extraction procedures was
DAMAC. While the approach definitely is a good effort, the technique requires further
development and optimization.
It has to be taken into account, that SOX extracts contained substantial amounts of sediment
organic matter, while all other methods were followed by a clean-up step (ASE/AMAC,
ASE/GPC) or consisted of a combination of extraction and clean-up (MDE, DAMAC). It has
been controversially discussed whether sediment-borne organic matter facilitates
bioconcentration of bound contaminants [70-72], possibly causing elevated effects in the
EROD fish embryo assays.
Furthermore, SOX extracts were not cleaned from sulphur prior to biotesting. Likewise, all
extracts obtained with membrane based methods, i.e. MDE, ASE/AMAC and DAMAC,
contained at least small amounts of sulphur. Elemental sulphur can cause toxicity [73-79], and
might have had contributed to cytotoxic effects. Gel permeation chromatography is able to
remove sulphur, so that extracts obtained by ASE/GPC can be considered sulphur free, as are
biomimetic extraction procedures (MEOH, HBCD, TENAX). The significantly lower
cytotoxicity of ASE/GPC extracts obtained from PREL might be explained by removal of
sulphur.
Another issue are the high temperatures during SOX extraction. These pose a risk of alteration
to the whole process of sample preparation [21]; contaminants might be degraded, modified
(activated/deactivated) or even created [80, 81]. ASE methods also use elevated temperatures
upon extraction, and these extracts did show lower ecotoxicological effectiveness than MDE
in various experiments.
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Results for TENAX, MEOH and HBCD did not show much concordance. Furthermore,
variability of effect data for TENAX was high compared to MEOH and HBCD. It is
conceivable that extraction of the bioavailable contaminant fraction differs between samples
and techniques. Different sediments might contain similar overall toxic potential, but due to
contaminant spectrum and sediment characteristics, the bioavailable fractions are likely to be
diverse with respect to compound identity and concentrations as well as ecotoxicological
effectiveness [82-88]. Though unusual, strong variances of biotest results for TENAX extracts
have been found before [89] and assumed to be caused by sediment properties. MEOH
showed low extraction power, as expected for an extraction procedure based on a polar
solvent [43]. Since reproducibility was high, MEOH can be considered a reliable approach for
the extraction of a certain rather polar contaminant fraction from sediments.
The present paper compares the different methods on the basis of biological effects. A second
part of the whole study, published by Streck et al. [90], evaluates the eight extraction and
clean-up methods using chemical target analysis of polycyclic aromatic hydrocarbons and of
chlorinated compounds like e.g. polychlorinated biphenyls, pesticides and chlorobenzenes.

5.7

Conclusion & Outlook

SOX, MDE, ASE/GPC and ASE/AMAC showed statistically similar extraction power as well
as comparable reproducibility and applicability for exhaustive extraction of sediment samples.
A major advantage of MDE is the passive principle, which reduces the risk of alteration of the
original samples and, thus, adds to veracity of obtained results. AMAC proved to be an
alternative to GPC clean-up, possibly reducing the risk of loss of target analytes. DAMAC,
the combination of ASE and AMAC in one procedure, is an approach worthwhile but requires
further development and optimization.
TENAX, MEOH and HBCD produced extracts with highly different effectiveness and
therefore do not allow a determination of the direct impact of contaminated sediments at the
sampling site. Consequently, it is strongly recommended that investigations in this respect
include several mild extraction methods at a time. Moreover, such studies should be
accompanied by whole sediment tests using appropriate contact assays e.g. [17, 91, 92]. In
that way, comparison of the biotest results can lead to the most compatible extracts for
subsequent chemical analysis. Future research needs to provide a better understanding of
bioavailability and the most important influencing parameters. Further development should
focus on extraction techniques which reliably separate readily accessible contaminants rather
than the operationally defined rapidly desorbing fraction.
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Eight combinations of extraction and clean-up procedures were compared for their extraction
power and repeatability using two sediment samples. Five approaches included exhaustive
extraction methods: Accelerated solvent extraction (ASE®) combined either with gel
permeation chromatography (GPC) or the recently developed accelerated membrane assisted
clean-up (AMAC); Soxhlet extraction; direct accelerated membrane assisted clean-up
(DAMAC), a new method integrating an extraction with pressurized liquid extraction and a
clean-up using a semipermeable membrane; and the recently developed membrane dialysis
extraction (MDE). Three of the applied procedures were methods reflecting bioaccessibility,
namely an extraction with Tenax®-TA beads and with hydroxypropyl-β-cyclodextrin (HBCD)
in an aqueous solution, or bioavailability, namely a methanol/water extraction (MeOH). All
extracts were analyzed for polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), chlorobenzenes and chloropesticides. Subsamples of all extractions were
furthermore subjected to three bioassays (Neutral red retention assay with RTL-W1 cells,
EROD induction assay with RTL-W1 cells, and the fish embryo test with Danio rerio; see
part A of this study, [1]). Residues of extracted sediments were further extracted and
chemically analyzed to check for the completeness of the first extraction.
For chlorinated compounds, exhaustive methods showed statistically equal extraction
efficiencies. Only DAMAC gave slightly lower results for all compound classes, indicating
that this method requires further optimization. For PAHs, MDE/GPC proved to be the most
efficient extraction procedure, while the combination of Soxhlet and GPC performed
significantly lower compared to all other exhaustive methods. The newly developed
membrane based methods MDE and AMAC convincingly demonstrated their suitability for
treatment of sediment samples.
Biomimetic extraction methods, which are operationally defined, performed quite different.
Tenax-TA beads yielded significantly higher amounts than the other two procedures. MeOH
extracted only few PCBs and CBs in low quantities. Treatment with HBCD resulted in a shift
of the extract’s chemical composition, indicating different affinities of compounds to the
extracting agent hydroxypropyl-β-cyclodextrin. This leads to the conclusion that a better
understanding of the underlying processes of the methods as well as of bioaccessibility and
bioavailability is necessary.
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Abbreviations

AMAC

Accelerated Membrane-Assisted Clean-up, clean-up via membrane dialysis in
ASE
ASE
Accelerated Solvent Extraction
ASE/AMAC ASE with subsequent AMAC clean-up
ASE/GPC
ASE with subsequent GPC clean-up
DAMAC
Direct Accelerated Membrane-Assisted Clean-up, combined extraction and
clean-up via membrane dialysis in ASE
EROD
EROD induction assay
GPC
Gel Permeation Chromatography
HBCD
Hydroxypropyl-β-Cyclodextrin extraction
MDE
Membrane Dialysis Extraction
MEOH
Extraction using methanol/water 1:1, v/v
NR
Neutral red retention assay
MOST
Sediment sampled near the town of Most at Bilina River
PREL
Sediment sampled near the town of Přelouč at Elbe River
SOX
Soxhlet extraction
TENAX
Extraction using Tenax-TA beads

6.3

Introduction

Assessing the toxic potential of sediments traditionally encompasses the determination of
contaminants by means of chemical target analysis and the characterization of toxicity using
bioassays [2, 3]. Chemical analysis and the application of a large number of in vitro bioassays
require extraction of the toxicants as a pre-requisite. With few exceptions, e.g. solid phase
microextraction (SPME), analysis methods for organic toxicants are based on the extraction
into an organic solvent phase [4, 5], followed by clean-up procedures prior to chemical and
often also biological analysis. As a consequence, extraction and clean-up procedures are
central components of the analytical process, and final results of a study will depend to some
extent on the chosen methods, regardless whether a study aims to monitor concentrations of
single compounds or to determine the toxicity of sediments.
Extraction of compounds from solid matrices is a complicated process with different steps
involved [6]. Compounds are bound to the sediment matrix, consisting e.g. of different types
of organic matter and clay minerals. During extraction, compounds first have to be desorbed,
and then they diffuse through the organic sediment matrix or within pores to the matrix/fluid
interface [6, 7]. Afterwards, the compounds have to be solvated by the extraction fluid and
finally transported to the bulk of the extraction phase used for analysis [8]. Extraction can
therefore be described by compound and matrix dependent processes like sorption/desorption,
diffusion and distribution as well as by convective transport. Thus, extraction is influenced by
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both the physicochemical properties of the compounds and the characteristics of the
sediments. Selection of the extraction method hence affects these processes in a multitude of
ways, e.g. by desorption and diffusion coefficients being dependent on the chosen extraction
solvent or temperature. Exhaustive extraction approaches aim to completely leach analytes
from the matrix, e.g. by applying high volumes or using several batches of an extracting phase
or through long extraction durations. In principal, exhaustive extraction can be regarded as
partitioning of compounds between the sediment matrix and the extraction solvent. Extraction
methods aiming at bioaccessibility/bioavailability, on the other hand, focus on the fast
desorbing or the water soluble fraction of contaminants [9, 10].
Clean-up procedures are necessary to remove matrix components from the extracts. For
chemical analysis, clean-up of the extracts is indispensable to achieve reliable results [11].
Therefore, it is always a combination of extraction and clean-up procedures that has to be
chosen by the analyst for toxicity assessment of sediments.
We present a study on eight different extraction and clean-up procedures aiming to compare
their extraction power and reproducibility in view of chemical and biological analysis of
sediments. The first part of the whole study describes extraction efficiency of the eight
procedures using different bioassays as integrating methods of analysis [1]. In this second
part, the extracts were analysed for different target analytes, allowing a correlation of the
findings with the chemical properties of the analytes.
Five approaches consisted of exhaustive extraction procedures: (1) Pressurized liquid
extraction using an accelerated solvent extractor (ASE®) combined with gel permeation
chromatography as clean-up (ASE/GPC). These methods are common for the analysis of
sediments [12-20], and therefore, ASE/GPC was used within this study as a benchmark
method. (2) The same extraction method was combined with the recently developed
accelerated membrane assisted clean-up (AMAC) [11]. A key feature of this approach is to
separate target analytes from matrix components with a semipermeable membrane made of
polyethylene. (3) The third approach consisted of a direct accelerated membrane assisted
clean-up (DAMAC). Extraction and clean-up is carried out simultaneously by introducing the
sediment into a polyethylene membrane and extracting the membrane by means of a
pressurized liquid extractor as described for the AMAC. (4) Membrane dialysis extraction
(MDE) follows similar working principles as the above mentioned approaches, but is based
on passive dialysis without the use of auxiliary energy sources. Extraction and the separation
of analytes from the matrix is done in one step at ambient temperature and pressure [21]. For
chemical analysis, MDE was complemented by GPC and is abbreviated throughout this
manuscript as MDE/GPC. (5) Finally, Soxhlet extraction was combined with gel permeation
chromatography (SOX/GPC). Soxhlet represents a traditional method and has long been a
standard method for the extraction of solid matrices [14, 22-27].
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Three of the eight applied procedures have been proposed in the literature as methods
mimicking bioaccessibility or bioavailability. (6) Tenax®-TA has been used by several
research groups to determine a fraction of compounds in sediments that is readily desorbable.
This rapid desorbing fraction is identified as the bioaccessible fraction [28-33]. (7) An
aqueous solution of hydroxypropyl-β-cyclodextrin (HBCD) has been used by several
researchers to estimate the bioaccessible fraction of non-polar compounds in soils or
sediments [5, 9, 34-37]. HBCD are torus- or bucket-shaped cyclic oligosaccharides with a
hydrophilic shell and a hydrophobic cavity. They are soluble in water, while at the same time
forming inclusion complexes of hydrophobic compounds encapsulated in the cavity [37, 38].
The method is based on the fact that compounds that are readily desorbable from sediment
will be in the aqueous phase during the extraction procedure and can then be removed by
forming inclusion complexes with HBCD. One assumption of this approach is that the
hydrophobic compound has to fit into the cavity. (8) Extraction with different kinds of
solvents, usually alcohols or mixtures of solvents and water have been proposed as mild
extraction procedures for the determination of bioavailability [35, 39-41]. These approaches
are based on the observation that the amount of compounds extracted correlate well with the
uptake into test organisms. We used a mixture of methanol:water 1:1 (v:v) as suggested by
Kelsey et al. [42].

Exhaustive method

Extraction/
clean-up

ASE

ASE

DAMAC

GPC

AMAC

Biomimetic method

MDE

SOX

TENAX

HBCD

MeOH

GPC

GPC

GPC

GPC

GPC

Chemical Analysis and bioanalysis

Extraction complete?
Ultrasound assisted clean-up + Methanolic hydrolysis

Chemical Analysis

Fig 1 Scheme of the study design with the different applied cascading extraction and analysis steps

The biomimetic methods extract per definition only the bioaccessible fraction of compounds,
thus leaving stronger bound or less accessible fractions of compounds in the sample [31]. But
also exhaustive methods are usually not able to remove all fractions of compounds from a
sample. So called non-extractable fractions remain in the sample, depending on the extraction
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power of the method [43]. Within this study, the completeness of the first extraction step was
verified by subjecting the extracted sediment residues to two further extraction steps and
subsequent additional chemical analysis (Fig. 1). Firstly, an ultrasound-assisted solvent
extraction with hexane:acetone 1:1 (v:v) removed non-bioaccessible but extractable fractions.
Then, a methanolic hydrolysis was applied as a more rigid procedure for stronger bound
compounds [44].

6.4

Material & Methods

6.4.1 Samples and sampling
Two sediment samples were collected by means of an Eckman-Birge dregde at the Czech part
of the River Elbe near the town of Přelouč and in the River Bílina downstream of the waste
water treatment plant of the town of Most. Samples from Přelouč will be abbreviated
throughout the manuscript with PREL, samples from the River Bílina with MOST. After
transport to the laboratory, samples were homogenized and stored cooled at 4° C. Subsamples
were centrifugated for porewater removal, shock-frozen at -30 °C and freeze-dried.
Subsequently, dried sediments were sieved using a mesh < 63 µm.
6.4.2 Chemicals and solvents
A standard containing the 16 EPA-PAHs was purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). Chlorinated compounds (PCBs, DDX, CBs and HCHs) were obtained
from Promochem (Wesel, Germany). Solvents were obtained from Merck (Darmstadt,
Germany) and of Suprasolv® or Lichrosolv® grade unless otherwise noted. An aliquot of a
solution of Benzo[a]pyrene-D12 (Promochem) was added to each sample as injection
standard.
6.4.3 Clean-up with gel permeation chromatography (GPC)
Gel permeation chromatography (GPC) was used as standard clean-up in combination with
most of the applied extraction procedures, except ASE/AMAC and DAMAC. If necessary,
samples were evaporated to dryness under a gentle nitrogen stream and re-dissolved in
dichloromethane prior to the clean up procedure. Extracts were filtrated using a glass
cartridge containing a combination of glass microfibre filters and PTFE-frits to remove solid
particles. Clean up was performed applying an automated gel permeation chromatography
(GPC) system (AccuPrep MPS™, Antec GmbH, Sindelsdorf, Germany). The chromatography
column (3.5 x 38 cm) was filled with BioBeads S-X3 (200-400 mesh, J2 Scientific, Missouri,
USA) and dichloromethane served as eluent. Using the fraction collector of the system, only
the second out of three fractions were further processed, while the first fraction containing
macromolecules like humic substances or lipids were discarded as well as the last fraction
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containing sulphur. The volume of each of the three fractions was determined with a
calibration mixture prepared according to US EPA Method 3640A [19], and by monitoring the
retention time using a UV-detector at a wavelength of 253 nm.
6.4.4 Accelerated membrane assisted clean-up (AMAC)
Accelerated membrane assisted clean-up (AMAC) is a newly developed clean-up method and
has recently been described in detail [11, 45]. AMAC was used in this study as one of two
alternate clean-up methods in combination with extraction by ASE. Briefly, ASE-extracts
were concentrated to 0.5 mL and then transferred into pre-cleaned bags prepared from LD-PE
tubes (Polymer-Synthese-Werk GmbH, Rheinberg, Germany) using a heat-sealing apparatus
(Sealboy 2-1038, Audion Elektro, Kleve, Germany). This sealing technique was also applied
to completely enclose the extract within the membrane bag. In a next step, membranes with
the extracts were placed in a 33 mL cell of an ASE® 200 device serving as automatic dialysis
system. Solvent (hexane:acetone 70:30 (v:v); Merck, Suprasolv® grade) was pressed into the
cell and started a diffusion of compounds present in the extract through the membrane into the
solvent. The ASE device was operated with 16 cycles lasting 10 minutes each, a pressure of
3.45 MPa, a temperature of 40 °C, a flush volume of 60 % and a nitrogen purge time of 60
seconds. The high number of automatic solvent exchanges and the elevated temperature
accelerate the dialysis compared to classical dialysis procedures. All dialysates were collected,
evaporated and re-dissolved in hexane, divided into two equal parts (for chemical and
biological analysis), and stored at -20°C until further use.
6.4.5 Accelerated solvent extraction (ASE)
Dried sediments were subjected to a 2-step extraction procedure with an ASE 200 device
(Dionex, Sunnyvale, CA). The first step consisted of 3 static cycles of 10 min with
hexane:dichloromethane 50:50 (v/v) at 80 °C, 10 MPa and 60 % flush volume. The second
step consisted of another 3 static cycles using toluene at 140 °C as extraction solvent, while
other PLE-parameters remained the same. Resulting extracts were concentrated close to
dryness using a rotary evaporator and further purified with AMAC or GPC as described
above.
6.4.6 Membrane dialysis extraction (MDE)
MDE was carried out according Seiler and co-workers [46], with slight changes as detailed
below. In brief, 2.5 g of dry sediment were inserted into 80 cm of pre-extracted LD-PE
membrane (Jencons, Leighton Buzzard, UK). The sediment was evenly distributed by means
of a bent glass rod, and the membrane was then introduced into a 250 ml brown glass jar
containing 200 ml n-hexane (p.a. grade; Merck, Darmstadt, Germany). Membrane ends were
secured and sealed with the surface grinded lid. Following dialysis for 48 h at room
temperature, hexane was reduced to approximately 2 ml by means of rotary evaporation and
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then close to dryness under a gentle nitrogen stream. Residues were re-dissolved in hexane,
and samples were divided in two equal parts. Extracts designated for chemical analysis were
stored at -20 °C until clean-up by GPC.
6.4.7 Soxhlet extraction (SOX)
Soxhlet extraction of sediment samples was based on the method applied by [23]. An
appropriate number of 100 ml Soxhlet extraction thimbles (Schleicher & Schuell, Dassel,
Germany) were pre-extracted using n-hexane (Picograde®, LCG Promochem, Wesel,
Germany). 10 g portions of dried sediment were weighed into pre-extracted pulp thimbles,
and then placed in Soxhlet extractors. Extraction was carried out for 8 h with acetone
(Picograde®, LCG Promochem) as a solvent, which is recommended by several authors for
the extraction of PAHs from solid matrices [47, 48]. Subsequently, acetone was reduced in
volume using rotary evaporation, residues were re-dissolved, and extracts divided in two parts
for biological and chemical analysis. Extracts in methylene chloride provided for chemical
analysis were then purified using GPC.
6.4.8 Direct Accelerated Membrane Assisted Clean-up (DAMAC)
Direct accelerated membrane assisted clean-up (DAMAC) is a method combining the
extraction by ASE and the clean-up with a membrane as described for AMAC. DAMAC is a
method which is yet not fully optimized and is here described for the fist time. 2 g of dried
sediment were directly placed within a membrane bag (Polymer-Synthese-Werk GmbH;
10 cm length, 80 µm thick). The sediment filled bag was then placed together with a metal
mesh in a 33 mL ASE cell. The mesh prevents clinging of the membrane on the walls of the
cells and allows solvent to reach the membrane unrestricted. Then, samples were
simultaneously extracted and dialysed under the conditions as described in the paragraph
AMAC. Extracts were analyzed after pre-concentration without further clean-up.
6.4.9 Tenax-TA extraction (TENAX)
Tenax extraction was carried out as described in detail by Schwab et al. [49]. Briefly, TenaxTA obtained from Alltech International (mesh 60-80, Deerfield, IL, USA) were cleaned by
pressurized liquid extraction with solvents of different polarity. After drying the beads in a
nitrogen stream for 2 h at 60, 110, and 200 °C, fresh sediment (equivalent of 125 g dry
weight), 180 g of clean TENAX and approximately 3 L of deionized water were vigorously
stirred for 24 h at 20 °C. After termination, the sediment suspension was isolated from the
TENAX, which forms a well-separated layer on the top of the suspension. Loaded Tenax
beads were then washed until the water phase was clear and extracted using 2.5 L of acetone
followed by 2.5 L of hexane. The solvent phase was reduced in volume to dryness, and
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residues were re-dissolved in dichloromethane. Finally, particles were removed using a
combination of glass microfibre filters and polytetrafluorethylene (PTFE)-frits, and particlefree extracts further purified using GPC.
6.4.10 Hydroxypropyl-β-cyclodextrin extraction (HBCD)
Hydroxypropyl-β-cyclodextrin extraction followed the protocol by [9]. Of each sediment
sample, 10 g d.w. were weighed into separate centrifuge jars, and 100 ml of a 50 mM HBCD
solution in purified water were added. The jars were sealed with Teflon caps, mixed for 2 min
using a Vortex and horizontally shaken for 2 h at 20 °C. The supernatant was separated by
means of centrifugation at 1972 G, filtrated using glass microfibre filters (GF/C, Whatman,
Brentfort, UK) and re-extracted via liquid-liquid extraction with methylene chloride and
purified with GPC.
6.4.11 Methanol/Water extraction (MEOH)
Methanol/Water extraction was performed as described by [42]. 10 g d.w. of each sediment
sample were weighed into individual centrifuge jars and a mixture of 50 ml methanol
(Picograde®, LCG Promochem, Wesel, Germany) and purified water (1:1; v:v) was added.
The jars were sealed with Teflon caps, mixed for 2 min using a Vortex, and horizontally
shaken for 2 h at 20 °C. The supernatant was separated by centrifugation at 1972 G, filtrated
through glass microfiber filters (GF/C, Whatman, Brentfort, UK) and re-extracted by means
of liquid-liquid extraction with methylene chloride, then purified with GPC.
6.4.12 Ultrasonic extraction with hexane:acetone
An ultrasonic assisted extraction served as a second extraction step in order to determine the
completeness of the first extraction with one of the eight applied methods. Ultrasonic
extraction was performed with 10 g portions of freeze-dried sediment. Sediments were double
extracted ultrasonically at 35 kHz (Sonorex Super RK 514, Bandelin, Berlin, Germany) for
15 min with 40 ml n-hexane/acetone (1:1) after vortex mixing for 2 min and shaken for 1 h at
room temperature at 100 rpm using an orbital shaker (IKA, Stauffen, Germany). Resulting
extracts were purified with GPC after exchanging the solvent to methylene chloride.
6.4.13 Extraction with methanolic hydrolysis
Extracted samples were submitted to a third extraction step with methanolic hydrolysis
according to Eschenbach et al. [44]. With this alkaline saponification of the already treated
samples, strongly bound compounds can be extracted. Briefly, sediment material were mixed
with methanolic potassium leach (1 M KOH in methanol) and heated for 1 h at 70 °C.
Resulting extracts were concentrated to dryness, re-dissolved in methylene chloride and
subjected to clean-up by GPC.
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6.4.14 Quality control
Blanks were prepared in duplicate for each extraction method according to the specific
protocol. Purified sea sand (Merck, Darmstadt, Germany) was used as surrogate for sediment.
In order to be able to compare the extraction steps, all reported results are corrected for blanks
of the respective method.
6.4.15 Instrumental analysis
Extracts were analyzed for PAHs and chloro-organics with a HP5973 mass spectrometer and a
HP6890 capillary column gas chromatograph equipped with a HP5-MS capillary column
(length 30 m, inner diameter 0.32 mm, film thickness of 0.25 µm). The system was set to the
following temperatures: injector at 250 °C; interface between the gas chromatograph and the
ion source at 280 °C; , ion source at 250 °C. The oven was operated with a temperature
program, starting at 60 °C for one minute, and then the temperature was increased by
30 K/min to 150 °C, continuing with a gradient of 6 K/min to 186 °C until it reached the final
temperature of 280 °C at 4 K/min. The final temperature was held for 16.5 minutes. The
carrier gas was helium, with an average velocity of 37 cm/s. A 1 µL-aliquot was injected in
the pulsed splitless mode. The analysis was conducted in electron impact ionisation mode
(EI+, 70 eV) with Single Ion Monitoring (SIM). Concentrations of the target analytes were
calculated using an external calibration. An aliquot of a solution of benzo[a]pyrene-D12 or
pyrene-d10 (Promochem) was added to each sample as injection standard after finalization of
the clean-up.
6.4.16 Biological analysis
All extracts of the first extraction step were also analyzed with three bioassays: Cytotoxicity
was measured in the Neutral red assay [50, 51], the embryotoxic potential was analyzed using
a zebrafish (Danio rerio) embryo assay [52], and an EROD assay was conducted to determine
the presence of aryl hydrocarbon receptor (AhR) agonists [53, 54]. Details on the procedures
have been described in part A of this study [1].
6.4.17 Statistical analysis
Recoveries for the analyzed compound classes obtained by the different methods were
statistically compared applying a one-way analysis of variance (ANOVA), with the recoveries
for Soxhlet extraction and clean-up by GPC set arbitrarily to 100 %. Differences of averages
were tested using Newman-Keul’s post-hoc test. Further details on statistical analyses are
given in the discussion. Statistical calculations were done with the software Statistica 8.0
(Statsoft, Tulsa, USA).
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6.4.18 Artificial mixtures and calculation of Toxic Equivalents (TEQs) for EROD-data
Artificial mixtures of the substances determined by chemical analysis were prepared in
concentrations as found in the extracts and analyzed with the EROD assay in order to
compare the results with those of the sediment extracts and to verify whether the main EROD
inducers have been covered. For that purpose, the concentration-response curves for EROD
induction were fitted by non-linear regression to a logistic sigmoid curve (Prism 5.03,
GraphPad Inc., USA). Toxic equivalents (TEQs) were derived by calculating the ERODinducing potencies in relation to that of the positive reference (10 -10 M 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD)) as described by Engwald et al. [55]. By using the
concentration (extract EC25TCDD) of the sediment extract or mixture that caused 25 % of the
TCDD-induced maximum EROD activity and the respective concentration of the positive
reference (TCDD EC25) the TEQs were given as
TEQ 

TCDD EC 25 ng mL 
.
extract EC 25 TCDD g SEQ mL 

The EC25TCDD was considered to be a more appropriate measure than EC 50TCDD because it
avoids determination of concentrations were the curve flattens and is close to its maximum
value [55, 56].

6.5

Results

6.5.1 Total amounts of PAHs and chlorinated compounds – first extraction step
Five different groups of compounds were targeted: PAHs, PCBs, chlorinated benzenes (CBs),
five isomers of HCH, DDT as well as its degradation products DDD and DDE (DDX). In all
samples, HCHs were below the limit of detection. Total concentrations of the four other
compound classes are given in figure 1 (MOST) and figure 2 (PREL).
Total amounts of 16 EPA-PAHs ranged between 5,230 ng/g SEQ (SOX/GPC) and 11,700 ng/g
SEQ (MDE/GPC) for samples from MOST and 4,530 ng/g SEQ (SOX/GPC) and 11,430 ng/g
SEQ (ASE/AMAC) for samples from PREL when using exhaustive extraction procedures.
Surprisingly, amounts of PAHs obtained by SOX/GPC turned out to be considerably lower
than those obtained with ASE-based methods or MDE/GPC. Other exhaustive extracts
delivered comparable results for both sites. Total concentrations of PAHs received after the
first extraction step with mild extraction procedures, which are thought to reflect
bioaccessibility, were also lower. TENAX yielded values in the same range as SOX
(1700 ng/g SEQ (MOST), 5000 ng/g SEQ (PREL)), while with HBCD and MEOH total
concentrations did not exceed 285 ng/g SEQ.
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Four of the exhaustive methods, SOX/GPC, ASE/GPC, ASE/AMAC and MDE/GPC
performed similar when extracting chlorinated compounds. SOX/GPC extracted slightly
higher total amounts of PCBs and CBs from the sediment MOST as well as DDX from the
sediment PREL. Concentrations of CBs were close to their limit of quantification. Regarding
exhaustive methods, extraction power for the three groups of chlorinated compounds was in
general lowest for DAMAC.
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Fig 2 Sum of compound classes analyzed using different extraction and clean-up methods for samples
from sampling site Přelouč (PAH = polycyclic aromatic hydrocarbons, CB = chlorobenzenes, PCB =
polychlorinated biphenyls, DDX = DDT + DDE + DDD). The error bar indicates the maximum
estimated error based on n = 2 independent samples and calculated from the three consecutive
treatments for each sample. * = only first extraction performed

6.5.2 Second and third extraction
After performing the first extraction step a second and third extraction procedure was applied
with the residual sediment. This was done to estimate the completeness of the first extraction
step. An ultrasound-assisted solvent extraction with acetone/hexane served as second
extraction, while the final procedure applied was methanolic hydrolysis. Extracts obtained by
the second and third step were purified using GPC. In the case of ASE/GPC, no further
extraction was carried out since for this treatment the extraction step was the same as for
ASE/AMAC. ASE/GPC served throughout this study only as a benchmark method for the
combined first extraction/clean-up process.
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Concerning exhaustive methods, substantial amounts of substances could be leached from
ASE/AMAC treated sediments (Fig. 2 and Fig. 3). With the second extraction step, between
11 % (PAHs, PREL) and 43 % (CBs, MOST) of the total amount for the respective compound
group could be further extracted. However, the extraction power of ASE/AMAC was already
comparable to other exhaustive methods for the first step. Thus, the second step added an
“extra amount” to the total sum of chlorinated compounds. An explanation for this
phenomenon could be that the pressure applied during first extraction filled tiny pores of the
sediment particles with solvent [57, 58], reaching bound residues of chlorinated compounds
and making them more accessible for the subsequent treatment with the second extraction
step.
SOX/GPC showed low extraction power for PAHs in the first extraction step. However, also
the second extraction step yielded low amounts of PAHs, indicating that the first step was
complete. The third extraction step, which extracts stronger bound residues, proved to be
comparable to other exhaustive methods. It is therefore conceivable that the low
concentrations of PAHs extracted within the first step were at least partly due to volatilization
of substantial amounts of PAHs during Soxhlet extraction.
As expected, the second step extracted considerable amounts of compounds from sediments
already extracted using either TENAX, HBCD or MeOH. These amounts represent –
operational defined by each method – non-bioaccessible fractions. In general, aggregated
amounts obtained with each of the biomimetic methods and the corresponding two subsequent
extraction steps proved to be comparable to the other applied methods. Only low quantities of
substances were extracted with the third step, usually less than 7 % of the total amount.
Higher values were achieved for MeOH extracted sediments (especially PAHs from MOST:
26.4 %; PREL: 10.0 %).
6.5.3 Compound specific composition of extracts
Fig. 4 and Fig. 5 depicts the relative composition of the extracts obtained by the different
methods in respect to individual targeted PCBs and PAHs (see also Supplemental Data,
Table 1S). For reasons of clarity and comprehensibility, PAHs were grouped according to their
molecular weight. The relative composition of extracts using vigorous extraction procedures
was in general similar even if the total amount of compounds differed for the applied methods
(Fig. 2 and Fig. 3). This observation is valid for both sediment samples. For SOX/GPC, the
relative proportion of low molecular PAHs (acenaphtylene, acenaphthene, fluorene) was
higher than for other methods. TENAX yielded extracts with compositions similar to that of
the exhaustive methods; however, ratios of higher molecular PAHs and PCBs were lower and
that of compounds with medium molecular weight (e.g. pyrene) slightly higher. HBCD
extracts showed a different composition with a shift towards higher chlorinated PCBs,
especially PCB-194. A relative depletion towards certain PAHs occurred, with lower relative
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amounts of six-ring PAHs, phenathrene, anthracene as well as fluoranthene and pyrene.
Chlorobenzenes could not be detected in HBCD extracts. This particular extraction behaviour
of HBCD could be observed for both sediment samples. The reason for this shift lies probably
in the different affinity of the compounds for the HBCD molecule’s cavity, which is
responsible for the extractive properties. With MeOH also different relative compositions of
compounds were obtained, however, lacking a clear pattern. Only single PCBs and CBs were
detected in MeOH extracts in low quantities.
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Fig 3 Sum of compound classes analyzed using different extraction and clean-up methods for samples
from sampling site Most (PAH = polycyclic aromatic hydrocarbons, CB = chlorobenzenes, PCB =
polychlorinated biphenyls, DDX = DDT + DDE + DDD). The error bar indicates the maximum
estimated error based on n = 2 independent samples and calculated from the three consecutive
treatments for each sample; * = only first extraction performed
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Fig 4 Distribution of targeted PAHs in samples from the sites Přelouč and Most. Values are given as
percentage of the sum of PAHs. PAHs were grouped: Acy-Ace-Fl: acenaphthylene +acenaphthene
+fluorene; Phen-Ant: phenanthrene + anthracene; Flu-Pyr: fluoranthene + pyrene; BaA-Chry:
benzo[a]anthracene + chrysene; BFlu-BaP: benzofluoranthenes + benzo[a]pyrene; IPy-DbA-BPer:
Indenco[cd]pyrene + dibenzo[ah]anthracene + benzo[ghi]perylene

6.6

Discussion

6.6.1 Ranking according to extraction power – first extraction step
Similar to Part A of this study [1] and as a first step to evaluate the methods, results of the first
extraction step were ranked according to extraction power (Table 1). For this purpose,
recovered amounts of each compound class were compared between the exhaustive and
biomimetic methods, respectively, and methods which provided the highest recovery for the
respective compound were assigned the lowest rank number. Calculating the arithmetic mean
from assigned ranks led to a rank for each method (Supplemental Data Table 1S). The
calculation was performed for each site (PREL, MOST), and then an overall rank was
assigned. It should be emphasized that ranking the results only allows a rough and first
overview of the method performances. ASE/GPC achieved the highest overall ranking,
followed by ASE/AMAC and MDE/GPC, which both performed equally. For the sample
MOST the reverse order could be observed due to the better performance of ASE/AMAC and
MDE/GPC with respect to the extraction of PAHS from this sample. SOX/GPC and DAMAC
reached rank 4 and 5, respectively, of the exhaustive methods. The biomimetic methods
ranked in the order TENAX, then HBCD and then MeOH.
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Fig 5 Distribution of targeted PCBs in samples from the sites Přelouč and Most. Values are given as
percentage of the sum of PCBs

Power of extraction itself is not the only important descriptor in order to evaluate an
extraction/clean-up approach. The repeatability of a method, which is the variation of
measurements under constant conditions caused by random errors, is of equal importance.
Repeatability of an analysis procedure is inter alia subject to the matrix as well as to the
specific compound. It is furthermore often concentration dependent: An analysis carried out
near the limit of quantification commonly leads to higher deviations between repeated
measurements. As a measure for the repeatability, the range of the results for each compound
for the same sediment and method was divided by the associated arithmetic mean, resulting in
a relative range (Supplemental Data, Table 2S). Relative ranges for each method were then
averaged (Table 2), describing the overall performance of a method concerning repeatability.
Furthermore, relative ranges calculated for each individual compound class analyzed with the
different procedures were compared by assigning ranks. Thus, each method was evaluated
compound by compound, and then the ranks obtained for each procedure were averaged
(Table 2; Supplemental Data, Table 2S). Finally, an overall rank was calculated using the
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results of the two sediment samples. Repeatability of the methods HBCD and MeOH were not
assessed in this way because results obtained with these methods were often near to the limit
of quantification.
Table 1 Ranks assigned to the different extraction methods according to results for each compound
obtained with the first extraction step in ng/g SEQ, separately for the samples PREL and MOST, and
thereof calculated overall ranks (see Supplemental Data Table 1S for further detail). The arithmetic
mean is the average rank calculated for all compounds analysed with one method. Higher ranking
indicates higher extraction power of the method. Ranking was done separately for biomimetic methods
PREL

MOST

Both sites

Exhaustive

Arith.
mean

Rank

Arith.
mean

Rank

Arith.
mean

Overall
Rank

ASE/GPC

1.9

1

2.8

3

2.3

1

MDE/GPC

2.5

2

2.7

2

2.6

2.5

ASE/AMAC

2.7

3

2.6

1

2.6

2.5

SOX/GPC

3.7

4

3.0

4

3.4

4

DAMAC

4.3

5

4.0

5

4.1

5

TENAX

1.2

1

1.1

1

1.1

1

HBCD

2.4

2.5

2.4

2

2.4

2

MEOH

2.4

2.5

2.5

3

2.5

3

Biomimetic

Repeatability was comparably high for TENAX, ASE/GPC, ASE/AMAC and MDE/GPC. The
biomimetic approach TENAX showed the best repeatability, followed by ASE/GPC.
MDE/GPC and ASE/AMAC performed comparable to each other. Higher variability for
MDE/GPC samples from MOST could be at least partly attributed to the three PAHs with
lowest molecular weight of all analyzed PAHs (acenaphtylene, acenaphthene and fluorene). It
is possible, that these more volatile compounds were lost while concentrating one of the
duplicate extracts from MOST during the process of sample preparation. Omitting these three
PAHs from the calculations led to an average relative range of 17.1 %. DAMAC and
SOX/GPC showed for both PREL and MOST the lowest repeatability. The average relative
range of 48.6 % of DAMAC observed for the sample PREL manifesting itself in the highest
rank number of all approaches was especially due to a high variability in the results for PAHs
and CBs.
Summarizing the performance characteristics of the investigated approaches, it becomes clear
that ASE/GPC provided the best results of exhaustive methods with respect to extraction
power and repeatability, followed by ASE/AMAC and MDE/GPC. Clearly behind these
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approaches remained the classical combination SOX/GPC and the not yet optimized
DAMAC. With the biomimetic methods, TENAX was clearly separated from HBCD and
MeOH. TENAX showed better repeatability and higher extraction power. However, using
these data it is not possible to evaluate which method delivers the closest estimation of the
bioaccessible fractions.
Table 2 Relative ranges as a measure of repeatability were averaged for each method and sampling
site (first column of PREL and MOST). Ranks were calculated as described in the text (see
Supplemental Data Table 2S for further detail). Higher ranking indicates better repeatability of the
analysis procedure. No assessment of the repeatability of the methods HBCD and MeOH was
performed due to analysis results near to the limit of quantification and due to missing values
PREL
Average
rangerel

MOST

Average Rank
rank

Average
rangerel

Both sites

Average
rank

Rank

Average Overall
rank
Rank

TENAX

17.1%

3.2

2.5

7.4%

1.7

1

1.8

1

ASE/GPC

15.2%

3.2

2.5

11.3%

3.1

3

2.8

2

ASE/AMAC

16.2%

3.3

4

10.5%

2.9

2

3.0

3.5

MDE/GPC

12.9%

2.1

1

23.7%

4.1

5

3.0

3.5

DAMAC

48.6%

5.1

6

13.5%

3.5

4

5.0

5

SOX/GPC

23.6%

3.4

5

26.9%

4.9

6

5.5

6

6.6.2 Comparability with respect to extraction efficiency – first extraction step
Comparability of the extraction efficiencies of the eight methods was assessed using a one
way ANOVA with Newman-Keuls' post-hoc test (Table 3). The statistical analysis was carried
out separately for each of the four compound classes after normalizing all data to results
obtained with ASE/GPC.
The statistical analysis clearly reveals the difference between the two biomimetic approaches
HBCD and MeOH on the one hand and the exhaustive methods and TENAX on the other. No
statistical difference could be determined between HBCD and MeOH concerning the total
amounts of the compound classes. As Fig. 4 implies this might not hold true when individual
compounds are addressed.
Fig. 2 to Fig. 4 suggested TENAX to show at least partly properties of an exhaustive method.
Yet, in most cases this method turned out to be significantly different from exhaustive
methods. This coincides with the findings of the bioanalysis, in which TENAX also gave
higher but not significantly differing effect concentrations.
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Table 3 Determined statistical relations for the different pairs of extraction procedures (first extraction
step only/combined results for all three steps) in respect of extraction power for targeted compound
classes using a one way ANOVA with Newman-Keul’s post-hoc test; recoveries for ASE/GPC extracts
were assumed to be 100 %. ns = differences of averages are not significant; *** = significant on a
level < 0.001; ** = significant on a level < 0.01; * = significant on a level < 0.05
PAHs

SOX/GPC ASE/AMAC DAMAC MDE/GPC ASE/GPC TENAX HBCD MeOH

SOX

-/-

ASE/AMAC

***/***

***/*

***/***

***/*

ns/ns

***/*

-/-

ns/ns

*/ns

ns/ns

***/*

***/ns ***/***

-/-

**/ns

ns/ns

***/ns

***/ns ***/*

-/-

*/ns

***/*

***/ns ***/***

-/-

***/ns

***/ns ***/*

-/-

**/ns

***/ns

-/-

ns/ns

DAMAC
MDE/GPC
ASE/GPC
TENAX
HBCD
MeOH
CBs
SOX
ASE/AMAC

-/SOX/GPC ASE/AMAC DAMAC MDE/GPC ASE/GPC TENAX HBCD MeOH
-/ns/ns
**/ns
ns/ns
ns/ns
***/*
-/ns
***/ns
-/-

DAMAC

ns/*

ns/ns

ns/ns

**/*

-/ns

***/ns

-/-

ns/ns

ns/ns

*/ns

-/ns

**/ns

-/-

ns/ns

**/ns

-/ns

***/ns

-/-

***/ns

-/ns

***/ns

-/-

-/*

ns/ns

-/-

-/-

MDE/GPC
ASE/GPC
TENAX
HBCD
MeOH
PCBs
SOX
ASE/AMAC

-/SOX/GPC ASE/AMAC DAMAC MDE/GPC ASE/GPC TENAX HBCD MeOH
-/ns/ns
*/ns
ns/ns
ns/ns
***/*
***/ns ***/ns
-/-

DAMAC

ns/*

ns/ns

ns/ns

***/*** ***/ns ***/ns

-/-

ns/ns

*/ns

**/*

***/ns ***/ns

-/-

ns/ns

***/*

***/ns ***/ns

-/-

***/*

***/ns ***/ns

-/-

**/*** **/**

MDE/GPC
ASE/GPC
TENAX
HBCD

-/-

MeOH
DDX
SOX
ASE/AMAC
DAMAC
MDE/GPC
ASE/GPC
TENAX
HBCD
MeOH

***/ns

ns/ns
-/-

SOX/GPC ASE/AMAC DAMAC MDE/GPC ASE/GPC TENAX HBCD MeOH
-/ns/ns
ns/ns
ns/ns
ns/ns
**/ns
***/ns ***/ns
-/-

ns/ns

ns/ns

ns/ns

*/**

***/*

-/-

ns/ns

ns/ns

ns/ns

***/ns ***/ns

-/-

ns/ns

ns/ns

***/ns ***/ns

-/-

*/ns

***/ns ***/ns

-/-

***/ns ***/ns
-/-

***/*

ns/ns
-/-
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The statistical analysis confirmed the lower performance of SOX/GPC compared to the ASEbased methods or MDE/GPC for the quantification of PAHs. On the other hand, data for
MDE/GPC were also statistically different from that for the ASE-based methods. With
MDE/GPC samples, higher amounts of PAHs were determined (Fig. 2 and Fig. 3). Since
MDE/GPC involves the use of a membrane, and resulting extracts were further purified by
GPC, these differences have to be attributed to the performance of the extraction itself. ASE
extraction is believed to be very vigorous [1, 59-61], with two different solvent mixtures and a
total of six cycles. Extraction by both Soxhlet and ASE applies elevated temperatures, while
MDE is operated at ambient temperature. Thus, as a hypothesis, higher recoveries of
MDE/GPC may be due to the lower temperature during extraction leading to lower losses due
to evaporation during the extraction procedure itself. For other compounds, the exhaustive
methods delivered comparable results, with few exceptions regarding the non-optimized
DAMAC. It remains unclear, why results varied for PAHs but not for other compounds.
6.6.3 Comparison of all three extraction steps
After the first extraction step, sediment residues from all methods (except ASE/GPC) were
extracted again with hexane:acetone in an ultrasonic bath followed by methanolic hydrolysis.
Combined results from all three steps should in principle be the same for all approaches. As
for the first extraction step, an ANOVA with Newman-Keuls' post-hoc test was carried out to
prove this hypothesis (Table 3). Actually, for most clean-up/extraction procedures the analysis
revealed equality of the combined results. However, statistical analysis of the data gave also
several differences.
Combined results for sediments extracted with TENAX in the first place generally showed
significantly lower values (with the exception of PAHs from the sample PREL). The TENAX
method itself consists of two steps: Firstly, the sorbent binds compounds dissolved in an
aqueous sediment-TENAX slurry. Then, after removing the sorbent from the slurry, gets reextracted with solvents. It is possible that some of the compounds were not fully re-extracted
from the Tenax beads or that losses occurred during evaporation of the solvent leading to
lower values for the first of the three extraction steps.
For PAHs, SOX/GPC differed significantly from the other approaches (except TENAX and
MeOH) when considering all three extraction steps. Since the ultrasonic extraction with
hexane:acetone extracted only minor amounts of PAHs from sediment residues treated with
SOX/GPC, the most probable cause for this observations are losses during application of the
first extraction/clean-up procedure.
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6.6.4 Compound specific correlation analysis
Binding of compounds to sediments is dependent on the physicochemical properties of the
substances as well as of sediment characteristics. By definition, an exhaustive extraction
method should deliver a complete extraction for all compounds and be independent of the
sample [62]. Results for every single compound of all extracts gained with an exhaustive
method were compared for the two different sediment samples. All data were normalized to
results obtained with the reference method, ASE/GPC, and data from Přelouč were plotted
against those from Most (Fig. 6). Data points should be close to unity if the extraction method
had a similar leaching power for the specific compound compared to ASE/GPC. If the
extraction/clean-up method (as well as the reference method) is truly exhaustive for all
compounds and the two sediments, then all data points should group closely together in a
cloud point. Deviations should then be randomly distributed and only caused by measurement
uncertainties, and no correlation between the data from PREL and MOST should be
observable. If one of the methods discriminates only due to the physicochemical properties of
the compounds but not due to differences in sediment composition, data points for the
respective method should form a linear curve with a slope of one. Considering normalized
data from all four methods, correlation between the pooled data from both sites can also occur
when the methods itself deliver different results without discrimination because of sediment
or compound properties (Fig. 6, Supplemental Data Table 3S).
For all groups of compounds, the normalized ASE/AMAC data are clustered. This finding is
on one hand not surprisingly since the same extraction method was used for ASE/GPC. On
the other hand, this finding implies that the two clean-up procedures are comparable and do
not discriminate specific compounds due to their properties. Only three PAHs deviate from
the point cloud, namely acenaphthene showing lower normalized values as well as
Indeno[cd]pyrene and Benzo[ghi]perylene in the upper right corner of the diagram. It is
striking that these three PAHs have the lowest and the highest molecular weights and,
therefore, different physicochemical properties than the other PAHs. No data set was available
for acenaphthylene, a compound with similar properties compared to acenaphthene. Observed
deviations of these three PAHs have to be attributed to the clean-up method (AMAC or GPC).
Normalized ASE/AMAC values are in general slightly but significantly below unity for
chlorinated compounds and slightly above unity for PAHs (Student’s t-test, α = 5 %; values
from both sites pooled). Thus, AMAC appears to have slightly higher clean-up efficiencies for
PAHs but lower ones for PCBs compared to GPC.
In contrast to ASE/AMAC, data points obtained with DAMAC normalized to results from
ASE/GPC were not clustered but formed a linear curve with a slope of approximately 1 and
with linear correlation coefficients R² significantly deviating from zero. This could be
observed for PAHs and PCBs (Fig. 6) as well as for pooled data. This indicated that combined
extraction and clean-up power for the current DAMAC method is compound specific.
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Furthermore, for most compounds the power was clearly lower than that for ASE/GPC. The
authors assume that a higher power and, thus, results independent from the physicochemical
properties of the compounds – similar to ASE/AMAC – can be reached with a modified
protocol using e.g. more extraction cycles.

Fig 6 Correlation of amounts of target compounds extracted with exhaustive methods normalized to
amounts extracted by ASE/GPC. Results for hexachlorobenzene received with SOX were excluded
from correlation calculations. For PCBs, the correlation coefficient is given with and without data
obtained by SOX

Linear relationships of the normalized results are also observed for PCBs, PAHs and pooled
data for MDE/GPC and SOX/GPC. However, correlation of PREL and MOST data for PCBs
is weak and not significant (significance level for correlation coefficient: α = 8.6 %
(MDE/GPC) and α = 5.1 % (SOX/GPC), Supplemental Data, Table 3S; test of correlation
coefficient [63]). While the slope of the linear curve for MDE/GPC was almost unity (PCBs:
0.85; PAHs: 1.12; pooled data: 1.04), indicating a comparable efficiency regardless of the
sediment, results for SOX/GPC were dependent on the extracted sediment (slopes for PCBs:
0.33; PAHs: 0.58; pooled data: 0.56).
Results for the four analyzed chlorobenzenes show virtually the same extraction power for
each of the four normalized extraction methods (except hexachlorobenzene for SOX). The
same can be observed for DDX. However, normalized recoveries differ markedly from
method to method. Hence, regression lines and correlation coefficients as given in Fig. 6
reflect the different powers of the methods and are not caused by compound or sediment
specific influences. For both compound groups, extraction powers for SOX/GPC compared to
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ASE/GPC are remarkably higher (up to a factor of 3). Since the applied clean-up method in
both cases was GPC, the differences have to be attributed to the extraction method. The
chosen Soxhlet extraction with acetone appears to be much more efficient than extraction by
ASE, MDE or DAMAC.
6.6.5 Comparison with results from bioanalytical methods
Ranking order received from chemical analysis (Table 1, Table 2) differed from that obtained
by evaluating the same extracts with several bioassays. In part A of this study [1], cytotoxicity
was assessed with the Neutral red assay [50, 51], the embryotoxic potential was determined
with a zebrafish (Danio rerio) embryo assay [52], and aryl hydrocarbon receptor (AhR)
agonists were determined by applying the EROD assay [53, 54]. With bioanalysis, among the
exhaustive procedures highest effect concentrations in all three bioassays as well as best
repeatability were achieved with Soxhlet extracts. MDE/GPC proved to be the second best
method, while procedures based on ASE in combination with either GPC or AMAC lagged
behind. The reason for this observation lies most likely in the different suitability of the
applied procedures for different compounds. SOX/GPC, for example, proved high extraction
power for chlorinated compounds but resulted in low recoveries for PAHS. In general,
toxicity is a parameter summarizing the effects of all present compounds. Therefore, other
compounds than those analyzed may also have contributed to the observed toxicity. However,
the performance of the extraction/clean-up methods in respect of these (unknown) compounds
cannot be determined. This consideration further implies that in principle the outcome of
toxicity studies or of studies which rely on bioanalyses, e.g. for the purpose of identification
of toxicants as in bioassay-directed analysis, is at least partly dependent on the chosen
extraction and clean-up procedures.
6.6.6 Confirmation of EROD-induction using artificial mixtures
Artificial mixtures representing the concentrations determined by chemical analysis were
tested in an EROD assay to verify whether observed discrepancies between the different
extraction methods and between chemical and biological analysis could be explained by
possible discrimination of certain compound groups (Fig. 7). Data of HBCD- and MeOHextracts are not shown, since both methods yielded only very low amounts of targeted
compounds (Fig. 2 and Fig. 3) which made it difficult to determine an EC 25 value in the
EROD-asssay of the artificial mixture. A comparison appeared especially valuable for extracts
treated with Soxhlet, for which chemical analysis showed significantly lower concentrations
of PAHs compared to other approaches, while bioanalysis marked this method as the one with
the highest effects. Several of the PAHs determined are known to induce EROD activity [56,
64-68]. Analyzed PCBs, CBs and DDX are not assigned any dioxin-like activity [69-72];
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however, some of the analyzed compounds as suppressors of EROD induction, e.g. DDT or
PCBs [73, 74]. Therefore, artificial mixtures contained all analyzed compounds at the
concentration levels as determined with the individual extraction/clean-up procedures.
TEQs derived from extracted sediments and artificial mixtures were quite comparable for the
ASE-based methods (ASE/AMAC, ASE/GPC, ASE/DAMAC), indicating that the findings of
the chemical analysis explained results from the EROD-assay on sediment extracts. That was
not the case for SOX/GPC, MDE/GPC and TENAX. For SOX/GPC, 28 % (MOST) and 48 %
(PREL) of the EROD-inducing potency could be attributed to the analyzed substances.
Similar observations were made for MDE/GPC (MOST: 45 %; PREL: 53 %) and for
TENAX-extracts (MOST: 60; PREL: 65 %). Apparently, other compounds than the
chemically analyzed ones are in part responsible for the observed EROD-induction in extracts
of SOX/GPC, MDE/GPC and TENAX.
The various applied methods make use of different solvents for extraction. Thus, it could be
hypothesized that differences in polarity of the solvents may play a role and different
compound classes are extracted. However, solvent used for Soxhlet extraction was acetone
while MDE hexane was carried out with hexane, and DAMAC with a mixture of
hexane:acetone 70:30 (v:v). Therefore, it appears to be unlikely that differences in the
methods’ performance can be attributed solely to different solvent systems. The ASE-based
methods are run under elevated temperatures (80 °C and 140 °C for ASE/AMAC and
ASE/GPC, 40 °C for DAMAC) and pressure. It is possible, that some compounds degrades
under these conditions and thus do not contribute to the total EROD-induction. However,
further experiments are necessary to clarify what the reason for the observed differences in the
methods’ performances is.

Fig 7 Comparison of extracts and artificial mixtures using EROD data. TEQs were calculated with
EC25 values. Error bars indicate range of two independent measurements; artificial mixtures were
analyzed without repetition; * = EC25 not calculable
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Conclusion & Outlook

Five exhaustive extraction methods combined with clean-up procedures have been compared
for extraction power and repeatability. Several of the methods were developed just recently,
namely MDE, AMAC and DAMAC [11, 21]. With the exception of SOX/GPC in the case of
PAHs, and with some qualifications concerning DAMAC, the applied procedures exhibited
statistically similar extraction power.
ASE/AMAC turned out to be a suitable alternative to ASE/GPC. One advantage of AMAC is
its large capacity for matrix removal [11]. Thus, ASE/AMAC appears to be very useful for all
applications (e.g. effect-directed or bioassay-directed analysis) where bigger amounts of
sample have to be extracted, which requires the removal of huge amounts of matrix
components. MDE proved to be a method which is at least comparable to other exhaustive
extraction methods. MDE has the advantage to work without expensive equipment and
without auxiliary energy sources, making it usable also in remote places. Furthermore, passive
dialysis reduces the risk of alteration during the extraction process. DAMAC appears to be an
interesting and consequent further development of the ASE/AMAC approach. It integrates
extraction and clean-up in one step and, thus, offers potential for saving time in the laboratory
as well as reducing the amount of solvent used per sample. However, DAMAC still needs
more developmental effort and optimization. A DAMAC-based procedure at moderate
temperatures could provide quantitative extraction with high efficiency, i.e. low time and
solvent consumption, while taking into account considerations regarding the risk of alteration
of the extracted sample by common vigorous methods, such as ASE. As results for MDE
indicate that already a passive dialysis can provide extraction powers comparable to ASE,
combining membrane dialysis with automated extraction promises to be sufficient also at
reduced temperatures.
The classical combination SOX/GPC performed relatively poor regarding the extraction of
PAHs from the two sediments. The reason for this finding remains unclear. Pure acetone was
used for Soxhlet extraction, and it is conceivable that with other solvents extraction power for
PAHs would have been higher. However, neither the second nor the third extraction step
yielded considerable amounts of PAHs, leading to the conclusion that extraction with Soxhlet
was truly exhaustive, but maybe losses occurred during extraction. Gel permeation
chromatography as clean-up was used also in combination with other procedures without any
obvious losses. Therefore, the clean-up appears not to be responsible for a putative loss of
PAHs. SOX/GPC extracted various compounds (PCBs, CBs, DDX), which were targeted
simultaneously, in amounts comparable to other exhaustive methods. However, in comparison
with chloro-organics, PAHs undergo more easily reactions, e.g. in the presence of light, which
could be a source of losses [75-78]. Another possibility is that elevated temperatures during
Soxhlet extraction lead to volatilization of PAHs with lower molecular weight. However,
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lower recoveries were not restricted to lower molecular weight PAHs. No internal standards
were spiked onto the sediment prior to extraction or into the extract prior to clean-up since
one part of each extract was dedicated for bioanalysis.
Three of the eight procedures were thought to mirror bioaccessibility or to correlate with
bioavailability. It is not possible nor was it the aim of this study to prove this hypothesis.
However, these three methods produced rather different results. Amounts obtained by
TENAX were for some compound groups almost as high as those from exhaustive methods.
Extracts gained with HBCD showed a different composition than that of other procedures.
The reason for this observation could be a differing affinity of the compounds for the cavity of
the cyclodextrin ring. Quantities extracted with MeOH were generally low, with PCBs and
CBs almost missing. Probably the solvent mixture used was not optimal for the targeted
compounds. Kelsey et al. [42] showed that the solvent composition is crucial for using mild
extraction procedures for determining bioavailability-mimicking fractions in soils or
sediments, and that for dissimilar compounds different mixtures have to be applied. As a
consequence, a better understanding of bioaccessibility is necessary. Future development
should lead to extraction methods that reliably determine bioaccessible fractions instead of
being based on operational definitions.

6.8

Supplemental data

Table S1: Averaged concentrations for each method and sediment and assigned ranks
Table 2S: Analysis of the repeatability: calculations of the relative range and their ranks
Table 3S: Results of correlation analysis: correlation coefficients, slopes and intercepts for
data normalized to ASE/GPC
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ASE/GPC
53.8
60.6
106.5
772.1
2954.1
1252.8
1005.6
634.7
775.8
752.4
299.9
471.5
490.6
98.5
346.2
0.6
0.6
0.9
5.0
20.2
10.7
35.6
129.2
122.2
84.5
11.4
12.9
27.6
72.7
Arithmetic mean
Rank

SOX/GPC
1
1
5
5
5
5
5
5
5
5
5
5
5
5
5
1
1
1
1
1
4
1
1
1
1
1
1
1
5
3.0
4

ASE/AMAC
5
3
2
2
1
2
2
2
2
2
2
1
1
1
1
4
4
4
4
4
3
3
3
3
3
3
3
3
2
2.6
1

Rank
DAMAC
3
4
4
4
4
3
3
3
3
3
1
2
2
4
3
5
5
5
5
5
5
5
5
5
5
5
5
5
4
4.0
5

MDE/GP
4
5
3
1
3
1
1
1
1
1
4
3
3
2
2
3
3
3
3
3
2
4
4
4
4
4
2
2
1
2.7
2

tinued

e

ene

nthene
nthene
e
d)pyrene
hracene
ylene
enzene
enzene
nzene
nzene

Concentration (ng/g SEQ)
TENAX
HBCD
MeOH
n.d.
n.d.
n.d.
5.19
n.d.
n.d.
36.07
22.72
24.91
438.86
2.73
30.77
1036.70
5.56
111.03
1010.93
1.90
28.74
807.01
1.63
21.96
310.51
20.76
4.64
550.82
19.26
7.30
284.08
23.01
21.48
163.67
0.53
1.55
100.98
14.89
13.07
109.97
0.73
1.11
26.42
0.43
0.77
95.83
1.15
1.15
n.d.
n.d.
n.d.
0.37
n.d.
n.d.
0.43
n.d.
n.d.
2.37
n.d.
0.21
n.d.
0.60
n.d.
4.4915
1.271
n.d.
8.782
1.3335
n.d.
24.0365
0.977
n.d.
19.9525
0.7295
n.d.
7.911
0.697
0.275
0.7085
0.959
1.021
8.327
0.855
0.768
20.3355
1.467
1.18
14.577
n.d.
n.d.
Arithmetic mean
Rank

TENAX
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2.5
1
1
1
1
1
3
1
1
1
1.1
1

Rank
HBCD
2.5
3
3
3
3
3
2
2
2
3
2
3
3
3
2.5
2.5
3
1
2
2
2
2
2
2
2
2
2.5
2.4
2

MeOH
2.5
2
2
2
2
2
3
3
3
2
3
2
2
2
2.5
2.5
2
2.5
3
3
3
3
3
1
3
3
2.5
2.5
3

tinued

e

ene

nthene
nthene
e
d)pyrene
hracene
ylene
enzene
enzene
nzene
nzene

Concentration (ng/g SEQ)
TENAX
HBCD
MeOH
n.d.
n.d.
n.d.
4.1
n.d.
n.d.
21.5
22.6
22.8
237.7
4.7
12.3
33.8
3.0
3.2
384.1
3.6
7.5
568.1
5.0
9.7
83.1
21.5
1.4
173.4
20.4
2.2
63.0
24.0
21.9
27.7
1.5
1.0
26.2
15.7
14.1
17.1
1.9
1.0
4.3
0.9
0.9
30.6
3.7
1.3
0.3
n.d.
n.d.
n.d.
n.d.
0.2
0.3
n.d.
n.d.
1.5
n.d.
0.5
157.2
1.1
9.1
124.9
1.9
5.3
20.4
1.8
n.d.
40.3
1.1
n.d.
30.8
1.1
n.d.
15.5
0.6
n.d.
1.3
2.0
n.d.
24.3
0.5
0.8
33.0
1.2
2.0
n.d.
n.d.
n.d.
Arithmetic mean
Rank

TENAX
1
3
1
1
1
1
1
1
1
1
1
1
1
1
1
2.5
1
1
1
1
1
1
1
1
2
1
1
1.2
1

Rank
HBCD
2.5
2
3
3
3
3
2
2
2
2
2
2
3
2
2.5
2.5
2.5
3
3
3
2
2
2
2
1
3
3
2.4
2.5

MeOH
2.5
1
2
2
2
2
3
3
3
3
3
3
2
3
2.5
1
2.5
2
2
2
3
3
3
3
3
2
2
2.4
2.5

culations of the relative range and their ranks; the relative range was calculated as range of the results for each compound for the same s
ed by the associated arithmetic mean

e

ene

nthene
nthene
e
d)pyrene
hracene
ylene
enzene
enzene
nzene
nzene

n

SOX/GPC
6.8
6.1
1.9
4.1
1.6
0.5
0.2
4.6
3.7
8.6
25.3
15.3
15.0
18.8
16.9
71.4
67.7
42.6
19.4
21.7
15.1
18.9
0.7
6.9
18.4
26.4
9.2
7.2
16.2

ASE/AMAC
64.5
103.9
115.9
75.2
71.7
52.4
51.1
46.9
47.8
47.8
55.5
48.4
49.8
78.7
45.7
71.9
77.4
47.5
29.5
20.6
10.9
18.7
9.0
36.9
24.2
25.0
33.3
0.5
48.6

Relative range [%]
DAMAC
MDE/GPC
20.1
23.9
18.4
19.5
2.8
13.8
11.2
12.2
4.1
1.0
2.5
12.5
1.6
12.6
2.5
11.0
2.2
13.3
0.4
15.6
0.3
12.9
6.5
3.7
11.5
14.8
9.5
1.7
8.3
67.8
69.1
63.8
65.2
33.4
46.3
0.1
2.3
10.5
4.6
11.9
9.2
11.1
0.5
3.6
2.9
3.8
2.7
4.5
10.0
12.4
3.7
16.2
31.6
4.3
12.9
15.2

ASE/GPC
83.1
10.3
1.6
8.0
4.1
3.8
4.7
3.7
14.9
3.9
8.3
6.7
4.7
7.9
16.5
16.5
9.6
151.6
7.3
8.1
5.9
5.4
10.9
11.6
17.1

TENAX
6.8
6.1
1.9
4.1
1.6
0.5
0.2
4.6
3.7
8.6
25.3
15.3
15.0
18.8
16.9
71.4
67.7
42.6
19.4
21.7
15.1
18.9
0.7
6.9
18.4
26.4
9.2
7.2
16.2

SOX/GPC
2
2
1
3
2
1
1
3
3
3
4
5
5
5
5
4
4
3
4
5
4
4
2
3
4
5
2
3
3.3

ASE/AMAC
5
6
6
6
6
6
6
6
6
6
5
6
6
6
6
5
5
5
6
4
2
3
5
5
5
4
6
1
5.1

Rank
DAMAC MDE/GPC
3
4
3
4
2
5
4
5
3
1
2
5
2
5
2
5
2
5
1
5
1
3
1
1
3
4
3
1
4
2
3
2
3
2
4
1
2
2
1
3
1
2
1
3
1
2
1
2
2
3
1
4
5
2
2.1
3.2

ASE/G

3.

tinued

e

ene

nthene
nthene
e
d)pyrene
hracene
ylene
enzene
enzene
nzene
nzene

n

SOX/GPC
6.2
9.7
50.3
37.1
26.9
34.9
35.6
32.3
34.4
18.7
21.7
16.4
24.3
18.4
23.7
25.7
16.0
19.1
22.4
25.4
56.0
33.6
22.7
23.1
18.1
49.6
33.9
16.2
26.9

ASE/AMAC
2.9
8.4
6.2
5.0
13.7
8.8
10.7
14.3
9.5
7.3
12.0
9.7
6.1
9.2
32.2
27.2
1.0
7.4
1.3
5.8
22.8
8.4
5.5
19.6
16.3
0.2
17.2
5.0
10.5

Relative range [%]
DAMAC
MDE/GPC
8.1
114.4
17.4
67.5
12.3
49.1
2.3
22.0
5.6
18.7
9.2
22.9
7.8
23.4
11.9
12.6
12.3
22.8
19.0
36.6
10.6
14.4
19.7
16.5
28.3
21.9
34.2
14.0
5.6
16.0
32.2
5.8
29.3
0.1
14.5
11.8
4.4
10.8
1.2
12.8
36.0
15.0
6.1
14.1
0.3
3.8
30.2
14.0
27.0
19.9
5.6
3.8
31.5
7.7
13.8
3.4
13.5
23.7

ASE/GPC
5.5
4.6
10.5
16.7
7.0
17.3
10.8
15.3
17.1
11.8
9.0
12.0
11.6
7.8
11.7
31.2
25.3
11.9
3.1
6.3
0.8
12.9
10.6
1.2
18.6
15.3
8.2
8.4
6.1
11.3

TENAX
109.4
21.1
0.4
0.0
0.6
0.2
0.2
0.0
7.0
7.2
2.0
3.6
1.1
1.3
1.4
2.1
1.0
0.7
1.7
1.9
4.4
0.1
6.5
10.8
0.2
7.4

SOX/GPC
2
3
6
6
6
6
6
6
6
4
5
5
5
4
6
2
2
6
6
5
5
5
6
6
3
6
6
4
4.9

ASE/AMAC
1
1
3
2
3
3
2
3
2
2
3
2
2
3
4
4
2
4
2
3
4
3
5
5
3
1
5
3
2.9

Rank
DAMAC MDE/GPC
3
4
4
5
3
5
2
5
3
5
2
5
2
5
3
4
2
5
5
6
4
4
6
4
6
5
6
5
2
1
4
1
5
1
5
5
3
4
1
4
6
3
2
5
1
4
6
2
5
4
3
2
6
1
5
2
3.5
4.1

ASE/G

3.

Table 3S Correlation coefficients, slope and intercept for data normalized to ASE/GPC from PREL and MOST for
PAHs and PCBs and for all compounds analysed (pooled data); α denominates the significance level for the
assumption of a statistically significant linear correlation between the two variables
All compounds
SOX/GPC
MDE/GPC
ASE/AMAC
DAMAC
PAHs
SOX/GPC
MDE/GPC
ASER/AMAC
DAMAC
PCBs
SOX/GPC
MDE/GPC
ASE/AMAC
DAMAC

Linear equation

R2

α

y=0.56x+0.15
y=1.04x-0.05
y=0.82x+0.22
y=1.37x-0.09
y=1.08x+0.005
y=0.58x-0.12
y=1.12x-0.07
y=0.69x+0.43
y=0.94x+0.26
y=0.21x+0.61
y=0.33x+0.40
y=0.85x+0.12
y=-0.14x+1.02
y=1.19x-0.17

0.64
0.70
0.44
0.82
0.80
0.88
0.86
0.55
0.93
0.21
0.57
0.48
0.04
0.87

< 0.1 %
< 0.1 %
< 0.1 %
< 0.1 %
< 0.1 %
< 0.1 %
< 0.1 %
0.23 %
< 0.1 %
1.5 %
5.1 %
8.6 %
68.6 %
0.24 %
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7.1

Abstract

153

Goal, Scope and Background. Traditionally, methods for sediment extractions are
characterized using chemical analyses. However, in order to evaluate sediment extracts with
regard to biological effects and, thus, bioaccessibility, extraction methods have to be
compared to effect data obtained from experiments with in situ exposure scenarios, i.e.
sediment contact tests. This study compares four extraction methods and sediment contact test
data from a previous project with respect to predictive power in the fish embryo assay with
zebrafish (Danio rerio).
Methods. A natural and an artificial sediment spiked with a mixture of six organic pollutants
(2,4 dinitrophenol, diuron, fluoranthene, nonylphenol, parathion ethyl and pentachlorophenol)
were extracted using (a) membrane dialysis extraction (MDE), (b) a Soxhlet procedure, (c)
hydroxypropyl-β-cyclodextrin (HPCD) or (d) Tenax ®-TA. Whereas the former two are
regarded being exhaustive with respect to non-covalently bound contaminants, the latter two
are considered to predict bioaccessibility). Resulting extracts were tested in the fish embryo
test (FET) with Danio rerio for embryotoxic and teratogenic potential.
Results and Discussion. Mortalities caused by organic extracts from Soxhlet extraction and
MDE were high, as expected. However, HPCD extracts turned out to be at least as effective as
extracts obtained with these two methods. One possible reason might be short ageing time of
the spiked sediments. Only Tenax ®-TA extracts gave results comparable to the sediment
contact assay for natural sediment, but revealed low reproducibility. Significant differences
between natural and artificial sediment were found for extracts obtained with techniques using
native (i.e. non-freeze-dried) sediments, i.e. HPCD and Tenax ®-TA. In contrast, MDE and
Soxhlet extracts did not differentiate between tested natural and artificial sediment, which
might be accounted for by equalising effects of freeze-drying.
Conclusion. Four extraction methods could successfully be differentiated with respect to their
stringency and predictiveness for bioaccessibility. The fish embryo sediment contact test with
zebrafish could be documented as a suitable tool for comparing direct sediment contact tests
and assays with extractions. MDE was confirmed as an alternative to Soxhlet extraction. High
mortalities induced by HPCD extracts underline the need to include ageing into consideration
when assessing sediments. Although Tenax ®-TA may basically be used to predict
bioavailability in the fish embryo test, the high variability observed warrants further
investigation of the relation between effect and extractability. Apparently, freeze-drying can
severely affect sediment properties, potentially eliminating individual properties of natural
sediments.
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Outlook. Further studies will focus on the interaction between ageing time and biological
effectiveness, especially concerning HPCD extraction, and on the characterisation of pure
substances.

7.2

Introduction

Sediments have the property to both bind pollutants (e.g. Alexander 1995, 2000, Burton 1991,
Ehlers & Loibner 2006, Hollert et al. 2007, Huang et al. 2003) as well as release them, e.g.,
during flood events (Brils et al. 2007, Hollert et al. 2000, Smit et al. 2008, Wölz et al. 2009,
Wölz et al. 2008). As a consequence, sediment contamination considerably impacts water
quality and the ecological status of water bodies. However, although the role of sediments for
water protection has been addressed by scientists since the 1970s (Burton 1991), sediment
relevance has only recently been fully recognized and acknowledged, e.g. by inclusion of
sediments into regulatory frameworks such as the European Water Framework Directive
(Förstner 2009, Hollert et al. 2009, Hollert et al. 2007).
Sediments are highly complex systems, and the assessment strategy has profound impact on
the outcome of a given study. Extraction is a widely used approach to prepare sediment
samples for biotesting (e.g. Arditsoglou & Voutsa 2008, De la Cal et al. 2008, Hallare et al.
2005, Karlsson et al. 2008, Kosmehl et al. 2007, Qiao et al. 2008, Wölz et al. 2008). Although
extractions inevitably alter the tested materials by transfer of the pollutants from the sediment
phase to a solvent (Seiler et al. 2008), they provide a wide variety of possible insights into the
contaminant spectrum of the test sample, however, depending on the procedure applied.
Extraction procedures range from vigorous methods for exhaustive extraction to procedures
that have been specifically developed to predict bioaccessibility and yield only a certain
fraction of pollutants (e.g. Cornelissen et al. 2001, Luque de Castro & Garcia-Ayuso 1998,
Reid et al. 2000, Seiler et al. 2006, Seiler et al. 2008). Researchers may easily adapt
experimental setups to the demands of the respective study by choosing an extraction method
with appropriate properties. However, in turn, appropriate interpretation of results requires
profound knowledge of the specific characteristics of the extraction method applied.
Direct sediment contact tests are an alternative tool for sediment assessment which, by
definition, directly determines bioaccessibility (Feiler et al. 2002, Heise & Ahlf 2005, Hollert
et al. 2003, Marklevitz et al. 2008, Neumann-Hensel & Melbye 2006, Pane et al. 2008). These
test systems simulate natural conditions by exposing the test organisms to solid test materials
(i.e. sediments) with minimal alteration of the sample in comparison to most extraction
procedures (Seiler et al. 2008). In Germany, the SeKT (Sediment KontaktTest = sediment
contact test) joint project framework, funded by the German Federal Ministry of Education
and Research (BMBF) was initiated in order to compare recently developed limnic sediment
contact tests by addressing reference conditions, control sediments and toxicity thresholds
(Feiler et al. 2009, Feiler et al. 2005, Höss et al. 2010).
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When assessing sediments with either extractions or in situ contact tests, one factor limits
comparability: Each natural sediment has unique characteristics and may vary distinctly from
each other in its abiotic and biotic properties. One consequence is an inherent variability of
sediment toxicity tests performed with natural sediment. In contrast, artificial sediments lack
the bacterial abundance and diversity as well as the complex organic matrix found in natural
sediments (Fleming et al. 1998, Goedkoop et al. 2005).Therefore, artificial sediments can be
used to investigate basic principles, but often lack the ability to mimic field conditions.
The present study aims at improving the understanding and interpretation of bioassay results
obtained from sediment testing by relating the stringency of extraction directly to
bioaccessibility. An artificial and a natural sediment were spiked with a complex mixture of
six organic contaminants (2,4-dinitrophenol, diuron, fluoranthene, nonylphenol,
parathion-ethyl and pentachlorophenol) and extracted using four different extraction methods.
The samples originated from the SeKT project framework and, thus, allowed a comparison
between direct sediment contact test data from SeKT and extraction data, addressing the
following factors:
(a) The extraction methods were selected with regard to their stringency: Soxhlet extraction
(SOX; Bjorklund et al. 2002, Luo et al. 2009, Luque de Castro & Garcia-Ayuso 1998, Wölz et
al. 2008), membrane dialysis extraction (MDE; Macrae & Hall 1998, Seiler et al. 2006),
hydroxyl-propyl-β-cyclodextrin extraction (HPCD; Reid et al. 2000, Van der Heijden &
Jonker 2009) and Tenax®-TA extraction (TNX; Cornelissen et al. 2001, De la Cal et al. 2008,
Schwab & Brack 2007, Ten Hulscher et al. 2003, Van der Heijden & Jonker 2009). SOX is a
widely known and commonly applied technique. Several protocols for SOX have been proven
to yield extracts containing all leachable contaminant fractions at high recovery rates (Luque
de Castro & Garcia-Ayuso 1998, Seiler et al. 2008). The distribution and acceptance of this
method are the reasons for including SOX into the present study. MDE is a recently
introduced procedure by Seiler et al. (2006), based on previous work by Macrae and Hall
(1998). This passive leaching technique also provides exhaustive extracts regarding noncovalently bound contaminants without using any auxiliary energy sources and, thus,
effectively reduces the risk of loss of volatile or thermally labile substances. Hence, the
method can be addressed as an exhaustive passive extraction technique for solid
environmental samples (Seiler et al. 2006). HPCD and TNX are both techniques considered to
provide extracts which represent the bioaccessible fractions of pollutants (Brack et al. 2009,
Cornelissen et al. 2001, De la Cal et al. 2008, Ten Hulscher et al. 2003, Van der Heijden &
Jonker 2009). Within the present study, SOX was used as a reference and expected to yield
highly effective extracts. The novel method MDE was compared to SOX in order to further
support its classification as a vigorous extraction procedure. HPCD and TNX were tested to
confirm their predictiveness for bioaccessibility.
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(b) This comparison was carried out at the biotest level, i.e. with the fish embryo assay with
zebrafish (Braunbeck et al. 2005, Nagel 2002). Most extraction methods have so far been
characterized in relation to chemically determined uptake and accumulation of pollutants (e.g.
Cornelissen et al. 2001, De la Cal et al. 2008, Moermond et al. 2007, Sormunen et al. 2009,
Swindell & Reid 2006, Ten Hulscher et al. 2003). To our knowledge, only few studies have
been conducted that comparatively investigate the direct or observable biological effects of
sediment extracts (Andersson et al. 2009, Kosmehl et al. 2007, Seiler et al. 2006). Since
directly displayed effects are easily observable endpoints in bioassays, this approach readily
provides information about potentially negative impacts of sediment contamination on aquatic
organisms. Furthermore, the zebrafish is a well established vertebrate model organism with
benthic eggs, which provides insight into potential effects on freshwater fish in general
(Braunbeck et al. 2005, Lammer et al. 2009, Nagel 2002). The choice of four different
methods in this regard allowed an evaluation whether extraction stringency translates into
different observable effects.
(c) One of the tests applied within the project was the sediment contact test with zebrafish
Danio rerio (Hollert et al. 2003). Use of sediments from the SeKT project enabled a direct
comparison of extract-induced effects with effects in in situ zebrafish sediment contact tests.
Thus, a more realistic classification of extract-related effects became possible. If the two
biomimetical methods HPCD and TNX also predicted bioaccessibility at the level of
observable biological effects in a 48 h toxicity assay with zebrafish, their respective extract
toxicity was assumed to be in agreement with the contact test results. In contrast, SOX and
MDE were expected to give significantly higher toxicities.
(d) Simultaneous testing of natural and artificial sediments covered influences of sediment
type and accompanying parameters on biological effects. In accordance with results from the
SeKT project framework and known properties of the two sediments used, such as organic
matter content and organic carbon content (Feiler et al. 2009, Seiler et al. 2010a), as well as
additional inherent differences between natural and artificial sediments in general as described
in literature, e.g the composition of the bacterial community (Goedkoop et al. 2005, Verrhiest
et al. 2002), higher effects were expected for extracts from the tested artificial OECD 218
sediment.

7.3

Material and Methods

7.3.1 Sediments, Substances and Spiking
Sediments originated from the SeKT framework project. Natural sediment had been sampled
at Altrip, a back water of the river Rhine near Worms (Rhineland-Palatinate, Germany) in
August 2006 (Feiler et al. 2009, Feiler et al. 2005, Höss et al. 2010, Seiler et al. 2010a) . Total
organic carbon was 35 g/kg. Sediment composition was 0.8 % gravel, 1.3 % sand, 74.1 % silt
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and 23.4 % clay. Chemical analyses revealed no relevant background contamination. Artificial
sediment had been prepared according to OECD guideline 218 (OECD 2004) except for a
kaolin clay content reduced from 20 % to 5 % and replaced with quartz sand (F36;
Quarzwerke Frechen, Frechen, Germany). In order to exclude any background effects by
residual contamination (natural sediment) or formulation (artificial sediment), unspiked
sediments had been prepared as sediment controls.
Both sediments had been spiked with a mixture of 2,4-dinitrophenol, diuron, fluoranthene,
nonylphenol, parathion-ethyl and pentachlorophenol at 100 mg/kg dry weight each within the
SeKT project framework (Feiler et al. 2009, Feiler et al. 2005, Höss et al. 2010, Seiler et al.
2010a). For purposes of comparison and since the observed effects could not be attributed to
single compounds, all further calculations are based on the total of 600 mg organic
contaminant/kg dry weight. The detailed spiking procedure is given in Seiler et al. (2010a).
The mixture was applied to a previously dried portion of 10 % wet weight of sediment to be
spiked. Acetone (picograde, Sigma Aldrich, Deisenhofen) was used as solvent for the organic
substances and completely evaporated at room temperature before remixing the spiked portion
with the remaining 90 % sediment. To exclude background effects caused by residual acetone,
a solubiliser control was prepared in parallel. After merging the two sediment fractions and
thorough stirring, the sediments were equilibrated at 20 °C and aerated for 5 - 7 days before
further usage. Between experiments, spiked sediments were stored in a darkroom at 4 °C.
Therefore, all results are given as nominal concentrations.
7.3.2 Extractions
Depending on the extraction method, either freeze-dried or native sediment was applied. All
glassware was rinsed successively with distilled water, acetone p.a. (Applichem, Darmstadt,
Germany) and n-hexane p.a. (Merck, Darmstadt, Germany) followed by duplicate rinsing with
the solvent applied in the respective extraction method. Each extraction was replicated three
or four times, with replications on the extraction level for all methods except for SOX, where
the replicates were realized on the biotest level. For the purpose of the present study, a
replicate is defined as an independent extraction of a sample taken from the homogenized
spiked stock sediment and subsequent testing of the resulting extract in the fish embryo assay
with embryos from randomly selected hatching groups. In case of SOX, one replicate was
defined as one test of the same extract in an independent fish embryo assay with embryos
from randomly selected hatching groups. No two replicates were carried out on the same day.
Range-finding tests were carried out to identify relevant concentration ranges.
Soxhlet extraction
Soxhlet extraction was carried out according to the protocol described by Hollert et al. (2000).
In brief, 4.5 g of freeze dried sediment were placed in a cellulose extraction thimble
(Whatman, Maidstone, England), covered with glass wool (Riedel-de-Haën, Seelze,
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Germany) and extracted with 400 ml acetone for 14 h at 6 to 8 cycles per hour. All extracts
were reduced first using a Laborota 4011-digital rotary evaporator (Heidolph, Kehlheim,
Germany) with a vacuum of 450 mbar (CVC 2, Vacubrand, Wertheim, Germany) at 35 °C
(acetone) and 48 °C (n-hexane), respectively, to a volume of 1 - 2 ml and then close to
dryness under a continuous nitrogen stream (Hollert et al. 2000). After re-dissolving in 500 µl
dimethyl-sulfoxide (DMSO, Mallinckrodt Baker, Deventer, Netherlands), extracts were stored
at -20 °C until further use. The final concentration of SOX extracts was 9 g DW SEQ/ml. In
addition to sediment controls and solubiliser controls, process controls with extraction
thimbles containing no sediment were performed along with each extraction replicate.
Membrane dialysis extraction
Membrane dialysis extraction (MDE) was conducted following the protocol of Seiler et al.
(2006). Possibly toxicologically relevant production residues were removed from membranes
prior to utilization by means of a newly developed multi-reflux cleaning facility (Fig. 1).
Three 85 cm sections of a 50 µm thick low-density polyethylene membrane (Jencons,
Leighton Buzzard, UK) were coiled with tweezers, inserted into the Soxhlet extractor of the
facility and pre-extracted with 500 ml n-hexane for 24 h at approx. 12 - 14 cycles/h. Once
cleaned, membranes were dried by suspending in a fume hood for approximately 15 min and
the last 1 cm was cut off from either end. The cleaned and dried membranes were then coiled
and stored in a solvent-rinsed vapour-tight stainless steel container at -20 °C under nitrogen
until required.
For sediment extraction, 1.5 g freeze dried sample were inserted into the membranes which
were subsequently transferred to brown glass jars containing 150 ml n-hexane and dialysed
for 48 h at room temperature. After this period, membranes were carefully removed; extracts
were reduced in volume and re-dissolved as described above. The final extract concentration
was 3 g dry weight sediment equivalent (SEQ)/ml DMSO. Extractions were replicated four
times for each sample. Sediment, solubiliser and process controls with empty membranes as
well as solvent controls without membranes were carried out in parallel.
Hydroxypropyl-β-cyclodextrin extraction
Hydroxypropyl-β-cyclodextrin extraction (HPCD) was based on the protocol described by
Reid et al. (2000) and modified according to the results of preliminary tests. 1.5 g sediment
dry weight equivalent of each sample were shaken horizontally together with 30 ml 50 mM
HPCD (Sigma-Aldrich, Steinheim, Germany) in 100 ml Erlenmeyer flasks for 20 h at room
temperature. The flasks were covered with parafilm (Pechiny, Chicago, USA) to prevent
sample loss due to volatilisation (Reid et al. 2000). After shaking, samples were transferred to
50 ml centrifuge tubes (Greiner Bio-One, Kremsmünster, Austria) and centrifuged at 1900 g
for 20 min. The resulting supernatant was separated and adjusted to pH ≤ 2 with 1 M HCl
(Riedel-de-Haën, Seelze, Germany). Pollutants were recovered from the HPCD by overlaying
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the aqueous phase with 60 ml n-hexane, followed by shaking for 10 h at room temperature on
a horizontal shaker. The hexane phase was then collected with a glass separation funnel and
subsequently reduced and re-dissolved like the other extracts types (see above). The final
extract concentration was 3 g dry weight sediment equivalent (SEQ)/ml DMSO. Extractions
were repeated four times for each sample. As controls, sediment, solubiliser and process
controls (HPCD only) were run.

Fig 1 Cold Soxhlet pre-extraction, called PRESCOT. A distillation facility and a Soxhlet extractor are
connected by two Liebig condensers. The solvent (as a rule, 500 ml n-hexane) is evaporated similarly
to common distillation procedures (1), cooled by a Liebig condenser (2) and drips into a 150 ml
Soxhlet extractor (3) containing the membranes on glass beads (4). Each Soxhlet cycle, hexane is
flushed back via a second Liebig condenser (5) into the reservoir (6)

Tenax® TA extraction
Tenax® TA extraction (TNX) was carried out with modifications and adaptions of several
protocols (Cornelissen et al. 2001, Cornelissen et al. 1997, Ten Hulscher et al. 2003). Prior to
use, Tenax® TA (Sigma-Aldrich) was pre-extrated three times with 10 ml/g distilled water,
three times with 10 ml/g acetone and three times with 10 ml/g n-hexane, respectively, to
remove potential production residues (Cornelissen et al. 1997). For handling reasons,
quantitative removal of any cleaning solvent had to be ensured prior to application of the next
solvent. For this, after rinsing, Tenax ® TA was dried each time overnight in a 250 ml
Erlenmeyer flask at 75 - 90 °C.

Impact of extraction in FET

160

For extraction, 1.5 g Tenax® TA were added to 1.0 g sediment dry weight equivalent of each
sediment sample and control in 100 ml Erlenmeyer flasks. After addition of 70 ml distilled
water, the flasks were shaken on a horizontal shaker for 6 h at room temperature.
Subsequently, samples were quantitatively transferred to a 100 ml separation funnel, and the
sediment and most of the water was removed. Tenax ® TA beads were then extracted for 30 s
three or four times with a total volume of 30 ml n-hexane (Ten Hulscher et al. 2003). The
resulting extracts were finally reduced in volume and re-dissolved like the other extract types
(see above). The final extract concentration was 3 g dry weight sediment equivalent (SEQ)/ml
DMSO. Each extraction was independently repeated four times. As controls, sediment (Altrip
sediment only), solubiliser and process controls were run.
7.3.3 Fish embryo test with Danio rerio
Fish culture
Zebrafish were maintained according to the methods given in Braunbeck et al. (2005) and
Hollert et al. (2003) in flow-through 30 L aquariums at 26 ± 1 °C in hatching groups of
6 males and 6 females each at an artificial day/night-rhythm of 14/10 h. The animals were fed
with dry feeding flakes (TetraMin™, Tetra GmbH, Melle) and Artemia sp. nauplii (Great Salt
Lake Artemia Cysts, Sanders, Ogden, USA).
Embryo collection
For spawning, the animals were transferred into special breeding aquaria, which contained
plastic plants in order to stimulate mating. Spawning occurred within 0.5 - 1 h after the
beginning of illumination. In order to prevent egg predation, bottoms of the aquaria had been
replaced with a mesh with 1 mm openings, so that eggs fell through and could be easily
collected.
Test protocol
The fish embryo assay was conducted according to DIN 38415-6 (DIN 2001) and the methods
given in Seiler et al. (2006) and Nagel (2002). Artificial water according to ISO 7346/3 (1996)
was used as the test medium (294.0 mg/l CaCl2 · 2 H2O, 123.3 mg/l MgSO4 · 7 H2O,
63.0 mg/l NaHCO3 and 5.5 mg/l KCl).
Per concentration, 10 embryos preselected for normal development were exposed in 2 ml of
test solution each. Positive controls (PC, 3.7 mg/L 3,4-dichloroaniline) and negative controls
(NC, artificial water only) were tested using 20 and 40 embryos, respectively. Sediment,
solubiliser, process and solvent controls were tested in a concentration equal to the highest
tested sample concentration. NCs were carried out with artificial water only, while PCs
contained a concentration of 3.7 mg/l DCA (DIN 2001, Nagel 2002). The exposure lasted
48 h at 26 ±1 °C with subsequent microscopical examination and evaluation of the embryos.
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A test was regarded valid if mortality in the NC was ≤ 10 %. Mortality criteria were (a)
coagulation, (b) lack of heartbeat, (c) missing somite development and (d) failure of tail
detachment from the yolk sack (DIN 2001).. In addition, sublethal parameters including
reduced heart beat (not to be confused with the acute mortality criterion “no heartbeat”), lack
of blood stream, edema formation, complete lack of or reduced pigmentation, delayed
development, maldevelopment and spine malformations were recorded (Hollert et al. 2003,
Nagel 2002).
Sediment contact assay with Danio rerio embryos
Sediment contact test results were obtained within the SeKT project framework (Hollert et al.
2003, Seiler et al. 2010a). This test was carried out in 6-well plates with 3 g test sediment and
5 ml artificial water per 5 fish embryos and well, and 15 embryos (3 wells) per sample
according to the protocol established by Hollert and co-workers (2003). In order to compare
LC50 values from the sediment contact test (mg pollutants/g sediment dry weight) to those for
extracts in the present study (mg pollutants/ml test volume), an adaption became necessary.
This was achieved relating contact test data to total water volume. Total water volume
consists of artificial water plus pore water (= wet weight minus dry weight). The known dry
weight fraction of 3 g sediment in each well yielded the maximal mass of pollutants in the
contact test system, which was then divided by the total water volume, resulting in the desired
joint concentration unit of ng pollutant/ml test volume.
Validity
Only tests with negative control mortality ≤ 10 %were accepted as valid.
7.3.4 Data processing and statistical analyses
Results were evaluated using an Excel 2008 sheet (Microsoft, Redmond, USA) and plotted in
Graphpad Prism 4 (Graphpad, San Diego, USA). A sigmoid dose-response regression and the
corresponding LC50 values were determined for each replicate. Finally, means and standard
deviations for the samples were calculated. Statistical analyses were carried out with
SigmaStat 3.5 (Systat, Chicago, USA). It was assumed that statistical samples were not
obtained from the same statistical population, since five different methods were applied in
sample preparation. Therefore, LC 50 values of each independent test replicate were used as
raw data and individually compared pair-wise with t-tests. If tests for normality distribution or
variance homogeneity were negative, a rang-based Kruskal-Wallis-test was performed.

Impact of extraction in FET

7.4

162

Results

Results are summarized in figure 2. Statistical comparison of the results for natural and
artificial sediment revealed significant differences between both sediment types in the whole
sediment contact test as well as in the hydroxyl-propyl-β-cyclodextrin-extraction (HPCD) and
Tenax® TA (TNX) extraction, but not for the Soxhlet (SOX) and membrane dialysis
extractions (MDE; Fig. 2).
When evaluating the extraction methods separately for Altrip and OECD 218, two groups of
effectiveness become apparent (Fig. 3). Whereas SOX, MDE and HPCD extracts resulted in
comparable toxicities to zebrafish embryos, TNX extracts were less toxic. However, it should
be noted that data for TNX of natural sediment exhibited the highest standard deviation
(36.8 % of mean) of all extracts as well as the sediment contact tests (SCT), ranging from
0.9 % (artificial sediment in SCT) to 25.7 % (artificial sediment in SOX) of respective means.
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Fig 2 Comparison of 48 h LC50 values for all extract types and whole sediment exposure (SCT) in the
fish embryo assay. SOX: Soxhlet extraction; MDE: membrane dialysis extraction; HPCD: hydroxypropyl-β-cyclodextrin extraction; TNX: Tenax® TA extraction; SCT: direct sediment contact test;
Sediments were spiked with an organic mixture of 600 mg organic contaminant/kg (2,4-dinitrophenol,
diuron, fluoranthene, nonylphenol, parathion-ethyl and pentachlorophenol; 100 mg/kg each). Numbers
in columns indicate independent extraction replicates, except Soxhlet (= biotest replicates). Asterisks
indicate significant difference (Student t-test, p ≤ 0.05). Error bars indicate standard deviation
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TNX extracts turned out to be significantly less effective than HPCD when applied on natural
sediment and than SOX, MDE and HPCD when carried out with artificial sediment.
Furthermore, MDE results were significantly less toxic than SOX and HPCD results for the
natural sediment. For OECD 218, HPCD extracts were significantly more toxic than SOX and
MDE extracts (Fig 3).
Comparing the extractions with the SCT, extracts from all methods except TNX had
significantly stronger toxic effects than were observed in the direct contact experiments,
regardless of the sediment type (Fig. 3). TNX extracts from artificial sediment were
significantly less toxic than sediment directly tested in the SCT, whereas toxicity of extracts
from natural sediment was in range with the SCT (Fig. 3).
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Fig 3 Comparison of 48 h LC50 values for all extract types and whole sediment exposure (SCT) in the
fish embryo assay. SOX: Soxhlet extraction; MDE: membrane dialysis extraction; HPCD: hydroxypropyl-β-cyclodextrin extraction; TNX: Tenax® TA extraction; SCT: direct sediment contact test;
Sediments were spiked with an organic mixture of 600 mg organic contaminant/kg (2,4-dinitrophenol,
diuron, fluoranthene, nonylphenol, parathion-ethyl and pentachlorophenol, 100 mg/kg each). Numbers
in columns indicate independent extraction replicates, except Soxhlet (= biotest replicates). Different
letters indicate statistical difference (Student t-test, p ≤ 0.05). Error bars indicate standard deviation

All extracts induced sublethal effects after 48 h which were highly reproducible and,
correlated well with respective mortalities (Fig. 4). There was a distinct increase with
concentrations for occurrence and severity of lethal and sublethal effects. The effects showed
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the following progression: (a) developmental arrest at the epiboly stage, (b) lack of tail
detachment and delayed development including no heartbeat and lack of pigmentation, (c) no
pigmentation, no heartbeat and edema, and (d) reduced pigmentation and occasional edemata
in the lowest effect concentrations without mortality (see Fig. 4).

7.5

Discussion

A comparison of results for natural and artificial sediments reveals a good correspondence for
extracts from native (non-freeze-dried) samples (HPCD, TNX and SCT), which is likely to be
due to the inherent properties of native sediments conditions. Organic matter dominates
sorption of organic compounds at levels ≥ 0.1 % of total sediment (Northcott & Jones 2000).
Binding to organic matter reduces bioavailability and, thus, toxicity of pollutants (e.g. Ghosh
et al. 2000, Nam et al. 1998, Ramos et al. 1998). The influence of natural organic matter
cannot be fully mimicked with artificial sediments, so that natural sediments regularly provide
higher binding capacities for organic pollutants (Fleming et al. 1998). Furthermore, whereas
artificial sediments usually bear reduced bacterial abundance and diversity (Goedkoop et al.
2005), the higher abundance of bacteria in natural sediments may have lead to a degradation
of effective compounds and, thus, could explain the lower mortality observed.
For SOX and MDE, the sediment samples were freeze-dried prior to extraction. Freeze-drying
most likely has eliminated distinct differences such as the composition of the bacterial
community. In parallel, properties of the organic matter might have been altered and rendered
more similar between the two types of sediments (Northcott & Jones 2000, Seiler et al. 2008).
Such changes are likely to account for the observed lack of significant difference of effect in
extracts from natural and artificial sediment obtained with SOX and MDE. On the other hand,
result suggest that freeze-drying may severely affect sediment properties and modify effects
observed with natural sediments.
With respect to the differences between the different tested extraction methods as well as
between extraction methods and the sediment contact test, SOX was employed as reference
method. The high mortality induced by SOX extracts correlates with expectations, since this
method has frequently been documented to exhaustively extract the non-covalently bound
fraction of organic compounds from sediments (e.g. Hollert et al. 2000, Reid et al. 2000,
Santos et al. 1997, Stokes et al. 2005).
The comparable toxicity of MDE and SOX extracts for artificial sediment underlines the
applicability of MDE as an alternative vigorous method (Schulze et al. 2010, Seiler et al.
2006, Seiler et al. 2010b, Seiler et al. 2010c, Streck et al. 2010). However, the significant
difference between these two techniques found for extracts of natural sediment also indicates
the need for further research into this correlation. One possible reason may be retention of
organic matter as strong sorption phases in MDE (Seiler et al. 2006, Seiler et al. 2008).
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Fig 4 Progression of sublethal and lethal effects after 48 h of exposure; natural sediment, MDE, first
replicate
A: early somite stage, 11.54 mg dry weight sediment equivalent (DW SEQ)/ml
B: late somite stage, 9.23 mg DW SEQ /ml
C: tail not detached (t.n.d.), no heartbeat (n.h.), reduced pigmentation, edema, 8.08 mg DW SEQ /ml
D: no heartbeat (n.h.), reduced pigmentation, 4.63 mg DW SEQ /ml
E: no heartbeat (n.h.), reduced pigmentation, edema (e.), 3.46 mg DW SEQ /ml
F: normal development, 1.15 mg DW SEQ /ml
G: normal development, sediment control
H: normal development, solubiliser control
I: normal development, negative control

HPCD also provided extracts at least as toxic as the vigorous techniques SOX and MDE. This
finding clearly contradicts the majority of published studies on HPCD, which reported the
method to be predictive of the contaminant fraction bioaccessible for bacteria and earthworms
(Chung & Alexander 1999, Cuypers et al. 2002, Hickman & Reid 2005, Tang & Alexander
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1999). The higher toxicity of extracts from HPCD may be explained by the short ageing time
of the sediments used. For example, HPCD had been shown to recover 100 % of
phenanthrene one day after initial spiking (Swindell & Reid 2006). However, this extractive
capacity was significantly reduced after 40 and 80 days storage (Swindell & Reid 2006).
Whereas samples in the study by Swindell and Reid (2006) were kept at 15 °C, the sediments
in the present extraction study were stored at only 4 °C. Such a decreased temperature
distinctly slows down chemical and biological processes and, thus, most likely delayed also
processes of ageing. However, other studies showed that the ageing of fluoranthene, one of
the organic contaminants in the mixture applied, can be completed within 75 or 60 days at a
temperature of 20 °C and 22 ± 2°C, respectively (Moermond et al. 2007, Tang & Alexander
1999). Therefore, other possible explanations have to be taken into account as well.
Particulate organic matter present in SOX extracts may have masked contaminant toxicity
(Seiler et al. 2008) in comparison to HPCD, although this does not explain the lack of
difference between MDE and HPCD.
For TNX, one hypothesis to be tested was whether the predictivity for contaminant
bioaccessibility holds true on the level of biological effects in a zebrafish embryo test. For the
artificial sediment, bioaccessibility was significantly underestimated with TNX, whereas for
the natural sediment the high variability and reduced reproducibility in independent replicates
decreased the power of results obtained. To our knowledge, similar variations have not been
reported before. They may relate to special properties of the used natural sediment such as the
high silt content. As indicated by numerous studies (i.e. Cuypers et al. 2001, Morrison et al.
2000, Ten Hulscher et al. 2003, Van der Heijden & Jonker 2009, You et al. 2006) , it is
apparent that TNX may be used to predict bioaccessibility, but the relation of extracted
amount of compound and “bioaccessible” compound has to be determined individually for
each new combination of sample, organism, endpoint and extraction time.
In summary, the present study successfully characterized four different extraction methods
and the direct sediment contact test with zebrafish based on a complex chemical mixture with
regard to biological effectiveness. TNX was identified as a possibly suitable method for the
prediction of bioaccessibility on the biological effect level in the sediment contact test with
zebrafish embryos. The other three methods (SOX, MDE and HPCD) overestimated
bioaccessibility with regard to this definition, as was expected for SOX and MDE. For HPCD,
this result may be explained with the disproportionate extraction of a single compound or with
insufficient ageing.

7.6

Outlook

Experiments to elucidate ageing-related changes in the bioaccessibility of pure substances
have been initiated with special focus on the relationship between extractability of organic
contaminants via HPCD and ageing. Furthermore, an extension of the scope towards
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additional “mild” extraction methods (e.g. persulfate oxidation (Cuypers et al. 2001, Cuypers
et al. 2000), XAD (Carroll et al. 1994), tetrahydrofurane (Tang et al. 2002, Tang et al. 1999),
n-butanol (Andersson et al. 2009), C18 membranes (Tang et al. 2002, Tang et al. 1999), solid
phase microextraction (Hawthorne et al. 1998, Ramos et al. 1998, Zambonin et al. 1998) or
other sediment contact test systems (e.g. Feiler et al. 2002, Heise & Ahlf 2005, Moermond et
al. 2007) might prove useful to further our understanding of the reactions of organisms to
sediment contamination.
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The preparation of total extracts is a common procedure in sediment toxicology, especially
regarding subsequent chemical analysis of compound concentrations. Conventional extraction
techniques utilize heat in order to facilitate the separation process, which increases the risk of
alteration of the original sample. Membrane dialysis extraction (MDE), in contrast, works
without auxiliary energy sources while still providing extraction power comparable to
established procedures.
This paper presents a meta-analysis of data from four comparative investigations with extracts
from MDE, pressurized liquid extraction (PLE) and Soxhlet extraction of seven different
sediment samples. For direct comparability, results were expressed relative to the respective
highest effect in a given biotest and highest concentration of 16 polycyclic aromatic
hydrocarbons (PAHs), individually for each sample. Calculated values were then analyzed
statistically for significant differences.
MDE and PLE extracts were at least in limited agreement regarding hazardous impact,
whereas extracts derived from Soxhlet extraction showed significantly higher effect potentials
in most cases. On the contrary, chemical analysis gave significantly lower concentrations of
target analytes for Soxhlet extracts than for MDE-derived samples. These findings indicate a
leaching power of MDE comparable to the most common conventional exhaustive extraction
methods. Sulphur contents in MDE and Soxhlet extracts are discussed as a likely cause for
elevated cytotoxic effects, if compared to PLE-derived extracts. Results reveal that a
multitude of different parameters in sediment extraction may act as sources of variability and,
thus, of uncertainty in obtained data.

8.2

Introduction

Toxicity testing and assessment of putatively contaminated sediments can be realized using
various different sample types derived from the original sampling site. Beside pore water,
aqueous elutriates and whole sediment samples (either dried or native), extracts are commonly
investigated (Ahlf et al. 2002, Harkey et al. 1994). A broad range of procedures for extract
preparation is available, providing different levels of leaching power. Extractions using, e.g.,
cyclodextrins, Tenax®-TA or simply water focus on the rapidly desorbing contaminant
fractions and are considered to yield readily accessible substances (Cornelissen et al. 2001,
Eisenträger et al. 2004, Reid et al. 2000). In contrast, exhaustive methods such as pressurized
liquid extraction (PLE), microwave assisted extraction (MAE) and Soxhlet extraction aim at
the preparation of total extracts also including very slowly desorbing contaminants (Bandh et
al. 2000, Dean & Xiong 2000), which would naturally not be accessible for the majority of

Passive dialysis for extraction of PAHs

176

organisms (Ehlers & Luthy 2003, Ehlers & Loibner 2006, Mayer & Reichenberg 2006,
Reichenberg & Mayer 2006, Semple et al. 2004). Commonly applied protocols provide a
multitude of setups for several parameters, such as type of extraction solvent, duration of
treatment, or temperature and pressure conditions. Extracts resulting from each individual
procedure therefore represent distinct bioaccessible contaminant fractions and, hence, each
extract type is prone to assign a specific hazard potential of the original sample to the specific
probe (de Maagd 2000, Deboer 1988, Hynning 1996).
As a major drawback, common techniques for exhaustive sediment extraction utilize heat as
an auxiliary source of energy in order to facilitate the separation process. This procedure
increases the risk of alteration of the original sample and its toxic potential due to
uncontrollable chemical reactions putatively responsible for bioactivation, degradation or
even new creation of contaminants (Seiler et al. 2008). As a consequence, biotest results and
chemical analysis data may easily over-, but also underestimate the hazardous impact of
sediment samples.
One promising alternative to prepare total extracts without auxiliary energy input and,
therefore, with reduced risk of alteration, is passive dialysis over semipermeable membranes
at room temperature. Simply driven by strong gradients of extraction solvents and dissolved
contaminants, this approach seems capable of providing leaching powers comparable to
conventional exhaustive extraction procedures (Seiler et al. 2006). A protocol based on this
principle has been introduced as membrane dialysis extraction (MDE).
Since then, comparisons have been carried out for MDE, PLE and Soxhlet extraction
regarding toxic effectiveness and concentrations of target analytes (Schulze et al. 2010, Seiler
et al. 2006, Seiler et al. 2010, Streck et al. 2010, Zielke et al. 2010). Figure 1 gives an
overview of the analytical strategy of the specific studies.
The initial comparison of MDE and Soxhlet was carried out on a dried near-surface sample at
Iffezheim, Upper Rhine River, Germany (Seiler et al. 2006). Extracts were subjected to three
different bioassays, namely the Neutral red retention assay, the EROD induction assay, and
the fish embryo test with zebrafish (Danio rerio). Used data represent several independent
extraction replicates.
Experiments associated to the SeKT project (Feiler et al. 2005) involved dried samples from
Altrip in Germany (at an old sidearm of Rhine River) and artificial sediment according to
OECD 218/219 (Zielke et al. 2010). Both sample types were spiked with a cocktail of six
hydrophobic organic substances and extracted subsequently in quadruplicate. Results from the
fish embryo test with MDE extracts were compared to data for extracts derived from Soxhlet
extraction.
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Fig 1 Schematic overview of the investigations performed in the framework of four studies (Schulze et
al. 2010, Seiler et al. 2006, Seiler et al. 2010, Streck et al. 2010, Zielke et al. 2010) which compared
Soxhlet extraction, pressurized liquid extraction (PLE) and membrane dialysis extraction (MDE)
procedures using biotest data and target analyte recovery rates

Sediments from the river Saar in Germany were collected at the cities of Güdingen and
Rehlingen (Schulze et al. 2010). Freeze-dried subsamples were treated with either Soxhlet
extraction or MDE, and extracts were examined for cytotoxic (Neutral red retention) and
dioxin-like effectiveness (EROD induction) in triplicate. Aliquots of the extracts were
fractionated according to their polarity, resulting in 6 fractions (cf. Schwarzbauer et al. 2000).
Subsequent GC-MS analysis on 16 EPA-PAHs delivered data on target analyte recovery.
In a comprehensive study into the leaching power of different mild and exhaustive extraction
techniques for sediments, Soxhlet extraction, PLE and MDE were applied in duplicate with
dried samples from sites at the Elbe River in the Czech Republic as well as one of its
tributaries, Bílina, near the cities of Přelouč and Most, respectively. Resulting extracts were
investigated using assays on Neutral red retention, EROD induction and fish embryo toxicity
(Seiler et al. 2010). Recoveries of 16 EPA-PAHs were determined by means of GC-MS after
gel permeation chromatography as a clean-up step (Streck et al. 2010).
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The present communication summarizes the results of these different studies and evaluates the
comparability of membrane dialysis with the two conventional procedures Soxhlet extraction
and PLE, using a meta-analysis approach with rank sum-based scaling of the determined
effect and target analyte concentrations. The question, whether the currently available
membrane dialysis protocol is a procedure suitable for a more reliable extract preparation and
whether it can replace other conventional techniques for recovery of PAHs, is critically
discussed.
Analyzed results represent a broad variety of conditions for sampling and sample types,
extraction, and determination of compound concentrations. Rather than comparing chemical
data given as recovery rates, the assessment is also based on different biological effects.
Therefore, findings from this study take into account the possible variability of investigations
of sediments and the diversity of questions that might be addressed through the discussed
extract types.

8.3

Material & Methods

8.3.1 Samples and sampling
Table 1 provides an overview over samples and sampling. Comprehensive descriptions are
published with the individual studies (Schulze et al. 2010, Seiler et al. 2006, Seiler et al. 2010,
Streck et al. 2010, Zielke et al. 2010) . All natural sediment samples were shock-frozen at
-30 °C, subsequently freeze-dried and stored at 4 °C. The OECD sediment was prepared with
only 5 % kaolin clay content.
Table 1 Itemized overview of sampling conditions, sample treatment and sample properties for the
four different studies analyzed within this paper
Study

Sample

Sampling

Water removal

Sieving

Rhine (Seiler et al.
2006)

surface

Van Veen

yes

1.25 mm 40.0

Old Rhine (Zielke et
al. 2010)

surface

Van Veen

no

None

34.0

spiked*

OECD (Zielke et al.
2010)

artificial preparation

no

None

20.0

spiked*

Saar (Güd/Reh)
(Schulze et al. 2010)

surface

yes

< 2 mm

30.0/45.0

Van Veen

TOC [g/kg]

Elbe (Prel/Most)
surface Ekman-Birge yes
< 63 µm 49.8/109.1
(Seiler et al. 2010,
Streck et al. 2010)
*Diuron, pentachlorophenyl, nonylphenol, fluoranthene, 2,4-dinitrophenol, parathion-ethyl

Notes
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8.3.2 Extraction of sediment samples
The different extraction procedures were applied following already published protocols and
are detailed elsewhere for each individual study (Schulze et al. 2010, Seiler et al. 2006, Seiler
et al. 2010, Streck et al. 2010, Zielke et al. 2010). Extracting solvents were changed to
dimethyl sulfoxide for bioassay and n-hexane for chemical analysis, respectively. Extracts
were stored at -20 °C.
For membrane dialysis extraction (MDE), sediment samples were inserted into pre-extracted
LD-PE 'layflat' tubing, sealed and dialysed with n-hexane inside brown glass jars. Soxhlet
extraction was carried out on dried sediment weighed into extraction thimbles and placed in
Soxhlet extractors with acetone. In pressurized liquid extraction (PLE), dried sediments were
subjected to a two-step extraction procedure with an ASE® device, first using a mixture of nhexane and dichloromethane and then toluene as solvent. Immediately after PLE, resulting
extracts were purified using gel permeation chromatography.
8.3.3 Chemical analysis
Details on the performed chemical analysis are given by the individual studies (Schulze et al.
2010, Streck et al. 2010). Extracts from the rivers Saar and Elbe were analyzed by means of
gas chromatographic-mass spectrometric methods in the selected ion mode (SIM) and
quantified using an external five-point-calibration. Results were corrected with an internal
standard of deuterated PAHs.
8.3.4 Bioassays
Bioassays were conducted according published protocols. Details are given in Seiler et al.
2006, Seiler et al. 2010, Streck et al. 2010, Zielke et al. 2010.
The cell line RTL-W1 (Lee et al. 1993) was kindly provided by Drs. N.C. Bols and L. Lee
(University of Waterloo, Canada). Cells were maintained in plastic culture flasks in
Leibowitz's L15 medium supplemented with foetal bovine serum and penicillin/streptomycin
solution at 20 °C.
Within the Neutral red retention assay on acute cytotoxic effects (1992, Klee et al. 2004),
RTL-W1 cells were exposed to serial dilutions of sediment extracts along seven wells in six
replicates of a 96-well microtitre plate. After incubation, cells were stained with Neutral red
(2-methyl-3-amino-7-dimethylamino-phenanzine) and Neutral red retention was determined
photometrically.
The EROD-inducing potential of sediment extracts was assayed using the ethoxyresorufin-Odeethylase (EROD) induction assay (Behrens et al. 1998, Olsman et al. 2007, Seiler et al.
2006, Wölz et al. 2008). RTL-W1 cells were seeded into 96-well microtitre plates and
exposed to sediment extracts in eight dilution steps with six replicates. Following incubation,
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cells were disrupted, 7-ethoxyresorufin was added to all wells and deethylation was initiated
with NADPH. The reaction was stopped by adding acetonitrile. The production of resorufin as
well as the whole protein was determined fluorometrically.
Embryotoxic potentials of sediment extracts were investigated with the zebrafish (Danio
rerio) embryo assay (cf. Hollert et al. 2003, Nagel 2002). Sample extracts were diluted in
artificial water, transferred alongside ten fertilized zebrafish eggs to individual wells of
microtitre plates (one egg per well) and incubated. Lethal endpoints were recorded and
mortalities were determined after 48 hours post-fertilization.
8.3.5 Graphical evaluation, calculation of potentials, and statistical analysis
All effect data were plotted against extract concentrations with GraphPad Prism 5.0
(GraphPad Software, San Diego, USA). Data points were fitted using either second-order
polynomial or sigmoid non-linear regression as a model equation. Effect concentrations were
determined by means of this regression curve as the extract concentrations causing a
particular strength of effect: NR 50 values gave the concentrations at which 50 % cell viability
compared to the controls were detected in the Neutral red retention assay; EC 25TCDD values
were calculated as the concentrations that caused 25 % of the maximum EROD inductions
found for TCDD; LC 50 values defined extract concentrations for which 50 % of the exposed
fish embryos showed lethal effects.
In order to compare biotest results from the different studies with respect to the leaching
power of extraction methods, relative effect potentials were calculated for a meta-analysis
based on a scaling of rank sums (cf. Canfield et al. 1994, Hollert et al. 2002). This was
achieved by dividing the lowest EC value from a test system with all other EC values from
that test system, individually for each sample. The resulting values 0 < X ≤ 1 are ratios of the
highest effectiveness of a given sample to all other data gained with the same sample. By
calculating these ratios separately for each sample, any differences in sediment characteristics
like, e.g., total organic contents and grain size were already considered, since they were
identical in all compared treatments. Subsequently, mean potentials per extraction procedure
per test were calculated, and results were plotted in box-and-whisker graphs using GraphPad
Prism. Similar calculations were carried out with the data from chemical analyses, resulting in
recovery potentials for each method; these were plotted in a column graph. Mean values were
compared statistically using Prism 5 and SigmaStat 3.5 (Systat, Erkrath, Germany).

8.4

Results

In all three biotest systems, strongest effects were recorded for Soxhlet extracts.
Consequently, the lowest EC values for calculation of the relative effect potentials were all
provided by data from Soxhlet extracts resulting in highest potentials for these samples
(Table 2.).
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Table 2 Relative effect potentials for the three extract types tested in three different biotests
Method

EROD

Neutral red

Fish embryo

Soxhlet

0.22 - 1.00

0.52 - 1.00

0.41 - 1.00

MDE

0.27 - 0.87

0.39 - 1.00

0.27 - 0.63

PLE

0.03 - 0.42

0.14 - 0.30

0.24 - 0.56

Comparing the mean effect potentials of the three extraction procedures revealed limited
agreement between PLE and MDE, but quite significant differences to Soxhlet extractions. As
displayed by figure 2, Soxhlet extracts showed higher EROD-inducing activity than MDE and
PLE extracts (Fig. 2a), which were comparable in their effectiveness. Statistical analysis
according to Kruskal-Wallis with Dunn's post-hoc test revealed significant differences with
p < 0.05 (Soxhlet vs. MDE) and p < 0.01 (Soxhlet vs. PLE). The same holds true for the fish
embryo test (Fig. 2b), where extracts from MDE and PLE showed high comparability, while
Soxhlet extracts revealed clear-cut stronger toxic potentials (p < 0.01 and p < 0.001,
respectively, according to Kruskal-Wallis with Dunn's post-hoc test). Quite different results
were obtained for the Neutral red retention assay (Fig. 2c). Here, Soxhlet- and MDE-derived
extracts yielded comparable data, whereas PLE extracts were significantly less toxic
(p < 0.001; one-way ANOVA with Tukey's post-hoc test).
By calculating effect potentials, values were normalized to their corresponding test system
and the investigated samples. Thus, it was possible to group all results with respect to the
extract type and make an overall comparison of their effectiveness (Fig. 2d). A non-parametric
analysis of variance with the post-hoc test according to Dunn revealed that also regarding the
overall effect potential, Soxhlet extracts were significantly more toxic than MDE and PLE
extracts (p < 0.001). Furthermore, MDE extracts turned out to induce significantly stronger
overall effects in the three biotests than extracts obtained using PLE (p < 0.05).
The comparison of the potentials to concentrate hazardous compounds, as calculated from
chemical analyses of PAHs, had an outcome completely contradictory to the findings for the
biotest results. A statistical analysis according to Kruskal-Wallis with Dunn's post-hoc test
showed that Soxhlet extracts contained significantly lower target analyte concentrations than
extracts obtained using MDE (p < 0.05; Fig. 3). PLE extracts gave also lower concentration
values, but differences were not statistically significant.
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S/M : significant difference to Soxhlet/to MDE; */**/*** :  < 0.05/0.01/0.001
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Fig 2 Comparison of relative effect potentials regarding applied test systems. Data are shown as
medians (lines), means (crosses), 25-75 percentiles (boxes), 10-90 percentiles (whiskers) and points
outside the percentiles (dots). S and M denote significant differences to Soxhlet and MDE,
respectively, and asterisks represent the corresponding alpha-levels. Numbers above the x-axis
indicate n for each dataset. a) EROD assay, b) fish embryo assay, c) Neutral red retention test, d)
overall comparison. For more details on the statistics, see text

Relative recovery potential

*
1.0
0.8
0.6
0.4
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PLE

SOX

Fig 3 Comparison of overall PAH recovery potentials. Data are given as means with standard
deviations. Numbers above the x-axis indicate n for each dataset. *: Significant difference (ANOVA
on ranks with Dunn‘s test, p < 0.05)
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Discussion

The data re-analyzed in the present communication were derived from four studies with MDE
extracts investigating seven different sediment samples, and also conditions of sampling and
sample preparation varied to some extent (see Table 1). EC values were calculated based on at
least two completely independent replicates. Furthermore, several experiments involved even
completely independent extraction replicates rather than just repeated testing of the same
sample with the applied biotest systems. As a consequence, comparisons and statistical
analysis deployed on the data sets can be considered of high reliability. All found differences
and unexpected results, in conclusion, are very likely due to influences of parameters that
differ between the extract types and need to be identified within the following discussion.
With respect to possible alterations due to heat as an auxiliary energy source, it is likely that
during Soxhlet and PLE extraction toxic compounds may have been at least partially
degraded, modified or even created de novo (Seiler et al. 2008). Hence, when considering
Soxhlet comparable with PLE in terms of leaching power, as widely done (cf. Dean & Xiong
2000), accordance between these two extract types might be expected. Since MDE is
performed at room temperature and does not utilize auxiliary energy to facilitate the
separation process, it might be suspected that MDE extracts show differences to those from
Soxhlet extraction and PLE.
Compound concentrations in the PLE extracts can be considered quantitative, since PLE
protocols have been proven to provide very stringent and complete exhaustive extraction
conditions (Camel 2001, Dean & Xiong 2000). High temperature and pressure during the
extraction process combined with fresh solvent rinsing and a nitrogen-assisted purging step at
the end of each cycle guarantee for maximum leaching power and quantitative retrieval of the
prepared extract. Table 3 sums up studies on the recovery of the most important
environmental contaminant classes from complex environmental samples using PLE.
According to these data, PLE is capable of quantitatively extracting, among others, PAHs
from sediment samples.
Since MDE extracts were comparable to PLE extracts in chemical analysis, membrane
dialysis seems to be as powerful as the sophisticated automatic PLE, with respect to extraction
of PAHs from sediment samples. Soxhlet extracts, on the other hand, contained significantly
lower concentrations of PAHs, but this extract type caused significantly higher effects
regarding EROD-induction and embryo toxicity compared to MDE- and PLE-derived
extracts. For the Neutral red assay on acute cytotoxicity, significantly lower effect potentials
were found for PLE extracts than for extracts from either Soxhlet extraction or MDE. As a
consequence, parameters other than the leaching power and/or the risk of alteration due to
heat can be assumed to have an influence on experimental results.
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Table 3 Summary of PLE application for extraction of different classes of target analytes (adapted
from Dean & Xiong (2000)

Compounds

Recovery [%]

Refs.

PAHs

Quantitative, 91-95 %

(Berset et al. 1999, Burkhardt et al.
2005, Harb & Aldstadt 2004,
Hawthorne et al. 2000, Itoh et al.
2008, Popp et al. 1997, Ramos et al.
2000, Saim et al. 1997, Schantz et al.
1997)

Organic chlorinated
pesticides

Quantitative

(Gfrerer et al. 2004, Popp et al. 1997,
Schantz et al. 1997)

Polychlorinated biphenyls

Quantitative, 83-131 %

(Antunes et al. 2008, Bandh et al.
2000, Björklund et al. 1999,
Josefsson et al. 2006, Martens et al.
2002, Schantz et al. 1997, Szostek et
al. 1999)

Polychlorinated
dibenzodioxins/furans

Quantitative

(Antunes et al. 2008, Popp et al.
1997, Spinnel et al. 2008)

Herbicides

47-99 %

(Conte et al. 1997)

Sulphur is known to cause acute toxicity, particularly in cell-based bioassays (Jacobs et al.
1992, Kammann et al. 2005, Pardos et al. 1999, Ricking et al. 2004, Salizzato et al. 1998a,
Salizzato et al. 1998b, Svenson et al. 1998). Whereas sulphur was not removed from Soxhlet
and MDE extracts prior to biotesting, the gel permeation chromatography (GPC) step after
PLE cleaned resulting samples. This obviously correlates with significantly stronger effects in
the Neutral red retention test on acute cell toxicity found for Soxhlet- and MDE-derived
extracts. Therefore, it is possible that these two extract types exceeded the effectiveness of
PLE extracts mainly because of sulphur content, but not due to organic contaminant
concentrations. Soxhlet extraction, as a consequence, provided extracts with higher impact
despite lower recovery of PAHs.
Beside sulphur, sediment organic matter (SOM; e.g. particulate and dissolved organic matter,
humic and fulvic acids, black carbon) might have had an influence on biotests as well as
chemical analyses. SOM can act as a strong sorption phase for hydrophobic organic
substances (Ehlers & Loibner 2006, Haitzer et al. 1999, Huang et al. 2003, Luthy et al. 1997,
Steinberg et al. 2000). Although former studies suggested low concentrations of dissolved
organic matter to increase bioconcentration of hydrophobic organic contaminants in sediment
dwelling organisms upon feeding, several authors also proved a significant decrease of
bioavailability for various species (Bejarano et al. 2005, Gourlay et al. 2005, Guerrero et al.
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2003, Haitzer et al. 2001, Haitzer et al. 1998, Nikkilä & Kukkonen 2001). Consequently, if
extracts tested in bioassays still contain SOM, compounds might also fail to contribute to
toxic effects because of their strong association to this adsorbent.
Macromolecular organic components were removed from PLE extracts during the GPC cleanup prior to biotesting. MDE extracts are considered to be basically free of SOM: The size
restriction limit of 1 nm of the semipermeable membrane deployed for dialysis excludes all
particulate matter already upon extraction (Seiler et al. 2006). Soxhlet extracts, however,
contained substantial amounts of particulate organic matter as generally experienced with this
type of extract (Hawthorne et al. 2000).
Unfortunately, the presence or absence of SOM cannot explain findings from the extract
comparisons outlined before, because Soxhlet extracts were the most effective regarding
embryo toxicity, cytotoxicity and dioxin-like activity. However, it is also conceivable, that
contaminants associated to SOM failed to contribute to the toxic effects, while putatively
higher sulphur content compared to MDE caused elevated toxicity, at least in Neutral red
retention assay and fish embryo test. Hence, the comparability of cytotoxic effect potentials of
Soxhlet and MDE extracts might indicate lower sulphur contents for the MDE-derived
samples. On the other hand, hexane in MDE and acetone in Soxhlet extraction can be
considered comparable regarding sulphur recovery potential (Gryglewicz & Gryglewicz
2001), and temperatures applied in the latter one might also have caused degradation of
contaminants.
In contrast to the higher effectiveness in biotests, Soxhlet samples gave significantly lower
target analyte concentrations in chemical analyses. While not being cleaned for investigation
in biotests, Soxhlet- and MDE-derived extracts were treated using either GPC or silica gel
fractionation as a pre-requisite for GC-MS analysis. Therefore, it can be assumed that removal
of SOM during clean-up had caused loss of contaminants. On the other hand, GPC clean-up
was also applied on PLE extracts prior to GC-MS analysis, but these samples showed clearly
higher target analyte concentrations than Soxhlet-derived extracts. It has to be considered,
however, that data for recovery potentials of PLE extracts are based on only two replicates,
while Soxhlet data provide four independent values. Hence, differences regarding chemical
analysis between resulting extracts from the two methods should be interpreted cautiously.
As a third potential source of interference, compounds other than PAHs may have been
extracted with differential stringency by the three leaching procedures. Acetone, used in
Soxhlet extraction, is a slightly polar solvent and therefore capable of dissolving also rather
polar substances. Recent studies provided evidence that also more hydrophilic contaminants
can have high ecotoxicological impact (Kidd et al. 2007, Sanderson et al. 2007). Schwab and
co-workers (2009) found that acute toxicity effects by extracts of sediments of industrial
regions in Germany (Bitterfeld) and the Czech Republic (near Pardubice) were not only
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caused by PAHs but also by compounds in the polar fractions, namely heterocyclic molecules,
7H-benzo[de]anthracen-7-one and N-phenyl-2-naphthylamine. Furthermore, especially
regarding mechanism-specific effectiveness, such as dioxin-like activity, polar compounds
have gained increasing attention (Wölz et al. 2008).
Finally, the possibility of degradation or adsorption of compounds during extraction and
clean-up should be considered. During GPC, nitroaromatic compounds may adsorb to the
materials of the chromatographic column, thus lowering the available fraction of such
compounds after clean-up (US Environmental Protection Agency 1994). The high
temperatures during extraction using PLE may result in degradation of thermolabile
compounds, e.g. aminoaromatics. Nitro- as well as aminoaromatics are known to act as aryl
hydrocarbon receptor agonists and also show mutagenic properties (Gustavsson et al. 2007,
Gustavsson et al. 2004, Klee et al. 2004). Therefore, lower toxicity observed with the EROD
assay might be at least partially due to degradation or adsorption during extraction and cleanup.
The high number of confounding factors associated with sediment extraction as a
consequence of the complex and mostly unknown nature of samples makes precise
interpretations of the data extremely difficult. Nevertheless, the presented meta-analysis
indicates that MDE is at least as powerful as the applied PLE protocol regarding extraction of
PAHs from sediment samples. With respect to biological effectiveness, MDE extracts showed
toxic impacts at least as strong as extracts obtained using PLE.

8.6

Conclusions & Perspectives

Present results provide strong evidence that passive MDE procedures provide exhaustive
leaching power comparable to the sophisticated and automated PLE technique. Data from
biotesting as well as contaminant concentrations in extracts obtained using membrane dialysis
indicate at least limited concordance with PLE extracts. Significant differences in effect
potentials as found for acute cytotoxicity can be attributed to adverse impact of elemental
sulphur in MDE extracts, but not in PLE extracts.
The concept of passive membrane dialysis can thus be considered a promising alternative to
other common procedures for exhaustive extraction. At the same time – being a passive
extraction method – MDE reduces the risk of uncontrolled alterations of the original sample
during the separation process and by this adds to the reliability of ecotoxicological
investigations of sediments. However, the MDE protocol is not suitable for high throughput
sample preparation due to the relatively high requirement for time and labour. Further
establishment and future routine application of membrane dialysis-based extraction
procedures therefore require optimized protocols and, if possible, automation. With respect to
emerging, more polar environmental contaminants, the system needs to be enhanced towards
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selectable membrane-solvent combinations, which allow a separation of either a broad analyte
spectrum or particular substance classes with specific physico-chemical characteristics. This
requires testing of polymeric materials providing different physical properties, especially
permeability, along with solvents of varying polarity.
In addition to passive extraction principles, membrane dialysis may have further important
benefits to sample preparation: As indicated before (Seiler et al. 2006), MDE is capable of
extracting target analytes from water-containing sediment samples with leaching power
comparable to Soxhlet extraction. Research into this gave first promising results, and
preliminary protocols for the extraction of completely untreated, native sediment samples are
being developed. Experiments have been initiated to validate the method as an alternative for
the extraction of fresh whole sediment samples. Such an advanced approach would allow
starting the extraction in the field immediately after sampling. Thus, extraction of native
samples using membrane dialysis techniques would avoid several confounding factors
associated with sample preparation in sediment toxicology (Seiler et al. 2008).
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Background, aim, and scope. Sediments serve as integral and dynamic parts of our aquatic
systems. Within the last 15 to 20 years, however, the scientific community has begun noticing
contamination and deterioration of sediment quality at an alarming rate worldwide. Sediments
are now perceived to contain hazardous pollutants that can directly impact water quality, and
hence, can become very stressful to aquatic life. As a consequence, global efforts had been
initiated since early 1970s, towards finding ways to assess sediment quality. Because of their
obvious ecological and economic significance, fish have remained to be a major taxonomic
group for appraising the general quality of aquatic systems. However, for sediment risk
assessment, fish have lagged behind invertebrates due to their mobility and generally, pelagic
lifestyle. To our knowledge this is the first paper that comprehensively treats and reviews the
versatile roles of fish in assessing the health state of aquatic sediments.
Main features. Through literature search, this review attempted to trace the progress on the
use of various approaches as well as describes the future prospects of using fish as sentinels
for sediment quality assessment. Initially, the use of whole fish (juveniles or adults) bioassays
has contributed immensely to our understanding of sediment contamination and
ecotoxicology. But due to economic as well as ethical issues linked to the use of live
vertebrate animals for toxicity testing, the approach has shifted to using fish cell cultures and
fish embryos. Much newer approaches involving receptors and gene arrays in fish cells to
elucidate the mode of actions of sediment-borne contaminants are very promising. The review
paper also explores some of the issues associated with the use of whole fish, fish cell cultures,
fish embryos, and fish gene expression profiles in sediment toxicity evaluations.
Conclusions and perspectives. Overall, the present review has comprehensively explored the
changing, and progressing roles of fish for use in sediment toxicity evaluation. Indeed the
usefulness of this taxon as test organisms has defined a big part in the advancement of
sediment toxicology. Many novel additions to existing knowledge are expected to come as
more and more variations in methodology involving the use of fish for sediment assessment
are currently being developed in many laboratories around the world.

9.2

Introduction

In recent years, scientific experts from all over have realized that sediments play a pivotal role
in achieving good ecological status of global aquatic systems (Chapman and Wang 2001;
Förstner et al. 2004,2008; Netzband 2007; Menzel et al. 2009). Undisturbed natural sediments
serve as an essential, integral, and dynamic part of our freshwater, estuarine, and coastal
ecosystems. Sediments provide breeding grounds as well as nutrient sources for many
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organisms while their dynamics and gradients form optimum conditions to support
biodiversity. However, once sediments are contaminated, they become sinks and secondary
sources of potentially hazardous toxicants (Hollert et al. 2000; Hallare et al. 2005c; Davoren
et al. 2005; Barbee et al. 2008; Wolz et al. 2009) thereby influencing overall water quality.
Polluted sediments then become a major source of stress to aquatic organisms (Burton and
Scott 1992; DelValls et al. 1998), thereby bringing disastrous impacts not only on aquatic
ecosystem integrity but also on wildlife and human health.
Contaminated sediments first began to be noticed as a serious environmental issue in the early
1970's when several fish species caught in the rivers and harbours of Great Lakes were
showing various forms of tumors (Sonstegard, 1977; Delfino 1979; Hayes et al. 1990). This
was paralleled by the reported rise in the concentrations of the pesticides DDT,
polychlorinated biphenyls (PCBs), as well as heavy metals in sediments (as summarized in
Rodgers et al. 1985). Sharp decline in many amphibian species worldwide was also blamed
for the deteriorating quality of aquatic sediments (Savage et al. 2002). For the first time,
sediments, which had been historically viewed to be ‘reasonably clean’ (Baudo et al. 1999,
Karlsson et al. 2008), have been tagged as a major hazard for the environment (Burgess and
Scott 1992; DelValls et al. 1998). Lying just below the almost uncontaminated water column
are the sediments which have become highly toxic following long periods of contaminant
deposition (Huuskonen et al. 1998). Among organisms that inhabit contaminated aquatic
environments, those living on or near the bottom suffer the greatest risk. This is due to the
bulk of contaminants that have been sequestered from the water column and incorporated into
the underlying sediment. Sediments can accumulate large quantities of chemicals, particularly
poorly soluble organic compounds that may be rapidly taken up by benthic fish, through
direct contact with the sediment and the interstitial water, as well as from ingested food (prey)
(Hinkle-Conn et al. 1998; Vigano` et al., 2001). The exposure of fish to prey-borne or
sediment-borne contaminants ultimately leads to trophic transfer to higher levels (Di Pinto
1996). Thus, pollution monitoring or environmental risk assessment of aquatic ecosystems
should not be limited to the water phase, but must also include the sediment (Power et al.
1992; Almeida et al. 2005; Hallare et al. 2005c; Förstner et al. 2008).
The assessment of sediment quality has been historically restricted to routine chemical
analyses. However, quantifying contaminant concentrations alone cannot provide enough
information to sufficiently appraise the probable adverse effects or time-dependent
bioavailability of these materials to aquatic organisms (Ingersoll et al. 1995; Davoren et al.
2005; Kilemade et al. 2004, 2009). One major achievement during the last decades was the
development of sediment toxicity protocols. Toxicity testings have been shown to be very
useful in environmental and chemical hazard assessments because they can be done relatively
quickly and inexpensively compared to multiple chemical analyses of synthetic organics
(Burton and Scott 1992) and the data are easily interpreted. Until now, there is still a growing
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interest to develop and apply new methods for evaluating contaminated sediments. Despite
the fact that sediment toxicology is a fairly young science (Burton and Scott 1992), many
bioassay test systems have already been developed in the 1970s and have contributed
immensely in defining sediment quality criteria. Many species ranging from bacteria,
microalgae, yeast, crustaceans, cladocerans, mysids, oligochaetes, polychaetes, snails,
bivalves, echinoderms, fish, amphibians, and even higher plants have been utilized for
sediment toxicity tests. Over the last few years, much progress has been made to create
standardized methodologies. Beside the recommended procedures which have become
available (ASTM 2007, 2008; Environment Canada 1990, USEPA 1994 and OECD
1992,2001), the European Sediment Research Network SedNet (Barcelo and Petrovic 2007)
and SETAC Europe consistently held workshops on sediment toxicity testing and bioassay
procedures. A number of reviews have also flourished in the literature concerning the use of
various assays for assessing quality of freshwater (Giesy and Hoke 1989; Burton 1991,
Hansen et al. 2007), marine (Nendza 2002), and estuarine sediments (Chapman and Wang
2001) as well as on the use of particular groups of organisms such as microbes (van Beelen
2003), freshwater invertebrates (Ingersoll et al. 1995), and amphipods and polychaetes (Bat
2005).
Albeit much have been written on fish for testing pure chemicals as well as environmental
samples, no reviews to date have been written on the versatile and changing roles of fish as
applied exclusively to sediment toxicity analysis. Thus, the main aim of our paper was to
explore the varying niches of fish in toxicity testing that have advanced the way we conduct
ecological and ecotoxicological assessments of sediments. Specifically, the present review has
the following objectives: (1) to describe the significance and suitability of using fish for
appraising the real state of aquatic sediments (2) to chronologically present the emergence of
various methodologies and approaches involving the use of fish for an integrated sediment
quality evaluation (3) to associate the changing and progressing roles of fish for sediment
quality assessments with the parallel advancement seen in the field of biomarker research and
environmental genomics – this is related to the improvement of the weight of evidence
approach to risk assessment – and (4) to explore and discuss the various issues that have
surfaced regarding the use of live fish and the consequent shift towards use of fish cells and
cultures, fish embryo, and fish microarrays. Consequently, the review is divided into four
major parts:
1. the use of whole fish in sediment quality assessment,
2. the use of primary cultures and fish cell lines as substitute for the whole animal,
3. the use of fish embryo as part of a holistic approach to sediment risk assessment, and
4. the use of gene expression analyses and microarrays in fish tissues.
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The significance of fish as sentinel species

For several obvious reasons, fish species have continued to draw attention among
ecotoxicologists who are interested in assessing the impacts of water-borne and sedimentborne contaminants (Powers 1989; van der Oost 2003). Fish, above anything else, is a widely
distributed form of life that can inhabit freshwater, marine, and estuarine environment. Within
the aquatic habitat, fish are strongly-dependent on both water and sediment phase during their
lifetime, while quite a number of species are completely benthic in their lifestyle. Fish also
play major roles in the aquatic food-webs. They are involved in the transfer of energy linking
the lower and higher trophic levels, and thus, maintaining ecosystem stability. In both local
and global scales, fish are economically very important as they provide the main sources of
animal protein for those living in coastal regions. Sociologically, fishing also offers large
recreational value in many cultures.
The strong connection between fish and human health has already been made clear in
previous works (eg. Dawe et al.1964). The increased frequency of neoplasms in bottomfeeding fish inhabiting polluted environments may serve as early warning indicators of
carcinogenic hazards to humans. Understanding how toxicants affect fish behaviour,
physiology, and population responses can therefore be of highest ecological relevance. Hence,
assessing the health state of fish is important for protecting human economics and health.
At ecological levels, toxicant-induced changes in fish populations affect the entire aquatic
community and threaten the equilibrium of the whole ecosystem where they live. Fish species
were shown to be valuable indicators of contamination since they accumulate metals, PAHs,
or PCBs as a function of the contamination level of the sediments. Because of the reported
decline in both fish and amphibian populations around the world, many workers indicated a
great responsibility for finding the exact reason for the decline (Almeida et al. 2005;Keiter et
al. 2006). Interest concerning the effects of environmental stressors on health and disease in
fish and other marine organisms has continued to increase in recent years. Compared to
invertebrates, fish has the advantage of having large size for an adequate tissue chemical
analysis (Chappie and Burton 2000). The body concentrations of the chemicals usually reflect
the amount taken up by fish over a period of time. Meanwhile, the embryonic and larval
developments of fish have been utilized in regular toxicity assays for monitoring and risk
assessment programmes. In the last decades fish have been increasingly used in toxicity tests
with sediments (Di Giulio et al. 1993; Vigano et al. 1998, 2001).
Within the context of the EU’s Water Framework Directive (Directive 2000/60/EC), fish have
been regarded as one of the indicators for ecological quality, apart from water chemistry,
hydromorphology, aquatic macroinvertebrates, and aquatic flora. Thus, all EU member states
are required to deliver factual and timely information regarding fish stocks, i.e. abundance,
species composition, and age structure of all fish present in a water body within the River
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Basin Districts (RBDs) (Champ et al. 2009). Data on these elements, especially on fish
biology, are perceived to have a key role to understanding and predicting consequences of
environmental change which could lead to more sustainable management practices. The EU
Water Framework Directive basically aims at maintaining high status of waters in areas where
they have already been reached, preventing any deterioration in the existing status of waters
and achieving at least ‘good status’ in relation to all waters by 2015.

9.4

The use of whole fish in sediment toxicity assessment

In the last decades fish have been increasingly used in toxicity tests with sediments (Di Giulio
et al. 1993; Vigano et al. 1998; Fragoso et al. 2006; Keiter et al. 2006; Karlsson et al. 2008;
Costa et al. 2008; Rocha et al. 2009; Leaver et al. 2010). The earliest studies on water and
sediment toxicity analyses have employed whole live fish, either collected from contaminated
habitat sources or exposed to contaminants under laboratory or field conditions (Table 1). This
represents the simplest approach for testing the ecotoxicological burden of environmental
samples.
9.4.1 Issues on the use of fish for toxicity studies
Two important issues have surfaced concerning the utilization of fish as test species in
toxicology. One focuses on the ethical issues associated with the general use of vertebrates in
toxicity testing while the other questions the suitability of fish (having pelagic lifestyle) in
sediment toxicity evaluations.
Although fish studies had shown high relevance for the assessment of sediments, they should
not be conducted routinely because of ethical concerns about biotesting with vertebrates
(Lange et al. 1995; Segner 2004; Braunbeck et al. 2005; Zhou et al. 2006). A conservative
estimate is that about one million fish are killed each year in the EU Member States alone for
research and regulatory purposes (Castano et al. 2003). This value is expected to increase by
additional 4.4 million with the commencement of the new EU regulation for industrial
chemicals, REACh (Registration, Evaluation, and Authorization of Chemicals) (Tanneberger
et al. 2008). In order to execute REACh in an ethically and financially acceptable manner, the
European Commission encourages the development and application of alternatives to animal
tests. Agencies, such as the European Partnership for Alternative Approaches to Animal
Testing (EPAA), provide impetus in the form of funding for researches on alternative test
methods in aquatic toxicology. Many toxicologists themselves also advocated the limited use
of adult fish for toxicity tests and that the application of such tests must be scientifically
justified on a case to case basis (Friccius et al. 1995; Lange et al. 1995; Nendza, 2002; Nagel,
2002; Braunbeck et al. 2005). Only if considered indispensable, acute (96 h LC 50) or chronic
Early Life Stage (ELS) tests may be conducted, for example, with turbot, Scophthalmus
maximus (obtainable from commercial suppliers) or three-spined stickleback, Gasterosteus
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aculeatus (Nendza, 2002). More recent approaches utilizing fish cells instead of the whole
organism have been developed (see Section 4). In addition, fish embryos have also been
found to be a good replacement (Lammer et al. 2009) and will be discussed in detail in
Section 5. Due to technological advancements in molecular biology, it is now possible to use
readily-available fish DNA chips for discovering mechanisms of chemical toxicities at the
gene level (Section 6).
Another issue revolves on the utility of fish for the assessment of contaminated sediments.
Some have argued (e.g. Ankley, 1991; Ingersoll et al. 1995; Bat, 2005) that fish are typically
pelagic making them inappropriate for sediment toxicity as compared to benthic life forms
(e.g invertebrates). However, several studies (e.g. Burton, 1991; Cunha et al. 2007; Kilemade
et al. 2009) claimed that many fish species are flat-shaped and are quite adapted to benthic
lifestyles, and therefore, can be used for determining sediment pollution. Sediment-feeding
(or illiophagous) fish also have the ability to tolerate low concentrations of dissolved oxygen
which enables them to inhabit polluted environment (Black,1983). Benthic fish may rapidly
take up organic contaminants that have accumulated in sediments, both through direct
physical contact with the sediment or interstitial water. In addition, uptake of waterborne
toxicants through respiration, and ingestion of carcinogens from the organic mud are possible
routes of exposure (Hinkle-Conn et al. 1998; Vigano` et al. 2001; Hopkins et al. 2003). A
survey of literature revealed that most fish used in sediment toxicology were benthic fish
species including flounder (e.g. Beyer et al. 1996), halibut (e.g. Schlenk et al. 2005), streaked
prochilods (Almeida et al. 2005), plaice (e.g. Nagler and Cyr,1997), sole (e.g. JimenezTenorio et al. 2007; Costa et al. 2008)), spot (e.g. Roberts et al. 1989; Hinkle-Conn et
al.1998), catfish (Di Guilio et al. 1993), chubsuckers (Hopkins et al. 2003), and turbot (e.g.
Kilemade et al. 2004,2009). A recent study by Fragoso et al. (2006) compared the differential
response between rainbow trout (pelagic species) and white sucker (benthic species). EROD
activity was found to be greater in white sucker. However, when basal (negative control)
activity was accounted for, no difference in response between the species could be
determined. Finally, many adult pelagic and epibenthic organisms also depend on sediments
as breeding substrates, so that effects on reproductive behaviour, growth, embryo
development, or hatchability are critical endpoints to consider (Burton, 1991).
Despite all criticisms and drawbacks, fish remained as the most used and most ideal species
for aquatic toxicity tests. Apart from their obvious ecological relevance, which they share with
other aquatic species, they have an added commercial, cultural, and health significance to
humans (Hayes et al. 1990).
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9.4.2 Methodological variations in sediment toxicity using whole fish
One significant aim of this review paper was to describe the various approaches on the use of
whole fish for sediment toxicity evaluation with respect to: selection of exposure scenario,
choice of fish species, selection of exposure duration, deciding on appropriate control fish or
sediments, preference of working with single test species or with a multispecies bioassay, and
selection of appropriate biomarkers. The following section is intended to serve as a
benchmark for future prospects on the use of fish for sediment toxicity analysis.
Selection of exposure scenario
Sediment is described as a naturally complex, heterogenous geological matrix, possessing a
number of possible routes by which biota maybe exposed to sediment-borne contaminants.
The question on which exposure scenario is best to use for sediment toxicity analysis has been
a major issue during the past decades. Since sediments are found at the bottom, which is
perceived to be inaccessible for aquatic organisms, the mechanisms on how exactly
contaminants can become bioavailable and consequently induce toxicity to aquatic organisms
have fascinated ecotoxicologists for quite a long time. In sediment, contaminants are believed
to be in equilibrium between the solid and the soluble phases. For non-ionic organic
pollutants, the equilibrium is linked to the sediment organic matter fraction and to the octanolwater partitioning coefficient of the contaminant. On the other hand, for ionic contaminants
and metals, the equilibrium between both phases depends not only on organic matter fraction
but to a host of other parameters (Hansen et al. 2007). It is, therefore, necessary to carefully
select the most appropriate exposure scenario to ensure successful assessment of sediments.
Sediment toxicity tests can be conducted using a variety of exposure phases: whole sediments,
pore (interstitial) water phase, elutriate (water-extractable) phase, sediment extracts, and in
situ assays. Since each one of them has its own strengths and weaknesses, it is usually
difficult to recommend a particular system to meet all study objectives (for a detailed review
see Burton 1991). Hence, it is recommended that different test phases (solid or liquid) or even
in situ testing are carried out to obtain the varying information that are needed to assess
hazard versus risk in sediment quality assessment. In general, routes of sediment exposures
(e.g. particle contact, food, pore water, overlaying water) for aquatic organisms are
determined by the habitats where the organisms live (e.g. sediment infauna, sediment
epifauna, etc.) and the presumed bioavailability of the sediment contaminants in the habitats
(Power et al. 1992; Cheung et al. 1997). Bioassays performed on pore water or elutriates can
be used to evaluate the toxicity of chemicals present in the soluble phase, whereas whole
sediment bioassays are necessary to assess the toxicity of total sediment, including both
soluble and solid phases. This is the reason why many opted to use whole sediment and
considered it to be the most realistic exposure scenario that takes into account bioavailability
(e.g. Feiler et al. 2005, Kosmehl et al. 2006, 2007). However, there were some studies (e.g.
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Ankley,1991; Solomon and Sibley 2002; Davoren et al. 2005; Fragoso et al. 2006) that still
recommended the use of specific exposure scenarios under certain conditions. The description
of different types of exposure scenarios, their advantages and disadvantages, and how they
have been applied using fish species are reviewed below:

Selected studies on the use of whole fish in sediment toxicity assessment
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Whole sediment phase
The earliest studies on sediment toxicity testing with fish have
been carried out using bulk (whole, native) sediments (McCain et al. 1978; USEPA 1981,
Hargis et al. 1984). Whole sediment exposures comprise the primary and simplest tool for
sediment toxicity assessments (Burton and Scott, 1992; Chapman and Wang et al. 2001) as
they offer the least changes in sediment physicochemical conditions and present the widest
variety of possible exposure routes. In newer terminology it is called “sediment contact test
phase”, since effort is ensured that intact organisms or in vitro systems are exposed to
contaminants borne from sediments (Hollert et al. 2003; Feiler et al. 2005). In the case of fish,
the test species are exposed via several routes to maximize transfer rates: water-soluble
compounds in the water column, particle-bound contaminants contacting gill as well as gut
tissues, and food (brine shrimp, Artemia sp.), hatched in sediment suspensions from the test
sites). Conventionally, it is designed by placing 4-5 cm of sediments from reference and
contaminated sites on the aquarium tank floor before filling them with water. In some cases, it
is necessary to mix sediments with a stainless steel spoon to achieve a homogenous mixture
before testing (Francis et al. 1984; French et al. 1996; Fragoso et al. 2006). Sediment
contaminant concentrations are realized through a variety of test systems (e.g. static,
recirculating, or static renewal) (Burton, 1991) or a system to simulate dredging effects
(Mondon et al. 2001). Then the fish are exposed for a defined duration which runs from a few
hours to days or even several weeks. To avoid possible volume effects, fish loading should be
equivalent to 1-2 L of water/g of fish/day (Sprague 1969; Fragoso et al. 2006), or about 10 L
of water for five 1-3 g trout. After exposition to sediment and control conditions, fish survival
and malformations data are typically collected. Subsequent to anesthetizing in benzocaine
(150 ppm, Mondon et al. 2001) or tricaine methanesulfonate (MS-222) solution, fish are
sacrificed for the evaluation of selected mechanistic-based endpoints. The endpoints cover
acute and long-term toxicity, bioaccumulation, endocrine effects, carcinogenicity and
mutagenicity and toxic effects on reproduction (Bucke et al. 1989; Roberts et al. 1989; Ankley
1991; Almeida et al. 2005; Inzunsa et al 2006; Jimenez-Tenorio et al. 2007; Barbee et al.
2008; Cunha et al. 2007; Costa et al. 2008) (Table 1). Up to now, laboratory studies with bulk
sediments have continued to document that many of the samples from numerous locations
exhibited acute and/or chronic toxicity to a variety of test species. Through whole sediment
toxicity analysis, the information derived concerning the chemically-induced alterations (eg.
tumor incidence) in resident organisms had become critical to the design of successful
remediation plans. However, despite the consideration of the whole sediment phase as the
most realistic scenario, Solomon and Sibley (2002) argued that since hydrophobic
contaminants are slowly desorbed from the particles, the use of whole sediment in short time
duration may not induce effects in receptive organisms and thereby underestimate the toxicity
of the tested sediment. This is further aggravated when the sediments have high organic
content which tends to significantly reduce the amount of bioavailable single molecules that
can be taken up by fish (Fragoso et al. 2006). These observations often encourage critical
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discussion whether a whole sediment exposure of fish is really possible, especially if
compared to organisms living in the sediments (as oligochaetes, etc). Under these
circumstances, the selection of suitable organism (i.e. benthic fish) is of supreme importance.
Pore (interstitial) water phase
The use of sediment pore water as test phase goes with
the assumption that organisms receive most of their exposure through contact with interstitial
water. This test phase was first conducted with benthic invertebrates and later applied to fish
(Ankley et al. 1990; Schubauer-Berigan and Ankley 1991); standard protocols are also
available (e.g. Burton, 1991; Liss and Ahlf 1997). Pore water is usually extracted from the
solid phase by centrifugation of 250 ml aliquots of sediment for 45 min at 4000 g in a
refrigerated centrifuge (4°C). In some studies, pore water was being extracted using a
sediment tube with a micro-pump (Luckenbach et al. 2001). After preparation, particulate
matter in the samples is allowed to settle for at least 24 h prior to decanting pore water for
toxicity tests. Pore water is stored at 4 °C, generally for less than 72 h before testing. In some
cases, the pore water is filtered through a 0.45 µm pore size cellulose acetate membrane or
glass fibre filter prior to testing. Filtering might be necessary to remove some particles that
are still in suspension in the water column even after centrifugation and that might interfere
with the test (e.g. density of algal cells, interference with photometric measurements). On the
other hand, some chemicals can adsorb on the membrane and take away the contaminants
(Burton 1991) or might get lost when sorbed to removed particles. Therefore, it is better to
avoid filtration if it is not absolutely necessary (Hansen et al. 2007). The toxicity of pore
water also changes with time and, hence, toxicity tests must be conducted immediately after
isolating pore water samples, and test solutions should be renewed frequently during
exposures (every 12 to 24 h).
Using the fathead minnow in a pore water test, Ankley et al. (1990) has shown for the first
time that a significant amount of the acute toxicity of the pore water to fish was due to
ammonia. The identification of ammonia, a naturally-occurring compound in sediments, as
potentially important sediment-associated toxicant has implications for the sediment toxicity
assessment and control in freshwater and marine systems. Ankley et al. (1991) also showed
that pore water is a reasonable test fraction for predicting the presence of toxicity in bulk
sediments, whereas elutriate is a poor predictor of bulk sediment toxicity. The use of upper
water column organisms is also inappropriate for evaluating in situ toxicity for benthic
species. For a review of the good, the bad, and the ugly sides of pore water toxicity testing,
readers are referred to the works of Chapman et al. 2002.
Elutriated water phase
Sediment can also be elutriated with water (elutriates) wherein
the ratio of solid matter to liquid phase is usually set at 1:10. Elutriates are usually prepared
by rotating a 4:1 v: v) water: sediment mixture (1,600 ml total volume) in a 2-L flask on a
shaker table for 1 h. The dilution water is very hard reconstituted water, hardness = 320 mg/L
as CaCO3, which approximates the hardness of the sediment pore water. In some cases, the
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diluent used is artificial seawater (salinity, 30% prepared from commercially available salt,
Instant Ocean®) (Cheung et al. 1997). Elutriate water is then separated from sediment by
centrifuging at 2,500 g for 30 min at 4°C. The resulting supernatant must be used within 72 h
for toxicity tests. Elutriate samples are generally not filtered before testing. The elutriate
sediment toxicity test is intended both to simulate remobilization of sediments and to provide
a better measure of the amount of a substance that is exchanged between the sediment and the
aqueous phase during dredging and disposal (USEPA, 1991; Ankley et al. 1992). One major
drawback is that this test phase may under- or overestimate the bioavailability and hence, the
toxicity of contaminants present in the intact sediment (Hollert et al. 2003; Davoren et al.
2005), which further supported the contention that pore water corresponded better to bulk
sediment toxicity (Schubauer-Berigan and Ankley 1991) than elutriates do. Based on
literature survey, quite a few studies have addressed the use of elutriates with fish as test
species, apart from those conducted by USEPA (1977). Few studies, though, have been
conducted using fish culture (Section 4.0). In 1997, Cheung and colleagues successfully
assessed sediment quality of Hongkong harbour by using different trophic organisms
(including fish) exposed to elutriated sediment samples. Their findings supported that the
presence of ammonia in sediment samples seemed to interfere with the detection of
contamination (compare with Ankley 1991).
Sediment extracts
Sediment extract phase is the proper choice when we want to assess the
total hazard potential of sediments (i.e. bioavailable + nonbioavailable fractions)(Gagné et al.
1996; Strmac et al. 2002; Hollert et al. 2000, 2003; Viganó et al. 2003; Hallare et al. 2005c;
Keiter et al. 2006; Kosmehl et al. 2007; Seiler et al. 2008). One advantage of using organic
extracts is that it can precede the fractionation steps leading to identification of soluble
chemicals and toxicant groups as required for effect-directed analysis (EDA). One major
drawback of the extract phase, however, is its failure to consider the normal rate or extent to
which toxicants can be taken up by sediment dwelling organisms (bioavailability) or the
extent they cause adverse effects. It simplifies exposure by accelerating the bioavailability
rate of especially strongly bound hydrophobic substances compared to intact whole sediment
phase (Eriksson et al. 2005). Consequently, the possible long-term toxicity effects could be
investigated in a much shorter time frame, enough to make this exposure phase to be
considered as the ‘worst-case scenario’. Due to the particularly large amount of sample
required for testing, exposure of live fish to extracts may not be a practical option. As a result,
only a handful of studies have actually utilized whole fish for sediment extract exposure. A
special technique called ‘skin painting’ was introduced by Black (1983) for testing sediment
extracts from Buffalo River, New York on bullheads (Ictalurus nebulosus). Here, the
bullheads were netted from the holding tanks and the area between the upper lip and the
occiput was blotted dry with 4 x 4 gauze pads before the test material (PAH-containing
extract) was applied to this area with a cotton tip applicator. A brief period was allowed for
the evaporation of excess solvent and the absorption of the test material. Fish were placed in
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the recovery tank prior to their return to the holding tanks to minimize the transfer of test
material to the holding tanks. Controls were handled in similar manner except that the
painting contains only the extraction solvent used. Fish were painted once a week for up to
18 months. Epidermal hyperplasia and multiple epidermal papillomas were observed to
develop in exposed brown bullheads. Grossly visible nodules also developed in the livers of
bullheads fed a diet containing Buffalo River sediment extract, and one fish had a large
cholangioma. Meanwhile, instead of skin painting, French et al. (1996) injected sediment
extracts intramuscularly between the dorsal epaxial and axial muscles of the English sole
(Pleuronectes vetulus). After 3 days of exposure, the liver tissue was sampled and screened
for genotoxicity. Livers showed significant formation of polycyclic aromatic compounds
(PAC) – DNA adducts.
Aside from gross morphological abnormalities and genotoxic endpoints, other toxicity
biomarkers (eg. biochemical and haematological changes) were correlated to the
concentrations of PAHs and PCBs contained in extracts of sediments (Zapata-Perez et al.
2000). Most recent applications of sediment extracts, however, were conducted with fish
culture and fish egg assays, and will be the focus of the next sections. The predominant
approach has been to concentrate organic sediment extracts and to subsequently expose the
cells and/or inject the extracts to embryos in a carrier solvent. In several and newer studies
(e.g. Hilscherova et al. 2001; Brack and Schirmer, 2003;Michallet-Ferrier et al. 2004;
Kamman et al. 2005; Brack et al. 2005, Wölz et al. 2009) sediment extracts were further
fractionated and fractions were utilized to fully characterize and/or identify the toxicants
responsible for the observed effects.
In situ testing
In situ testing is a relatively more recent approach in aquatic
ecotoxicology wherein test organisms are directly exposed to the conditions (e.g. temperature,
light, pH, dissolved oxygen, suspended solids, salinity, water flow, competitors and predators)
of the investigated environment. This system therefore minimizes or avoids alterations of
exposure conditions that could otherwise happen when samples are transferred and tested in
the laboratory. Many studies considered in situ toxicity tests in the natural (in situ) setting to
be more realistic than traditional laboratory experiments (using the same organisms) since the
latter allows partial control of some variables by the experimenter (e.g. Beyer et al. 1996;
Baudo et al.1999; Barbee et al. 2008;Klobucar et al. 2010). Studies on sediments basically
involve the use of specifically designed benthic chambers for containing the test invertebrates.
On the other hand, when applied to fish, especially designed animal cages, which can be
suspended in the water column or deployed directly onto the sediments, are used (Mac et al.
1990). In a study by Luckenbach (2001, 2003), fish eggs were housed inside incubators that
were deployed on the stream bottom. Another variant of in situ testing is through ‘mesocosm’
studies (Burgess and Scott, 1992; Besselink et al. 1998) wherein a section of an ecosystem is
isolated, thus permitting the investigation of population dynamics, toxicity, bioaccumulation

Fish in sediment toxicity assessment

212

or pathological responses of the test organism. One example of the use of a mesocosm is the
partitioning of a section of lake from surface water to bottom sediments with large plastic
enclosures (SETAC-Europe,1991). This will ensure studies on the biology and chemistry of
both ecological compartments.
A large number of studies have employed the in situ technique with practically all aquatic
organisms (for a review see Chappie and Burton, 2000). However, it is not easy to establish
which biological compartment is responsible for the toxicity (whether water or sediment) as
exposition covers both compartments. Based on literature survey, only few authors have
clearly defined the use of in situ technique for sediment toxicity evaluation in fish. In the case
of fish caging studies, most were focused on measuring the bioaccumulation of contaminants
from waters or sediments (Fragoso et al. 2006; Chappie and Burton, 2000), as fish has this
advantage of a large size for adequate tissue chemical analysis. The body concentrations of
the chemicals usually reflect the amount taken up by fish over a period of time.
Through the use of in situ testing with fathead minnow (Pimephales promelas), Mac et al.
(1990) demonstrated that the magnitude of accumulation in laboratory exposures was similar
to that in organisms caged in the field. Barra et al. (2001) supported this by reporting that
significant PAH bioavailability was determined with rainbow trout fish caged in Biobio River,
as manifested by increased induction of MFO enzymes and levels of PAH metabolites in the
bile. In 2004, Teles and colleagues used caged fish to assess the success of a contamination
clean-up process in Vouga River, Portugal. Their results demonstrated that even 2 years after
closing of a bleached kraft pulp mill effluent (BKPME), the river water still contained
sediment-associated chemicals responsible for the higher level of stress responses in the
European eels. Very recent studies have also indicated that in situ caging of fish may serve as
a useful strategy to monitor for genotoxic agents in aquatic systems (Barbee et al. 2008;
Klobucar et al. 2010). Many other biological responses to contaminant exposure (biomarkers)
have been utilized as endpoints for in situ studies with fish. These include mortality (Mac et
al. 1990), liver histopathology (Husøy et al. 1996, Mondon et al. 2001), EROD induction
(Haasch et al. 1993; Beyer et al. 1996; Mondon et al. 2001), level of CYP1A1 mRNA
(Haasch et al. 1993), cellular localization of CYP1A induction (Husøy et al. 1996), level of
immunoreactive protein (Haasch et al. 1993), cytochrome P450 monooxygenase (MFO)
activity (DeFlora et al. 1993; Barra et al. 2001), plasma cortisol, glucose, and lactase levels
(Teles et al. 2004), PAH metabolites in bile (Barra et al 2001; Beyer et al. 1996; DeFlora et al
1993; Kammann, 2007), plasma as well as hepatic retinoid levels (Besselink et al. 1998),
micronucleus assay for genotoxicity (DeFlora et al. 1993; Rocha et al. 2009), and plasma
aspartate aminotransferase (Beyer et al. 1996).
In situ testing, as with all experimental manipulations, is not exempt from artifacts associated
with caging, like e.g. altered flow, altered food availability, sedimentation, accumulation of
suspended solids, and competitive and/or predatory interaction. In addition, some
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disadvantages such as transportation, acclimation, field stresses, vandalism or loss of cages
could be expected. Thus, monitoring control and/or reference performance is necessary to
distinguish contaminant-related from artifact-related biological effects. Artifacts causing
altered contaminant bioavailability may result in bioaccumulation and toxicity results
different than those observed in laboratory bioassays or natural populations. However, an
appropriately designed in situ study with improved exposure to realistic field conditions will
presumably outweigh the more subtle artifacts of caging in most cases. For more tips and
suggestions on designing an in situ study, the readers are referred to Chappie and Burton
(2000).
Selection of fish species
Sediment toxicity testing with fish has started with the use of the fathead minnows
(Pimephales promelas). However, as shown in Table 1, various other species have been
increasingly used for sediment toxicity assessment as whole (adult) fish. But how are test fish
species selected? The primary criteria for fish species selection should be the species’
ecological and/or economical importance to the region (e.g. Rhombosolea tapirina in Mondon
et al. 2001, O. kisutch in Barbee et al. 2008; Sparus aurata in Cunha et al. 2007 ) and its
relative sensitivity to sediment contamination (e.g. Scophthalmus maximus in Kilemade et al.
2009). Other factors should also be considered including the ease of collection (or
purchasing), convenient size, adaptation in laboratory (ease of handling), lifestyle (benthic or
pelagic), indigenous to disposal site or closely related to an indigenous species (Cheung et al.
1997; Guy et al. 2006). It must also be ensured that the selected fish are in good health and
free from any apparent malformations.
All of these criteria were either singly or, if applicable, jointly satisfied in surveyed studies.
For example, the choice of the spot (Leiostomus xanthurus) for determining the effects of
contaminated sediments from Elizabeth river estuary in Virginia was due to the fact that it was
a bottom-feeding sciaenid and naturally occurring spring summer migrant of the river whose
juveniles adapt readily to laboratory conditions (Hargis et al. 1984). Spots actively agitate the
surface of the sediments with their fins and body movements while foraging. This would
account for the high incidence of severe erosion and hyperemia around their pectoral, caudal,
and pelvic fins. It is suspected that dissolved chemicals and chemical suspenoids of
contaminated sediment are involved. The selection of gilthead seabream (Sparus aurata) in
Cunha et al. 2007 study is due to its economic significance as well as its distribution in the
Atlantic and Mediterranean coastal waters, estuaries, and lagoons, including the Sado River
estuary. It is intensively cultured in marine and estuarine waters, and it can be found in both
pristine and contaminated sites. Furthermore, it is easy to maintain in laboratory conditions.
On the other hand, Solea senegalensis and Sparus aurata were selected in carrying out
sediment toxicity studies in the coast of Spain because they were common commercial species
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(Jimenez-Tenorio et al. 2007). The selection of Prochilodus lineatus is due to its detritivorous
habit, meaning that it can be in contact with xenobiotics in sediment and it has relatively high
sensitivity to toxicants (Almeida et al. 2005).
In some studies, the selection of species to be used for sediment assessment goes with the
kind of exposure scenario to be used. For instance, benthic fish must be used when
investigating whole sediment exposure, while pelagic fish species are suitable for pore water
or elutriate samples (Ankley 1991). For fish cage studies, the catfish (Ictalurus punctatus) and
large-mouth bass (Micropterus salmoides) were chosen due to their relative hardiness and
ability to withstand the conditions in the river exposure protocol (Haasch et al. 1993). Despite
the fact that tropical ecosystems are currently threatened by human activities and
environmental degradation, little research has been done on the impact of contaminants on
tropical ecosystems and aquatic biota, and only few tropical fish species have been employed
in sediment toxicity tests such as tilapia (e.g. Zapata-Perez et al. 2005), and medaka (e.g.
Fabacher et al. 1991). Some other authors (e.g. Almeida et al. 2005) have recommended the
use of Neotropical freshwater fish (e.g. Prochilodus lineatus (Valenciennes, 1847) (=P. scrofa
Steindachner, 1881) since there is still a lack of data concerning the effects of toxic agents on
tropical fish species. Other investigators tend to select fish test species (e.g. Danio rerio and
Pimephales promelas) which, though not benthic, have been in a suite of toxicity tests as
standard test organisms (Ankley et al. 1992). Because standard species have long been used
for other types of studies or bred and reared for the aquarium pet industry, much is known
about their biology, genetics, and nutrition.
Once species are selected, they are usually obtained or procured from nearby unpolluted site
which also served as reference site (e.g. Beyer et al. 1996), from an established aquaculture or
hatchery station (e.g. Cheung et al. 1997; Costa et al. 2008), or directly from local pet shops.
Selection of appropriate biomarkers
Whole fish sediment toxicity tests were initially confined to the most usual acute endpoints of
survival and/or malformations expressed in terms of LC 50 or EC50 values (Hoke et al. 1980;
Hargis et al. 1984; LaBlanc and Suprenant 1985; Ankley 1990, 1991). Determining acute
toxicity tests seems to be a good approach to assess the effects of sediment contamination.
However, sublethal bioassays should also be performed to determine chronic biological
effects not provided by the acute toxicity tests. Mechanism-based, sublethal bioassays provide
a more practical and more sensitive index of bioavailability, and at the same time give strong
correlation between increasing contamination of sites and the degree of biomarker response
(Jimenez-Tenorio et al. 2007; Fragoso et al. 2006).
The selection of specific biomarkers is often dictated by what kind of pollutants are suspected
to be borne in the sediments (e.g. PAH, heavy metals). But, it is also usually dependent on the
expertise and/or availability of chemicals and equipment in the local laboratory.
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Several authors (e.g. Giesy and Hoke 1989; Tollefsen et al. 2006) have proposed that a single
biomarker alone may not be sufficient to adequately characterize subtle, sublethal effects of
pollutants. This is because aquatic and benthic organisms typically are exposed to complex
mixtures of contaminants and each or a combination of pollutants may likewise target single
or closely-related biomarker responses. For example, three biomarkers for genotoxicity have
been conventionally and effectively used for assessing PAH toxicity in aquatic organisms
including erythrocyte micronuclei (clastogenicity and genotoxicity), flow cytometry or FCM
(chromosome damage and DNA changes) and 32P-postlabeling (quantification of DNA
adducts) (Barbee et al. 2008). The comet assay, another known biomarker for genotoxicity,
has been employed in newer studies (Kammann et al. 2004; Costa et al. 2008; Kosmehl et al.
2008) and was even reported to be more sensitive than the micronucleus test (Klobucar et al.
2010). Thus, a battery of simple bioassays is recommended to provide rapid, holistic, and
relative toxicity values which account for bioavailability, interactions, and even the
mechanisms of actions (Giesy and Hoke 1989). Because bioassays are a direct measure of
functional responses, they should have more impact on the decision making process than
criteria based on concentrations of chemicals alone.
Based on our literature survey, multiple biomarkers have been routinely-used in several
studies to estimate the level of bioaccumulation and/or bioavailability of sediment-borne
contaminants (Table 1). Most of the studies have utilized specific mechanism-based
endpoints. However, other interesting parameters such as swimming performance (Hopkins et
al. 2003), feeding behaviours (Hinkle-Conn et al. 1998) and susceptibility to diseases (Bucke
et al. 1989) were also reported.
Use of fish in a single study or as part of a multi-species test
In order to satisfy the call for a multifaceted integrated approach to sediment toxicity,
application of the fish assay is usually set as part of a bigger project involving several test
species representing various trophic levels (Ankley et al. 1991,1992). It is often desirable to
use a variety of test species when assessing the toxicity of complex mixtures of compounds,
since differences exist in organisms’ sensitivity to chemical contaminants (Giesy and Hoke
1989).There are also a number of possible routes of exposure (solid phase or liquid phase)
which disqualify some species from being used. Alternatively, some organisms cannot be
tested in one exposure exclusively. Hence, to cover more exposure routes as complete as
possible, using different species becomes mandatory (Davoren et al. 2005). For example,
algae have been demonstrated to be best for pore water and elutriate exposure whereas fish
embryos and bacteria are good for solid phase exposures (Cheung et al. 1997; Hollert et al.
2003; Hallare et al. 2005; Cachot et al. 2009).
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Several of the surveyed studies have made use of fish along with other test species ranging
from bacteria to higher plants. In 1997, Cheung and colleagues assessed sediment toxicity in
Hongkong harbour by using different trophic organisms which include bacteria, two
microalgae (Skeletonema costatum, a diatom and Dunaliella tertiolecta, a flagellate), juvenile
shrimp (Metapenaeus ensis) and juvenile fish (Trachinotus obtaus). They recommend that a
combination of a liquid-phase bioassay using diatom and a solid-phase bioassay using
Microtox® test should be used for screening of a large number of sediment samples. Test
organisms chosen for use in tests on the toxicity of bulk sediment from lower Fox
River/Green Bay included the amphipod Hyalella azteca, the oligochaete Lumbriculus
variegatus, the chironomid Chironomus riparius, the mayfly Hexagenia limbata, and the
fathead minnow, P. promelas (Ankley et al. 1991). Although the latter species is not benthic, it
was included because it is a standard test organism in aquatic toxicology and, as such,
provided a useful comparison with the four benthic test species. Kemble et al. (1994) used
Oncorhynchus mykiss with Daphnia, Microtox®, Hyatella azteca, and Chironomus riparius.
In both studies, Hyalella (amphipod) was confirmed to be the most sensitive species.
Duration of exposure, identification of controls, and reference conditions
The duration of exposure to sediments varies from 96 hours to 3 months to 3 years, depending
on the exposure phase. Presumably, in situ and whole sediment exposure requires longer
exposure to allow for the natural course of chemical uptake by test organisms. The longest
exposition in the surveyed literature was conducted in an in situ mesocosm study using
flounder to determine toxicity of sludge from Rotterdam Harbour (Besselink et al. 1998).
However, another in situ caging conducted by Teles et al. (2004) was accomplished only
within 8 h. Exposure to sediment extracts is shortest due to the fact that the (bio)availability of
chemicals has been increased (Seiler et al. 2008) and it is expected that the chemicals, if
present, can immediately target the specific receptors leading to toxicity responses. However,
methods involving microinjection of sediment extracts to sac fry required 12 months before
visible neoplasms or hepatic carcinoma could be observed (Metcalfe et al. 1990). In a quite
unusual study by Hinkle-Conn et al. (1998), the exposure was set to 30 min since they were
only concerned about whether sediment-borne PAHs can affect the feeding behaviour of the
juvenile spot.
There are many concepts of control in sediment toxicity analysis. First is the idea of control
sediment. The sediments collected from reference sites usually serve as the control. In one
study (Kemble et al. 1994), fine silt-clay agricultural soil (instead of sediments) has been
used. In cases when no reference sediment could be obtained, the workers used a water
control (e.g. Almeida et al. 2005, Ankley et al. 1991) or considered unexposed fish as the
appropriate reference (Barra et al. 2001; Inzunsa et al. 2006). For in situ testing, caging of fish
in parallel to a reference (clean) station serves as control (Husøy et al. 1996). For studies
using sediment extract, the acetone carrier and water serve as controls (Black 1983; Fabacher
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et al. 1991). For pore-water and elutriate test, 10% mineral water or reconstituted water have
been used as controls (Ankley et al. 1990). Although working with fish cell lines, Davoren et
al. 2005 proposed the use of salinity controls when dealing with estuarine sediments.
Other factors such as the physical and chemical characteristics of sediment as well as
environmental parameters of the exposure media can influence bioavailability and,
consequently, the toxicity. One major factor is the organic content of the sediments. Higher
values of total organic carbon (TOC) often lead to a weaker biomarker response. This is
related to a decreased uptake by the organism as the contaminants, particularly organic
substances, become sorbed to sediment organic matter. Another essential factor that had the
greatest influence on most toxicity responses is temperature (Fragoso et al. 2006). Fish
exposed to a temperature lower than their acclimation temperature are more vulnerable to
chemical effects than fish exposed at or above this threshold temperature. This phenomenon
could be explained by the integrated effect of increased temperature, gill ventilation rate,
uptake across the gills, AhR receptor binding, gene activation kinetics, enzyme kinetics,
metabolism, and excretion rates (Sleiderink et al. 1995).

9.5

The use of primary fish cell culture and fish cell lines as substitute for
whole organism bioassays

9.5.1 Advantages of using fish cell culture and fish cell lines
In an effort to reduce the inherent economic and ethical constraints associated with the use of
live fish for toxicological testing, methods involving the use of primary cell cultures and/or
permanent cell lines were developed both for the screening and toxicity ranking of chemicals
or environmental samples. This technique is an in vitro model system which retains the basic
characteristics of the more complex in vivo condition, yet at the same time could be controlled
experimentally (Baksi and Frazier 1990). Data likewise revealed a good correlation between
the relative ranking orders of pollutants to fish cells with their water-borne in vivo toxicity to
live fish (Bols et al. 1985; Magwood and George 1996). The rationale for the use of cultured
cells for toxicity tests lies on the fact that the primary interaction between chemicals and biota
occurs either at cellular surface or within cells, hence, most effects are exerted at cellular
levels (Fent, 2001). Since in vitro cells do not possess the multiple defense mechanisms
present in intact organisms (e.g. excretion, detoxification, storage, nonspecific binding), they
are frequently more susceptible to the basic cytotoxic effects of a chemical, and respond at
lower concentrations than would affect the whole organism (Ekwall 1983). Consequently,
such approaches allow the study of specific actions within the cell without the complicating
effects of other organ systems (Dipple et al. 1983). Other advantages of applying cell culture
for toxicological research have been repeatedly reviewed (Baksi and Frazier 1990; Braunbeck
1998; Segner 1998; Belfiore and Anderson 2001; Schirmer 2006). Among these are the
absence of genetic differences between cells, reduced variability between experiments, fast
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screening of large numbers of chemicals in multiwell plates using few test substances and
producing little waste, and finally affording opportunity to establish cause-effect relationship
to support field observations. Due to the increasing number of chemicals requiring rapid
ecotoxicological evaluation, a preliminary tiered approach to toxicity testing using fish cell
cultures is of growing importance in aquatic ecotoxicology.
9.5.2 Cell donors in primary culture and cell lines
Isolated liver cells (hepatocytes) have, so far, the most extensively used cells for primary
culture as well as for permanent cell lines. This is because the fish liver represents the major
target organ for the metabolism of most chemicals. Primary cultured hepatocytes also
maintain most of their original differentiated in vivo characteristics, and therefore facilitate
extrapolation of results in vivo (Zhou et al. 2006). As a consequence, fish hepatocytes have
been extensively used for ecotoxicological exposure assessment studies (Segner 1998;
Braunbeck and Strmac 2001; Schirmer 2006). However, other cells from fish have also been
found to be useful as target cells for toxicants, such as the gonads, skin epithelia, endocrine
tissues, muscle cells, white blood cells, and gill epithelia. The most widely used fish donor of
cells for culture was the rainbow trout (Oncorhynchus mykiss), especially for hepatocytes. In
addition to rainbow trout, other fish species, which have been formerly used as test subjects,
have also served as donors for primary culture and cell lines (Table 2 and 3).
9.5.3 Basic methodology
For the preparation of primary culture, hepatocytes from rainbow trout are usually collected
from the donor fish (rainbow trout with a mean of 250 +/- 50 g) by double perfusion method
(Gagne et al. 1996). Cells are then distributed in a 96-well plate at a density of 1 x 10 6/ml in
sterile L-l5 medium supplemented with 1% FBS, 100 units of penicillin, 100 mg/l of
streptomycin and 1 mg/l amphotericin B. Subsequently, hepatocytes are exposed to
concentrations of sediment extracts for 24 h at 15°C alongside specific positive controls (e.g.
BaP for genotoxicity and cyp1A1 induction) and standard test negative control (e.g pure
medium, DMSO). After this incubation period, the cells are analyzed for specific biomarkers
of viability, dioxin-like activity, genotoxicity, etc. In the case of fish cell lines, investigators
usually grow and maintain their own fish cell lines for use in toxicity assessment. Standard
cell culture and maintenance procedures are strictly followed including the use of specific
culture media, incubation temperature, antibiotics, FCS, and CO2 humidifier system (if
necessary), to ensure continuous supply of cell lines. Prior to actual exposures to test samples,
cells are often seeded in 96-well plates and allowed to grow to 100% confluence.
Subsequently, the medium is discarded and replaced by test samples and the control media.
The duration of exposures and other parameters to be considered will all depend on the
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bioassay to be used. It is also customary to perform first a cell viability test (e.g. Neutral red
retention test) to ensure that the response of cells to bioassay test is not influenced by inherent
cellular toxicity.

Selected studies on the use of primary fish cell culture on sediment toxicity assessment
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Selected studies on the use of fish cell lines in sediment toxicity assessment
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9.5.4 Applications in sediment toxicity assessment
Despite the great wealth of studies using primary cell cultures and fish cell lines in toxicology
(Bols 1985; for a review see Castano and Gomez-Lechon 2005), most of them were directed
towards general toxicology assessment of simple and pure chemicals. Out of the 150 fish cell
lines that have been established thus far (Zhou et al. 2006), only a few studies have actually
applied them for sediment toxicity assessment (examples, see Table 2 and 3), and this
operationally sets the limitations of the present review. The earliest applications of fish cells
were for detecting mutations and chromosomal macrolesions following exposure to marine
sediment extracts (Chapman et al. 1982, Landolt and Kocan 1984). In terms of primary
culture, only isolated cells from rainbow trout have so far been used in sediment toxicity
analysis (Table 2), including liver cells (Gagne et al. 1995,1996; Gagne and Blaise, 1995;
Strmac and Braunbeck 2000; Braunbeck and Strmac 2001; Hollert et al. 2005; Tollefsen et al.
2006), epidermal cells (Ni Shuilleabhain et al. 2005), and white blood cells (Kammann et al.
2000). These cells were exposed to organic extracts of sediments, except for studies with
epidermal cell cultures, which made use of sediment elutriates as the exposure phase (Ni
Shuilleabhain et al. 2005). Endpoints used to determine toxicity range from ultrastructural and
morphological changes to biochemical alterations, viability, cytrochrome P4501A activity,
genotoxicity, metallothionein levels, estrogenicity, and multixenobiotic resistance (Table 2).
With the exception of Gagne et al. (1995,1996) who reported lack of correlation between
chemical and toxicological data using isolated cells of hepatocytes, all of these studies have
demonstrated the suitability of using these cells to discriminate different levels of
contamination of waters and sediments.
According to our survey, the number of sediment toxicity studies using permanent fish cell
lines is greater than that of primary cell culture (Table 3). The advantages of cell lines are –
among others – being standardizable and relatively low variability, being more convenient and
easy to handle, and being less laborious. The use of cell lines is not subject to ethical issues
since not a single fish is needed for obtaining the cells. However, one major setback is that
cell lines are less differentiated and have lost most of their original genetical/biochemical
characteristics. In contrast, primary cultured cells keep most of their original characters and
could be used as a bridge between cell lines and in vivo systems. Moreover, primary cultured
cells are considered to be more sensitive, with a high metabolic capacity compared to cell
lines.
Fish cell lines addressed in the present review include BB cell line from the dorsal muscles of
brown bullhead (Ictalurus nebulosus), CHSE-214 from embryo cells of Chinook salmon
(Oncorhynchus tsawytscha), EPC from the epithelium of carp (Cyprinus carpio), RTG-2 from
the gonad cells of rainbow trout (Oncorhynchus mykiss), PLHC-1 from hepatoma cells of top
minnow (Poeciliopsis lucida), RTL-W1 from the fibroblasts of rainbow trout (Oncorhynchus
mykiss) liver, and BF-2 from fibroblasts of bluegill sunfish (Lepomis macrochirus). From the
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initial investigation of sediment extracts using simple cytotoxicity and genotoxicity endpoints
(Kocan et al. 1985; Landolt and Kocan 1984), a growing number of newer mechanistic-based
endpoints and assays have been tapped to understand the cytotoxicity (Hollert et al. 2000),
genotoxicity (Kosmehl et al. 2004; Keiter et al. 2006; Kammann et al. 2000,2001,2004; Seitz
et al. 2008); cyp1A or dioxin-like activity (Brack et al. 2003, 2005, Keiter et al. 2008; Louiz
et al. 2008; Michallet-Ferrier et al. 2004; Hilscherova et al. 2001; Traven et al. 2008,
Huuskonnen et al. 2000), and proteotoxicity (Kinder et al. 2007) potentials of sediments.
A few authors made use of several cell lines for comparing their sensitivity to sediment
contaminants. Using aqueous elutriates from an estuary, Davoren et al. (2005) compared the
cytotoxicity responses of the three different cell lines (CHSE-214, EPC, and RTG-2) made of
different cells and from different fish species sources. A differential response was observed
for the cytotoxicity assays following exposure treatments, which emphasizes the importance
of employing multiple endpoints for the determination of toxicity. Of the three cell lines
utilised in this study, RTG-2 cells were the most suitable for the testing of estuarine aqueous
elutriate samples on the basis of tolerance to osmolality changes whereas EPC cells were
particularly sensitive to the effects of increasing sample osmolality (0.34 Osm kg _1).
Therefore, when performing toxicology studies of estuarine sediments, Davoren et al. 2005
recommended the use of RTG-2 fish cell lines over EPC. Kosmehl et al. 2004, however,
reported that RTL-W1 cells have proved to be more effective in detecting genotoxicity in
surface sediment samples compared to the less biotransformation-competent cell line RTG-2.
Hilscherova et al. 2001 made an attempt to compare wild type fish hepatoma cell lines
(PLHC-1) and its corresponding recombinant cell lines (RLT2.0) to evaluate the 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD)-like activity in extracts of river sediments. The results
showed greater responsiveness, sensitivity, and reproducibility observed in recombinant than
wild-type cells.
As to the question on which test system is better to use for sediment assessment, Huuskonen
et al. (1998) exposed fish hepatoma cells (PLHC-1) and a benthic invertebrate (Chironomus
riparius) to lipid-extractionable PAH fractions and whole sediment, respectively. In terms of
bioavailability, they reported that the PLHC-1 cells proved their strength in categorizing
different sites with respect to sediment PAH contamination. However, the effects seen in the
PLHC-1 cells represented more likely the potential than the actual hazard of lipid soluble
compounds in the sediments. While the PLHC-1 bioassays expressed the toxicological and
physiological effects of only a certain type of pollutants – the PAH fraction – the midge
bioassays expressed the toxicological effects of the whole sediment. Therefore, the midges
were able to respond, e.g. to heavy metals, as well as PAHs, and thus may be a more relevant
indicator of the severity of the harmful effects caused by pollution. Differences in the
responses of the studied bioassays suggest that test batteries may help to clarify the effects of
aquatic pollution from various perspectives. Davoren et al. 2005 suggested possible resolution

Fish in sediment toxicity assessment

226

by introducing the use of aqueous elutriates instead of sediment extracts in the fish culture
bioassays. The use of extracts is not a good indicator of the bioavailability of the sedimentassociated contaminants whereas the use of aqueous elutriates better simulates the in situ or in
vivo exposures. Kammann et al. (2000, 2001, 2004) also reminded on the role of total organic
carbon (TOC) as well as the different compositions of contaminants present in marine
sediment extracts which may contribute to genotoxic effects observed in fish cell bioassays in
vitro. In addition, they also proposed the use of fish enzyme suspension as alternative to rat S9
in order to further reduce the use of laboratory animals for genotoxicity testing.
Another innovation involving fish cell system has been its tandem use with effect-directed
analysis (EDA) of sediment-borne pollutants. Through the use of mechanistic-based
biomarkers in fish cells, it is possible to identify those chemicals from contaminant mixtures
that are causing the specific effects. Hilscherova et al. (2001) reported that most of the
TCDD-like activity displayed in PLHC-1 and RTL-2 cells was accounted for by the
compounds identified and quantified with instrumental analysis. Furthermore, polycyclic
aromatic hydrocarbons (PAHs) were found to be responsible for most of the AhR-mediated
activity in marine sediments. On the other hand, the same procedures have also concluded that
the CYP1A induction response in PLHC-1 cells cannot be attributable only to priority
pollutants but also to some inducing unknowns present in the sediment samples (Traven et al.
2008; Kinani et al. 2010). This is further confirmed in a related study by Louiz et al. (2008)
wherein PAHs accounted for only a small part (up to 4%) of the detected biological activities,
suggesting that other readily metabolised EROD-inducing compounds were present. As a
consequence, more and more authors are now recommending a reconsideration of the list of
priority pollutants for evaluating the risk of adverse effects to marine wildlife (Fent and
Blätscher, 2000; Hollert et al. 2002; Brack et al. 2005; Louiz et al. 2008; Traven et al. 2008;
Hecker and Hollert 2009: Wölz et al. 2008;2009).

9.6

The use of fish egg (embryo) for sediment toxicity assessment

9.6.1 Historical account
The use of early life stages of fish is nothing new in toxicology studies. Since the 1970s, fish
eggs and/or embryos have been used for testing pure or mixed toxicants, especially heavy
metals and several pharmaceuticals (Skidmore 1965; Ozoh 1979). Some studies also
combined the effects of environmental stressors (e.g. Rosenthal and Alderlice, 1976; Hallare
et al. 2005a), such as temperature and pH with single or mixed toxicants. Other authors made
use of fish eggs for assessing the pollution state of aquatic systems (e.g. von Westernhagen et
al. 1997; Luckenbach et al. 2001; Klummp et al. 2002; Hollert et al. 2003; Sundberg et al.
2005; Hallare et al. 2005b,2009; Keiter et al. 2006).
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The method of using fish embryos in an early life stage test has already been welldocumented and standardized for several freshwater species (eg. ASTM, US EPA, OECD,
DIN). For sediment toxicity assessment, in particular, there have been attempts also to use
fish eggs and embryos (Francis et al. 1984; Ensenbach 1998; Strmac et al. 2002). However,
this method only gained momentum when the call for total reduction or replacement of adult
fish testing had been persistently advocated by some workers (Nagel 2002; Braunbeck et al.
2005). In 2003, Hollert and colleagues have refined and subsequently developed a new
sediment contact assay using zebrafish (Danio rerio) embryo assay to determine toxicity of
particle-bound pollutants in sediments. Since then, the use of this approach has been
continuously applied and expanded for use in several sediment risk assessment studies (e.g.
Hallare et al. 2005; Keiter et al. 2006; Kosmehl et al. 2007,2008). Nevertheless, the use of
fish egg assay in sediment toxicity analysis is still considered a relatively new approach.
9.6.2 Significance of using fish embryo
The developing fish embryo is generally considered to be the most sensitive stage in the life
cycle of fish (Kristensen 1995; Sundberg et al. 2005; Braunbeck et al. 2005). The
development of delicate tissues and organs takes place during these stages, a process which
can easily be disrupted by aggressive environmental conditions, including exposure to toxic
compounds (Foekema et al. 2008). Their sensitivity is further aggravated by their small body
volume and a large body surface that is still covered by undifferentiated epithelia (Oberemm,
2000). For this reason, toxicity tests with early life stages of fish, the so-called ELS (Early
Life Stage)-fish tests, are often applied for assessing the toxic potential of substances and
environmental samples. The early life stages of fish provide an array of developmental
parameters, which could serve as biomarkers of toxicant effects (Nagel 2002; Hallare et al.
2004; Braunbeck et al. 2005,). The impact of toxicants on embryo growth and ontogeny could
be extrapolated to assess effects at population levels (Ensenbach and Nagel, 1997). Apart
from its sensitivity, this test offers practical advantages over fish acute toxicity tests. It
requires less test volume and space, which allows the use of higher numbers of test organisms
and replicates and, thus, improves the statistical power of test results. For a more detailed
treatment of the main weaknesses of fish acute toxicity tests and of how embryo tests could
solve many of these issues, the readers are referred to the papers of Braunbeck et al. (2005)
and Wedekind et al. (2007).
9.6.3 Use of fish embryo in sediment toxicity
A survey of literature revealed that only a limited number of species have been utilized for
evaluating teratogenic and embryotoxic hazards of contaminated sediments in fish. These
include rainbow trout (Oncorhynchus mykiss), goldfish (Carassius auratus), large mouth bass
(Micropterus salmoides), brown trout (Salmo trutta), stone loach (Barbatula barbatula),
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white sucker (Catostomus commersoni), fathead minnows (Pimephales promelas),
mummichogs (Fundulus heteroclitus), medaka (Oryza latipes), and the zebrafish (Danio
rerio; formerly Brachydanio rerio) (Table 4 and 5).
Earlier studies on sediment embryo toxicity were confined to the assessment of heavy metal
accumulation. Fish embryos of fathead minnows (Pimephales promelas) and mummichogs
(Fundulus heteroclitus) were reported to show similar types and severity of malformations
regardless of whether they were exposed to contaminated sediments or to a reference heavy
metal (zinc sulphate) (Dawson et al. 1988; Guy et al. 2006). Francis et al. (1984)
demonstrated that the accumulation rate of contaminants was higher in large mouth bass
(Micropterus salmoides) since its embryo-larval stages have direct contact with cadmiumenriched sediments compared to goldfish (Carassius auratus) and leopard frog (Rana pipiens)
with only a limited contact. Vigano et al. (1995) exposed growing larvae of rainbow trout –
instead of eggs – to river Po sediments and reported that a battery of microsomal and
cytosolic enzyme activities can be induced by a short-term direct exposure to contaminated
sediments. Both of the above studies supported the contention that direct contact with
sediment was the major route of exposure to contaminants and that interstitial water probably
carried substantially higher contaminant concentrations than overlying water. Two studies of
Luckenbach et al. (2001,2003) proved that exposure of trout and stone loach eggs (Salmo
trutta and Barbatula barbatula, respectively) to both sediment eluates or in the field (in situ
egg incubation) of a more polluted stream (Körsch creek, Germany) resulted in higher
mortality rates, lowest hatching success rates, lowest growth rates, and lowest recruitment
rate.
Method of exposing rainbow trout (Oncorhynchus mykiss) embryos to sediment extracts has
been introduced by Metcalfe and colleagues in 1990. This technique called ‘sac fry
microinjection’ involved anesthetizing first the sac fry by immersion in CO 2-saturated water
and then immobilizing them as they attached firmly on a piece of dry filter paper. Injection
was accomplished by inserting the microliter syringe needle into the yolk in an
anterioposterior direction and by gently pressing the dispenser to ensure that solutions were
dispensed in 0.5/µL volumes. After all sac fry had resumed normal activity in the recovery
vessel, they were placed in raceways for rearing. When fish were 12 months old, they were
killed by an overdose of an anesthetic, tricaine methanesulfonate (MS-222). The trout were
then examined externally and internally for grossly visible neoplasms, and their livers fixed
for histological examination. Using this procedure, Metcalfe et al (1990) found out that
Hamilton Harbour (an embayment in western Lake Ontario) sediment extracts induced
hepatocellular carcinomas in fish while no carcinogenicity was observed from reference
sediment. A quite related but more sophisticated method called ‘fish egg nanoinjection’ was
employed by Sundberg et al. (2005) and Karlsson et al. (2008). The day after fertilization,
rainbow trout eggs were exposed to sediment extracts and fractions from a polluted bay using
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the nanoinjection technique. Briefly, the triolein-dissolved exposure solutions were first
transferred, using a vacuum suction pump, into aluminium silicate capillaries with sharp
elliptical tips. With the help of a stereomicroscope and a one-dimensional hydraulic
manipulator and a Pico-injector, the solutions (less than 1% (v/v) of the egg volume) are then
injected into the yolk of the egg by penetrating both the chorion and the perivitelline
membrane. Malformations in newly-hatched larvae were investigated. The exposures were
terminated when the larvae had consumed two-thirds of their yolk content (180 to 240 degree
days posthatch). After recording of individual lengths, the livers were dissected, pooled,
homogenized, and stored in liquid nitrogen prior to biochemical analyses that included EROD
induction. Sundberg et al. (2005), who conducted an effect-directed analysis involving fish
egg nanoinjection, showed that fractions with PACs were more teratogenic than with DACs
(mainly PCBs). No clear relationship between aromaticity and EROD induction as well as
between teratogenicity and EROD induction were likewise observed, underlining the need for
a battery of biomarkers in estimating environmental risk. On the other hand, Karlsson et al.
(2008), noted that some sediment samples obtained from different locations contained toxic
semi-polar compounds, which are not normally considered in sediment risk assessment.
In addition to the more common endpoints such as hatching rate, mortalities and
abnormalities, a relatively new biomarker called cII mutation assay was developed using
transgenic Japanese medaka (Oryzias latipes) (Cachot et al. 2007). The authors claimed that
the said assay can provide a comprehensive assessment of a wide range of genotoxic and
nongenotoxic effects of aquatic pollutants. Using organic extracts and fractions of sediments,
Karlsson et al. (2008) reinforced the idea that there is really a need to review the list of
priority pollutants since those that are not normally considered in risk assessment of
sediments were the ones actually causing fish embryo toxicity, for example, in rainbow trout.
9.6.4 The use of fish egg test with zebrafish (Danio rerio)
Description
Zebrafish (Danio rerio) is undeniably the most frequently used species for investigating
detrimental effects of aquatic pollutants in fish embryos. Early life stage test with zebrafish
has been considered simple and rapid and its relative sensitivity to monitor health state of the
water is highly recommended by previous workers (Oberemm 2000; Schulte and Nagel 1994).
Zebrafish has been shown to be a suitable test species due to the following reasons: (1) it is a
small, freshwater species which is easy to grow in aquaria and to maintain in different
environments, has a short generation time, and breeds almost all year round, (2) the eggs (1.0–
1.2 mm diameter), which develop quite rapidly and synchronously, are transparent allowing
the developmental features to be easily monitored and examined using light microscopy, and
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(3) much has already been written about the development (eg. see Kimmel et al. 1995;
Westerfield, 1998) and ecotoxicology of this species (eg. see Laale 1977; Dave and Xiu 1991;
Scholz et al. 2008).
The sediment contact assay using zebrafish eggs (Hollert et al. 2003) is an offshoot of the
original zebrafish embryo assay (DIN 38415-T6, 2001), which is a widely-used bioassay
system for the analysis of single, pure chemicals and environmental samples (Nagel 2002;
Braunbeck et al. 2005). Since experiments with embryos are considered as an alternative to
animal experiments, the zebrafish embryo assay has the advantage of not being subject to
either ethical issues or regulation by the current European Union legislation for the protection
of animals used for experimental and other scientific purposes (Commission of the European
Communities; Scholz et al. 2008). Starting in 2005, the assay has become a mandatory
component in routine whole effluent testing in Germany. Furthermore, the zebrafish embryo
assay has also been subjected to standardization at the international level (OECD guidelines
1992, 1998, 2006a). Upon spawning, the zebrafish eggs sink straight to the bottom surface
and come into direct contact with the sediments and possible contaminants. That is why this
method was conceived to offer the most realistic scenario concerning bioavailability of
chemicals in field situations (Küster and Altenburger, 2008). Initial studies that made use of
sediment contact test with zebrafish eggs to monitor toxic effects of native sediments on a
microtiter scale have only been published quite recently (e.g. Hollert et al. 2003; Hallare et al.
2005; Keiter et al. 2006).
Methodology
The complete procedure for testing whole sediments with zebrafish embryos, including
information on test species, fish maintenance, spawning procedure, test concentrations and
controls, toxicological endpoints, and data collection and analysis, is given elsewhere (cf,
Hollert et al. 2003, Braunbeck et al. 2005; Lammer et al. 2009). Briefly, fertilized zebrafish
eggs (4 to 32 cell stages) are exposed to different concentrations of the whole dry sediment
samples in 6-well microtiter plates (cf, Fig. 2). Three wells on the plate are allotted for each
concentration and each well contains 3 g of sediment per 5 ml of artificial ISO water that is
previously aerated to oxygen saturation. Each well contains 5 fish eggs. Two negative controls
are used: a water control and a sediment control. A total of 20 eggs for each of the controls is
used. The 3.7 mg/L 3,4-Dichloroaniline (DCA) solution is used as positive control, and to this
10 eggs are exposed. All the embryos are observed after 24 and 48 hours post fertilization
under the microscope. Oxygen concentrations are checked after 48 hours. A recent study
showed that, in principle, the fish embryo test and sediment contact test could be performed
without any problems up to approximately 2.0 mg/L dissolved oxygen. However, up to 90%
mortality is expected if oxygen level drops to 0.56 mg/L (Strecker et al. to be submitted). The
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toxicological endpoints used to determine the lethality in embryos and larvae are given in
Braunbeck et al. (2005) and DIN 38415-T6: egg coagulation, non-development of somites,
tail not detached from yolk, and no recognizable heart beat.
Important Findings
Many important notions concerning the behaviour and toxicity of sediment-borne pollutants
have been reinforced through the use of zebrafish embryo assay. Firstly, sediments indeed
serve as sinks for hazardous substances. Whole sediments (and not the water phase) obtained
from both Laguna and Taal Lake (Philippines) induced embryotoxic responses in zebrafish
embryos (Hallare et al. 2005, 2009). The presence of teratogenic substances was supported by
the presence of nonpoint and point sources of pollution along the periphery of the lake
especially on the Western side. On the other hand, the accumulation of ammonia and heavy
metals from unconsumed fish feeds from aquaculture sites in Taal Lake has been inferred to
be the causes of embryotoxic responses in the zebrafish embryos. Secondly, the zebrafish egg
contact assay was also found to distinguish between levels of pollution in sediments. Lack of
embryotoxic responses was reported in both W4 quartz control as well as sediments obtained
from a reference site (Eberbach 1) compared to very high mortalities in sediments from a
frequently resuspended site due to shipping traffic (Eberbach 2) (Hollert et al. 2003). In
another study, a significant retardation in development was observed among zebrafish
embryos after 24, 48, and 72 h incubation with contaminated native sediments from Ehingen
along the upper Danube River (Keiter et al. 2006).
When compared to whole sediments, more severe embryotoxic and teratogenic responses
were elicited in embryos exposed to organic extracts (Hollert et al. 2003; Hallare et al. 2005).
In a follow up study by Kosmehl et al. (2007), the genotoxic response of zebrafish embryos
between the bioavailable and nonbioavailable fractions of the sediments was compared.
Results showed that a major part of potentially genotoxic compounds seem to remain particlebound and ineffective. Conversely, the organic extracts seem to contain enriched
concentrations even of hardly soluble substances. In addition, the genotoxic responses using
comet assay between two test systems (cells from macerated zebrafish larvae) and RTL-W1
cell lines showed a very good correlation (Kosmehl et al. 2008).
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Through the German BMBF-funded joint project called SeKT (German:
SedimentKontaktTests (2005-2008), Feiler et al. 2005), all newly-developed contact assays
had been investigated in terms of reference conditions, control sediments, and toxicity
thresholds. The fish egg contact assay with Danio rerio has been shown to exhibit low
variability when employed for testing low to moderately-contaminated sediments (Hoss et al.
revised manuscript submitted). Furthermore, a number of new insights and developments
concerning the utility of fish egg contact assay in sediment risk assessment, have been noted
from this project and are shown below:
1. The fish egg contact test system has been optimized further to make it more suitable for
testing native sediment samples.
2. Actual oxygen concentration available for the fish egg is more crucial than the overall
concentration in the water phase (cf. Strecker et al. to be submitted). Gentle shaking has
been shown to be sufficient to distribute available oxygen and to prevent any
developmental retardation due to hypoxia.
3. Using spiked samples, the dose-response relationship can be determined for both heavy
metals and organics.
4. The fish egg contact assay can distinguish a broad range of different effect potentials in
various sediment types.
5. By applying colloidal silica, the recovery rate of fish eggs can be significantly increased.
Future Prospects
The fish egg contact assay with Danio rerio, as detailed above, is indeed a very promising
tool for assessing the bioavailable hazard potential of sediments. However, one major
drawback of the test system is that it can provide details only on the embryotoxic (mortality,
teratogenic malformations, hatching delay, etc) potential of contaminated sediments. There is
no information on which biochemical mechanisms have played a role and brought about such
organismic responses. Interestingly, through the development of various mechanism-based
bioassays which parallel the sediment contact assay test with zebrafish embryos, it is now
possible to integrate them to be able to provide greater insights or evidences into the hazard
potential of sediments. In other words, such emerging approaches intend to link the observed
lethality and morphological aberrations observed in sediment-exposed embryos with what is
happening at the biochemical and cellular levels. After exposure of embryos to sediment for a
defined period of time (usually 48 h), they can be further analyzed for possible genotoxic,
mutagenic, dioxin-like, proteotoxic, immune modulation, and estrogenic responses due to
sediment-borne contaminants. In this way, the fish egg contact assay can expand the
framework for the Weight-of-Evidence (WOE) approach to risk evaluation (Chapman and
Hollert 2006). For instance, if sediment samples were found to cause embryo toxicity in
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zebrafish embryos and there was a strong correlation with induction of comets (assay for
genotoxicity), these results could intensify the evidence on the presence of harmful
substances. Since this idea is relatively new, only very few studies have so far utilized a
sediment contact test with zebrafish embryos coupled to mechanism-based bioassays to
characterize biological activities of contaminants in aquatic sediments. Recent studies, for
example, reported the detection of DNA fragmentation via comet assay in single cells of
Danio rerio embryos to demonstrate the genotoxic effects by exposure to model compounds
or river sediments (Kosmehl et al. 2007, 2008; Seitz et al. 2008). Prior to that, another study
revealed weak to strong upregulation of hsp 70 levels (as a measure of proteotoxicity) among
zebrafish embryos exposed to both bulk samples as well as organic extracts of sediments
obtained from a tropical lake (Hallare et al. 2005). More recently, gene expression analyses
using DNA arrays with approx. 20.000 genes have been applied with both sediment extracts
and native sediments (Kosmehl, 2007, Kosmehl et al. to be submitted) (See next section). Just
recently, a novel joint research project (DanTox) has commenced, which takes advantage of
combining sediment contact test with zebrafish embryos and gene expression analysis to
elucidate how exposure to sediment-borne contaminants affect multiple metabolic pathways
leading to particular kinds of toxic response. The long term objective of this project will be
the development of a DNA-chip containing selected genes which will be a useful tool for
elucidating molecular and physiological mechanisms of toxicity (Keiter et al. 2010) Surely,
the fish egg sediment contact assay with Danio rerio, being a relatively new method in
sediment toxicology, will have a long way to go. It remains open to challenges and needs for
future research.

9.7

The use of gene expression analysis with RT-PCR and gene expression
profiling using microarrays in fish for sediment assessment

One of the most promising technologies which has shown spectacular growth within the last
decade is the use of gene expression analysis with RT-PCR for environmental toxicology
monitoring. Pollutants present in environmental media (water, soils, or sediments) can
activate expression of certain genes leading to consequent induction of toxicant-responsive
proteins (e.g. CYP1A protein, p53, hsp 70, GSH, spiggin, vitellogenin, etc.). Thus, the level of
expression of contaminant-affected gene transcripts could be tapped either as an independent
environmental biomarker or as a substitute for classical protein biomarkers (Kammann et al.
2008; Van der Oost et al. 2003, Weil et al. 2009). Very recently, another method of localizing
and quantifying gene expression called the fluorescent in situ hybridization (FISH) using
confocal microscopy in Japanese medaka was developed by Park et al. (2009). FISH
combined with histology enables advanced elucidation of molecular effects of chemicals by
associating changes in gene expression with histological effects. Even more impressive was
the integration of DNA microarray technology in ecotoxicology and risk assessment studies.
DNA microarrays (or DNA chips) are tools that can be used to simultaneously monitor the
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expression of hundreds to thousands of genes within a single experiment, giving an
investigator the ability to determine how exposure to chemicals affects multiple metabolic
pathways responsible for particular kinds of toxic response (Travis et al. 2003; Yang et al.
2009). This approach also makes it possible to separate the mode of actions resulting from
exposure to single from that of joint chemicals (i.e. additive or non-additive) based on the
pattern of gene expression changes (or molecular signatures) they elicit both in vitro and in
vivo (Krasnov et al. 2007). Gene expression profiles obtained by DNA microarrays are
believed to provide a more comprehensive, sensitive and characteristic insight into toxicity
than typical toxicological parameters such as morphological changes, altered reproductive
capacity or mortality (Steinberg et al. 2008; Völker et al. 2007).
As with previous approaches, fish have also been used as test species and as sources of genes
for gene expression studies. Due to the uncontainable growth in environmental
toxicogenomics, more and more papers involving fish for gene expression measurement and
profiling continue to appear in the literature. However, most of these studies were directed
towards determining effects of model compounds ranging from various estrogenic and
xenoetrogenic compounds, synthetic polycylic musks, produced waters, pharmaceuticals,
beta-naphthoflavone, 2,4 DNT, polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHs), halogenated aromatic hydrocarbons (HAHs), different heavy metals
such as arsenic, copper, chromium, uranium and mercury, and even nanoparticles. Steinberg et
al. (2008) provides a synopsis of gene expression profiles of selected fish species exposed to
various environmental stressors as single compounds as well as mixtures. Such a large and
growing number of articles will not be addressed here. Applications of these technologies for
assessing sediment toxicity, however, are still wanting. This is despite the availability by now
of microarray platforms in many teleosts including bottom-dwelling fishes (Miller and
Maclean 2008), the availability of public databases and softwares for DNA microarray
experiments, and the presence already of a number of outstanding discussion and review
papers on these approaches (e.g. Larkin et al. 2002; Travis et al. 2003; Snell et al. 2003;
Lettierri 2006; Denslow et al. 2007; Steinberg et al. 2008). As for sediment risk assessment,
there has been a growing enthusiasm on using Ceonorhabditis elegans (Menzel et al. 2009)
because of the availability of the whole genome sequence for this species. In this pilot study,
the nematode was exposed to three sediments of German rivers with varying (low, medium
and high) levels of heavy metal and organic contamination and the gene expression was
profiled using a whole genome DNA microarray approach. Their results showed that genes
involved in disaccharide and glycogen metabolism were generally affected whereas those for
oxidative phosphorylation, ribosome biogenesis, metabolism of xenobiotics, ageing and
several developmental processes were found to be differentially regulated only in response to
the most contaminated sediment. Although not exposed to sediments per se, the bottomdwelling amphipod, Leptocheirus plumulosus was investigated for gene expression analysis
after exposure to the explosive 2,4,6 TNT and phenanthrene by Perkins and Lotufo (2003).
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They found that expression of the genes for actin and a retrotransposone element, hopper,
were dependent on the exposure and tissue concentrations of those chemicals. As noted
previously, newer proposals (eg. Keiter et al. 2010) will make use of zebrafish genes and/or
microarrays to define the molecular modes of action of sediment-borne contaminants.
In general, the use of gene expression and profiling studies in fish for sediment evaluation can
still be considered at its inception stage. So far, only studies using caged fish (Roberts et al.
2005) or those that were caught directly from polluted and unpolluted sites (Lie et al. 2009;
Kammann et al. 2008; Quiros et al. 2007; George et al. 2004) constitute the most
representative gene expression studies with sediments (Table 6 and 7). By working with
juvenile fish (Oncorhynchus mykiss, Oncorhynchus clarkiis x mykiss, and Salmo salar) placed
in cages and exposed in situ at reference and contaminated sites on the Cache la Poudre River
(CO, USA), the Arkansas River (CO,USA), the St John River (NB, Canada), and two urban
creeks near Dayton (OH, USA), Roberts et al. (2005) were able to demonstrate differences in
CYP1A, metallothionein, and vitellogenin mRNA production unique to each site. This
indicates that specific types of compounds were bioavailable and present in sufficient
amounts to elicit transcriptional responses in the organism. Quiros et al. (2007) analyzed the
gene expression in a bottom-feeding fish, barbel (Barbus graellsii), collected from
organochlorine-polluted sites along the Ebro river basin. Their results demonstrate the utility
of barbel CYP1A mRNA expression, but not that of MT-1 or MT-2, as a biomarker in field
studies. In an effort to determine whether the level of gene expression correlates well with the
levels of protein, Kammann et al. (2008) compared CYP1A mRNA and EROD activity in dab
(Limanda limanda) collected from the North Sea. Only a minor but significant correlation
(r=0.32, p<0.05, n=123) was obtained, which led them to conclude that these two parameters
are apparently not closely linked. Because EROD and CYP1A mRNA in dab follow different
physiological principles, their application will lead to related but not identical monitoring
results. This should be taken into account when future marine monitoring programmes are
designed. Same results were previously reported by George et al. (2004) involving the levels
of CYP1A, metallothionein, and vitellogenin mRNAs in flounder (Platicthyes flesus) exposed
to estuarine pollution and revealing no direct correlation between the levels of gene transcripts
and their protein products on an individual basis. However, both studies agreed that despite
these limitations, their results demonstrate that measurements of mRNA levels of specific
genes or their protein products indicate induction in polluted environments and are thus valid
measures in biomonitoring studies. All of the above studies pointed out that the use of caged
or collected fish and measurement of gene induction using RT-PCR was shown to be a
sensitive, effective, first-tier tool for assessing contaminant exposure.
The use of fish microarray for assessing changes in global gene expression has also received
much interest in recent years (Table 7). A bottom-feeding fish called European flounder
(Platichthys flesus) has been used to monitor contamination along the coastline in the UK.
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The Tyne estuary is polluted with polycyclic aromatic hydrocarbons (PAHs) and heavy metals
while the Alde estuary (UK) is a relatively unpolluted site. Williams et al. 2003 used a custom
cDNA microarray to compare gene expression patterns in fish samples caught from the two
estuaries. Seven transcripts were found to be significantly higher in the Tyne male fish:
cytochrome P450 1A (CYP1A), uridine diphosphate glucuronosyl transferase (UDPGT), aHSD-glycoprotein, dihydropyrimidine dehydrogenase, aldehyde dehydrogenase, paraxonase,
and copper/ zinc superoxide dismutase (Cu/Zn SOD). On the other hand, four transcripts were
found to be significantly less in the same group: elongation factor 1 and 2, Int-6, a subunit of
the eukaryotic translation initiation factor, and complement component 3. For female fish
samples, no significant differences were observed in gene expression patterns which could be
due to the high variation within each site. This study illustrates the potential for microarrays
to be used on field sampled fish without a sequenced genome. It also illustrates the limitations
inherent to the use of microarrays in aquatic toxicology, namely high levels of variation that
can mask effects of contaminants.
A very recent study by Lie et al. (2009) made use of a small-scale, custom-made cDNA
microarray, the CodStress array, consisting of 746 expressed sequence tag clones encoding
stress-responsive and immune-relevant proteins to investigate the effects of contaminants on
gene expression in two natural populations of Atlantic cod (Gadus morhua) from western
Norway. Samples of cod liver were obtained from one unpolluted reference site
(Øystese/Jondal, Norway), from a farmed cod, and from two contaminated sites (Store
Lungegardsvann, Bergen, Norway, and Sørfjorden, Odda, Norway) and were then analyzed by
microarray. Two genes involved in biotransformation, cytochrome P4501A (CYP1A) and
sulfotransferase 1 (SULT1), were up-regulated in males but not in females from Store
Lungegardsvann compared to the reference site. Genes related to metal-induced stress, such
as heme oxygenase, ferritin, and metallothionein, were up-regulated in female cod from
Sørfjorden compared to female cod from the reference site. The distinction in gene expression
profiles between cod from the various locations reflected the composition of environmental
contaminants at each site.
The only paper so far, which actually employed microarray technology in fish for sediment
toxicity evaluation was that of Kosmehl (2007) and Kosmehl et al. (to be submitted). The
authors compared the gene expression profiles in Danio rerio embryos exposed to two
sediments of the river Rhine (Reckingen and Iffezheim, Germany). Genes associated with
fatty acid transport, fatty acid metabolism and beta oxidation of fatty acids as well as genes
related to structural proteins (eg. serin proteases) were found to be down-regulated in
response to extract exposure. On the other hand, cytochrome P450 1A1 and 1C1, as well as
the heat induced chaperones HSP (heat shock proteins), and the natural killer cell enhancing
factor were up-regulated. Kosmehl (2007) suggested that the observed results in the embryos
may indicate that the regular heterotrophic metabolism of the zebrafish embryos is reduced in
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order to combat the contamination and for ongoing transformation processes, revealing an
oncogenic potential of the sediments. There have been no other similar studies currently
published in the literature. Thus, this again proves that gene expression profiling to
characterize sediment toxicity is still at its formative stage and demands more studies in the
future. Despite its strengths and promises, microarray technology is not free from inherent
limitations (as detailed in Denslow et al. 2006 and Lettieri et al. 2007) such as the absence of
sequence information for nonmodel species, high levels of variations that can mask effects of
contaminants among others, and the requirements for the application of advanced statistical
and mathematical analysis.

9.8

Summary and Perspectives

Since the early 1970s, the scientific community has already begun developing tools and
approaches for sediment quality assessment. This impetus came after realizing that sediments
are indeed integral parts of the aquatic systems and that they are being contaminated globally
at an alarming rate. Though the appraisal of sediment quality has been historically restricted
to chemical analyses, one major achievement during the last decades was the development of
sediment toxicity protocols. Toxicity testings have been shown to be of great value for
environmental hazard assessments since they can be done relatively quickly and
inexpensively compared to multiple chemical analyses of synthetic organics and heavy
metals. Over the last few years, much progress has been made towards the creation of
standardized methodologies. A number of reviews have also flourished in the literature
concerning the use of various assays for assessing quality of freshwater, marine, and estuarine
sediments as well as on the use of particular groups of organisms for toxicity testing.
Table 6 Studies on gene expression analysis in fish after exposure to contaminated sites (sediments)
Fish species

Conditions

Genes Investigated

References

Barbus graellsii
(bottom-feeding barbs)

Contaminated river in Ebro River basin,
Spain

CYP1A
Metallothionein (MT)-1
and 2

Quiros et al. 2007

Limanda limanda
(common dab)

Polluted marine (North Sea)

CYP1A

Kamman et al. 2008

Oncorhynchyus mykiss
Oncorhynchyus clarkii x
mykiss
Salmo salar

Three contaminated rivers in US and
Canada

CYP1A
Metallothionein
Vitellogenin

Roberts et al. 2005

Platicthys flesus
(flounder)

Polluted estuary (UK)

CYP1A
Metallothionein
Vitellogenin

George et al. 2004
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Table 7 Studies on gene expression profile (microarray) in fish as endpoint for sediment toxicity
evaluation
Fish species

Conditions

Marker Genes/Gene Clusters
Up-regulated

Gadus morhua
(Atlantic cod )

Contaminated marine
sites in Norway
(Fish samples collected)

Danio rerio
(zebrafish
embryos)

Contaminated river
Cytochrome P4501A1 and
sediments
1C1
(Fish embryos exposed to
sediment extracts)
Heat induced chaperones HSP
(heat shock proteins)

References

Down-regulated

Cytochrome P4501A
Tumor protein p53
(CYP1A) and sulfotransferase Major histocompatibility
1(SULT1
complex class
heme oxygenase, ferritin, and
metallothionein
GPX4HO1, ferritin, MT, and
complement component 8
Proteins for fatty acid
transport, fatty acid
metabolism and beta
oxidation of fatty acids
Structural proteins (eg.
serin proteases)

Lie et al. 2009

Kosmehl, 2007

Natural killer cell enhancing
factor

Because of their obvious ecological, economic, and socio-cultural significance, coupled with
the practical advantage of using them, fish have continued to draw attention among
ecotoxicologists who are interested in assessing the impacts of water-borne and sedimentborne contaminants (Section 2.0). Within the context of the EU’s Water Framework Directive
(Directive 2000/60/EC), which aims at achieving at least ‘good status’ in all European waters
by 2015, fish have been regarded as one of the principal ecological quality indicators. In view
of that, this paper attempted to provide a comprehensive review on the changing and
progressing roles of fish for sediment quality assessments which parallel the advancement
seen in the field of biomarker research and environmental genomics.
Beginning with Section 3.0, we explored the simplest approach for testing the toxicity of
sediments, that is, through the use of the whole (juvenile or adult) fish. This method has been
intensely scrutinized because of two issues (Section 3.1). One focuses on the ethical issues
associated with the use of vertebrates for toxicity assessment while the other questions the
suitability of fish (for having pelagic lifestyle) in sediment toxicity evaluations. Despite these
criticisms and drawbacks, fish remained to be the most used and most ideal species for
aquatic toxicity tests.
In order to satisfy the need for alternative methods for using whole fish, there was a
remarkable shift towards new approaches such as as the use of fish culture and cell lines
(Section 4.0), fish embryos (Section 5.0), and fish microarrays (Section 6.0).
With the use of fish culture and fish cell lines in sediment toxicity evaluation (Section 4.0), a
number of important findings have been revealed and reinforced. Various fish cell lines
display different sensitivities to sediment contaminants, and at the same time, recombinant
fish cells exhibit greater responsiveness and reproducibility than the wild-type cells. If
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comparison is done on the suitability of fish cell line system (eg. PLHC-1) against a benthic
invertebrate system (eg. Chironumus riparius), it was shown that the bioassay using fish cell
line could be very effective for screening toxicity of only certain types of pollutants in
sediments (eg. PAH fraction), whereas, the invertebrate assay is more effective for
toxicological effects of whole sediments. Using fish cells for the screening marine sediment
extracts has also raised an important issue – the role played by total organic carbon (TOC).
This factor should be considered when analyzing genotoxic effects of sediments. Another
innovation involving fish cell system has been its tandem use with effect-directed analysis
(EDA) of sediment-borne pollutants. Through the use of mechanism-based biomarkers in fish
cells, it is possible to identify those chemicals from contaminant mixtures that are causing the
specific effects. Initially, the toxicities in fish cells could be explained by the presence of
chemically-analyzed priority pollutants. However, more and more evidences proved that the
same toxicities can also be attributed, to a larger extent, to nonpriority pollutants and to some
inducing unknowns present in the sediment samples.
The use of fish embryos has also accomplished a lot as far as knowledge on behaviour and
toxicity of sediment-borne pollutants are concerned (Section 5.0). Through the use of fish
embryo test, the differential quality between water and sediment-phase of aquatic systems has
been well-documented in many laboratory and field situations. Also, when compared to whole
sediments, more severe embryo toxicity is generally elicited in embryos exposed to organic
extracts. A major part of the potentially toxic compounds has also been found to remain
particle-bound and ineffective whereas the organic extracts seem to contain enriched
concentrations even of hardly-soluble substances. As shown in fish cells, the use of fish
embryo for sediment evaluation has reinforced the need to review the list of priority pollutants
since those that are not normally considered in risk assessment of sediments were the ones
actually causing fish embryo toxicity, for example, in rainbow trout.
Compared to previous sections, the use of gene expression and profiling studies in fish for
sediment evaluation is in its truly formative stage that demands more studies in the future
(Section 6.0). Nevertheless, several significant findings were already reported in the literature.
For instance, it has been demonstrated that sediments indeed contain specific types of
bioavailable compounds which are enough to elicit transcriptional responses in the organism.
However, the levels of gene transcripts do not usually correlate well with their protein
products suggesting that these two parameters are apparently not closely-linked. This should
be taken into account when future marine monitoring programmes are designed. A more
advanced technology concerns the use of fish microarray for assessing changes in global gene
expression. Genes that are related to the sediment-borne toxicants are upregulated which
reflect the level of environmental contamination between and among sites. Despite its
strengths and promises, microarray technology is not free from inherent limitations such as
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the absence of sequence information for nonmodel species, high levels of variations that can
mask effects of contaminants among others, and the requirements for the application of
advanced statistical and mathematical analysis.
The use of fish (whether of whole fish, fish culture and cell lines, fish embryos, and fish
genes) in sediment toxicology has continued to benefit the whole scientific community, in
particular, the sediment toxicologists. As current methods and approaches are being refined
and new technologies are being developed in many laboratories worldwide, we will expect
many novel additions to existing knowledge in the near future. Challenges for future research
are given, but not confined to the following:
1. Despite the current availability of various biotest methods involving fish for sediment
toxicity analysis, there is still a need for further development, intercalibration, and
standardization of these methods to substantially reduce variability of results and
thereby, improve the reliability of the assessments.
2. Application and optimization of the effect-directed analysis (EDA) approach, in
tandem with fish cells and fish embryos, in sediment toxicity assessment are still very
necessary. Prospective data can be used to further the need to review the current list of
priority pollutants.
3. Further enhancement of the use of gene expression in zebrafish embryos. In particular,
the development of stressor-specific microarrays to identify molecular modes of
actions of sediment-borne toxicants.
4. Further researches are also needed to determine the biochemical relationships among
toxicity responses, such as between induction of CYP1A and teratogenicity in fish
embryos, and between induction of CYP1A and estrogenicity and/or genotoxicity
upon exposure to sediment-borne contaminants, and
5. Further development of more innovative and more economic testing approaches for
the risk assessment of sediments, especially, those that provide alternatives for
experiments with adult fish.

9.9
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Chapter 10

10.1 Abstract
Freshwater sediments with low levels of anthropogenic contamination and a broad range of
geochemical properties were investigated using various sediment-contact tests in order to
study the natural variability and to define toxicity thresholds for the various toxicity
endpoints. Tests were performed with bacteria (Arthrobacter globiformis), yeast
(Saccharomyces cerevisiae), nematodes (Caenorhabditis elegans), oligochaetes (Lumbriculus
variegatus), higher plants (Myriophyllum aquaticum), and the eggs of zebrafish (Danio rerio).
The variability in the response of some of the contact tests could be explained by particle size
distribution and organic content. Only for two native sediments could a pollution effect not be
excluded. Based on the minimal detectable difference (MDD) and the maximal tolerable
inhibition (MTI), toxicity thresholds (% inhibition compared to the control) were derived for
each toxicity parameter: >20% for plant growth and fish-egg survival, >25% for nematode
growth and oligochaete reproduction, >50% for nematode reproduction and >60% for
bacterial enzyme activity.
Capsule: Sediment-contact tests require toxicity thresholds based on their variability in native
sediments with low-level contamination

10.2 Introduction
The ambitious aim of the European Water Framework Directive (WFD) is to achieve a good
ecological status of surface waters in all European river basins by the year 2015 (European
Community, 2000). However, the presence of contaminated sediments is one of several
obstacles potentially hindering the achievement of this goal (De Zwart et al., 2009).
Sediments are often highly contaminated by chemicals that have been introduced into the
water body, where they tend to bind to particles and thus accumulate as these particles settle
in the sediments (Power et al., 1992). Ignoring this functional aspect of sediments, as sink and
source of contaminants, can lead to erroneous conclusions concerning the ecotoxicological
status thus far achieved (Förstner, 2002). Therefore, sediment quality assessment is an
important component of environmental risk assessment. Accordingly, sediment toxicity tests,
in which benthic organisms are exposed to bulk sediment (sediment-contact tests) are
appropriate tools for assessing the potential hazard of contaminated sediments, as they
consider more realistic exposure conditions than aqueous toxicity tests (Chapman and
Anderson, 2005; Ingersoll et al., 1997; Ingersoll et al., 1995).
Sediment-contact tests aim to assess the toxicity of anthropogenic contaminants that have
been introduced into freshwater ecosystems. However, environmental samples do not only
differ in their quantity and quality of contamination, but also in terms of their geochemical
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properties, such as grain size distribution or content of organic matter. These sediment
properties might also affect the test organisms and thus impede the interpretation of toxicity
data. This has already been shown for various benthic organisms in freshwater sediments
(Ankley et al., 1994; Ankley et al., 1993; Höss et al., 1999; Sibley et al., 1998; Suedel and
Rodgers, 1994) and estuarine or marine sediments (DeWitt et al., 1988; DeWitt et al., 1989;
Nipper and Roper, 1995; Swartz et al., 1985). Due to the different ways in which the various
benthic organisms interact with sediment (e.g. epibenthic, endobenthic, and tube-dwelling
organisms), it is not possible to generalize the influence of sediment properties on organisms.
Instead, whether or not a certain sediment property is able to bias the output of a toxicity test
and to which degree it might do so strongly depend on the type of test organism and toxicity
endpoint.
In toxicity tests, organismal effects can only be detected by comparing the response of a
certain toxicity endpoint, such as survival, growth or reproduction, to a test sediment with the
response to a negative control, in which, by definition, no toxic effect occurs. This negative
control can be a formulated sediment that is composed of commercially available, mineral and
organic particles without chemical contamination or a field-collected natural control sediment
(ASTM, 2005; Kemble et al., 1999; Suedel et al., 1996). In both cases, the sediment’s inherent
properties rarely exactly match those of the test sediment. Consequently, the observed
difference in the organism’s response to the contaminated vs. the control sediment might be
due to differences in these inherent properties, rather than to the contaminants in the test
sediment. This inherent variability among uncontaminated sediments, produces a background
noise that has to be considered in toxicity tests and thus in the criteria used to define toxicity.
For acute tests, sediments that inhibit a toxicity endpoint by more than 20% compared to the
control or reference sediment are often regarded as toxic, regardless of the test organism.
However, Chapman and Anderson (2005) concluded that this 20% threshold might not be
appropriate for chronic toxicity tests. Instead, it is necessary to identify the variability of
single toxicity endpoints in reference sediments in order to be able to define the appropriate
toxicity threshold, thus distinguishing between “natural variability” among sediments and the
“toxic effects” of anthropogenic contaminants (Ahlf and Heise, 2005). Comparable
approaches were published by Hunt et al. (2001) and Reynoldson et al. (2002) who set up
test-specific tolerance limits or effect classes based on the response of benthic invertebrates to
reference sediments, with the goal of determining elevated toxicity relative to reference
conditions.
In the present study, six different standardized sediment contact tests were compared in terms
of their variability among natural sediments characterized by low to moderate anthropogenic
contamination and a wide range of geochemical properties. The test battery consisted of
organisms from various trophic and organizational levels (bacteria, fungi, plants, invertebrates
and vertebrates) with different uptake routes for contaminants. This approach allowed us to
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consider, on the one hand, the variety of mode of actions of sediment-associated contaminants
and, on the other hand, the different exposure routes in sediments (dissolved and particulate
phases). Tests were performed with Arthrobacter globiformis (decomposer; bacteria;
Neumann-Hensel and Melbye, 2006; Rönnpagel et al., 1995), Saccharomyces cerevisiae
(decomposer; fungi; Weber et al., 2006), Myriophyllum aquaticum (primary producer; higher
plants; Feiler et al., 2004), Caenorhabditis elegans (primary consumer; nematode;
Traunspurger et al., 1997a), Lumbriculus variegatus (primary consumer; oligochaete; Phipps
et al., 1993), and Danio rerio (secondary consumer; fish; Hollert et al., 2003). The choice of
the appropriate organisms took into account the degree of standardization. As the ecologically
most relevant organisms are in most cases not the easiest to culture, standardized toxicity test
often use model organisms that represent relevant organism groups. Accordingly, in the
present study, model organisms, including the yeast S. cerevisiae, the nematode C. elegans
and the zebra fish D. rerio were used; however, most of these organisms are abundant
(Crocker et al., 2000; Hussner, 2009; Talwar and Jhingran, 1991; Wachs, 1967), or at least
occur in freshwater ecosystems (Zullini, 1988). Moreover, all of the tests carried out in the
present study were already used in previous studies assessing the toxicity of freshwater
sediments (Ahlf and Heise, 2005; Keiter et al., 2006; Phipps et al., 1993; Stesevic et al., 2007;
Traunspurger et al., 1997b).
The aim of the joint research project, SeKT (funded by the German Ferderal Ministry of
Education and Research), is to validate a battery of sediment contact tests for assessing the
toxicity of native freshwater sediments (Feiler et al., 2005). This study, which represents the
first part of SeKT, investigated the variability in the response of the individual sedimentcontact test organisms arising from natural sediment properties, i.e. properties distinct from
anthropogenic contamination. The following hypotheses were tested: (1) The test organisms
differ in their responses to the native sediments with low-level anthropogenic contamination.
(2) The different responses can be explained by the measured sediment properties and
considered as reflecting the natural variability of the contact tests. A further aim of the study
was to set up toxicity thresholds for each endpoint to distinguish toxic (undesirable adverse)
effects from natural variability.

10.3 Materials and Methods
10.3.1 Sediment sampling
Sediment samples were taken from ten sampling sites (Table 1; Fig. 1). The sediments were
selected according to the following criteria: (1) low-level anthropogenic contamination, (2)
variation in their geochemical properties (mainly grain size and organic content), (3) derived
from lotic (rivers) and lentic (lakes) systems or (4) from different river basins. Some of the
sediments were obtained as part of routine monitoring programs in Germany (Federal Institute
of Hydrology, Germany) and the Netherlands (Lahr et al., 2003). Surface sediments (010 cm)
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were collected in winter 2005/2006 with a stainless steel Van Veen grab sampler,
homogenized, and stored in plastic jars in the dark at a temperature below 4 °C until further
use.
Table 1 Investigated native freshwater sediments; R = River, L = Lake
Acronym

Site

Coordinates / River km

River catchment

Type

PA-R

Müritz-Elde-Wasserstrasse
(channel; Parchim)

53°25’ N, 11°50’ O /
72.3 km

Elbe

River

PO-L

Starnberger See (littoral zone;
Possenhofen)

47°58’ N, 11°19’ O

Donau

Lake

ST-L

Starnberger See (profundal
zone; Starnberg)

48°0’ N, 11°20’ O

Donau

Lake

BA-R

Donau (back water; Bad
Abbach)

48°56’ N, 12°3’ O /
2402.6 km

Donau

River

JO-R

Donau (barrage; Jochenstein)

48°26’ N, 8°30’ O /
2203.5 km

Donau

River

DM-L

Drontermeer (Netherlands)

52° 30’ N, 5°51’ O

Rhein

Lake

LO-L

Lohmer See

53°41’ N, 12°5’ O

Warnow-Peene

Lake

N1-L

Stechlin See (littoral zone;
Neuglobsow)

53°9’ N, 13°3’ O

Elbe

Lake

AA-R

Rhein (back water; Altrip)

49°26’ N, 8°30’ O /
416.9 km

Rhein

River

N2-L

Stechlin See (profundal zone;
Neuglobsow)

53°9’ N, 13°3’ O

Elbe

Lake

10.3.2 Sediment analysis
The sediments were characterized with respect to their geochemical properties, nutrient
content and concentrations of priority pollutants and analyzed according to standard
procedures. Pore water was obtained by centrifuging the samples for 20 min at 17,000 g. Dry
weight was determined after drying the material at 105 °C until a constant weight was reached
(DIN 38414 S2). Grain size distribution was analyzed by sieving dry sediments for the sand
fractions (DIN 18123) and by pipette analysis for the fine fractions (DIN ISO 11277). In
whole-sediment samples, organic matter content was analyzed as loss on ignition (LOI; DIN
EN 12879 S3a) and total organic carbon (TOC; DIN ISO 10694). Nitrogen, phosphorous,
sulphur, and mineral contents were analyzed according to DIN ISO 11261, DIN 38414 S12,
DIN ISO 15178, and DIN ISO 11466, respectively. In pore water, dissolved organic carbon
(DOC) was determined according to DIN 38409 H3. Total nitrogen and phosphorous were
analyzed in the pore water fraction using the methods described for whole sediment analyses.

Variability of sediment-contact tests

265

Fig 1 Map of the sampling sites in Germany (9) and the Netherlands (1); for definitions of
abbreviations, see Table 1

Concentrations of pollutants were analyzed in freeze-dried sediments that had been sieved to
achieve a size <2 mm. The list of investigated parameters included anthropogenic
contaminants that are typically enriched in sediments, such as heavy metals and persistent
organic pollutants. The concentrations of the analyzed contaminants were normalized to dry
weight of the sediments. In order to compare the concentrations with sediment quality
guidelines (MacDonald et al., 2000), concentrations of selected organic chemicals were also
normalized to 1% TOC. Heavy metals and minerals were analyzed from aqua regia extracts
(DIN ISO 11466) using atomic absorption spectroscopy. Polycyclic aromatic hydrocarbons
(PAH; EPA list of 16 compounds) were analyzed from extracts using HPLC and fluorescence
detection (DIN 38414 S21). Polychlorinated biphenyls (PCB; 7 congeners),
hexachlorocyclohexane (-, -, -HCH), hexachlorobenzne (HCB), and p-p’-DDT and its
homologues were analyzed from extracts using gas chromatography (GC) separation and
electron capture detection, according to DIN 38414 S20. Mineral oil content (petroleum-

Variability of sediment-contact tests

266

derived hydrocarbons) was determined by GC using a flame ionization detector, according to
ISO TR 11046. Alkylphenols were detected after solid-liquid extraction using GC/mass
selective detection. Organotin was alkylated, extracted with hexane, and analyzed using
GC/atomic emission detection. For each sample, two replicates (independent subsamples)
were analyzed, with two injections for each replicate analysis. To monitor methodological
analyte losses, certified reference or external control standard material was used. Procedural
blanks were carried out, covering the total analytical procedure.
10.3.3 Sediment-contact tests
All sediment contact tests were carried out according to standard procedures (bacteria:
ISO/CD 10871, ISO, 2009b; nematodes: ISO/FDIS 10872, ISO, 2009a; oligochaetes: OECD
225, OECD, 2007), or published test protocols (yeast: Weber et al., 2006; fish eggs: Hollert et
al., 2003; plants: Feiler et al., 2004). Table 2 summarizes all of the relevant test conditions and
criteria. Sediments were pre-treated according to test specific methods to assure aerobic
conditions during the test. Each test system made use of the appropriate artificial control
sediment was used, according to the specific needs of the test organisms to achieve optimal
test performance. For the nematode and yeast contact tests, all ten native sediments were
studied in a single experiment. For all other contact tests, two test series were carried out (first
series: PA-R, PO-L, ST-L, BA-R, JO-R, DM-L; second series: LO-L, N1-L, AA-R, N2-L), in
which the toxicity endpoints in the various sediments were compared to those in the
respective artificial control sediment. The control sediments of the two test series were called
C1 and C2.
10.3.4 Data analysis
Principal Component Analysis (PCA; Hotelling, 1933) maps information from a large number
of variables onto a smaller number of linear combinations, thereby simplifying the data
interpretation. Variables are sorted in descending order with respect to their variability. This
quantifies the relevance of variables with respect to the extracted patterns. PCA was
calculated by use of CANOCO for Windows Ver. 4.53 (Microcomputer Power) (Ter Braak
and Šmilauer, 2002). Sediment characteristics were standardized by variables standard
deviation (PCA based on correlation matrix, centering by species). Multivariate correlations
between the variables in PCA were calculated as the cosine of the angle between the vectors
in the 2-dimensional ordination space formed by the first two ordination axes.
Hierarchical agglomerative classification (cluster analysis) is a frequently used method to
group a large number of objects in a smaller number of clusters. Calculation of cluster
analysis was performed by use of PC-Ord Ver. 5 (MjM Software Design) (McCune and
Mefford, 1999). Euclidean distance was used in combination with Ward's method.

ption and test conditions for the applied test systems

eter

ed
weight)

nt

a

Bacteria

Yeast

Nematodes

Oligochaetes

Plants

Fish egg

Arthrobacter globiformis Saccharomyces
(strain ATCC 8010)
cerevisiae
(isolate N 06.98)

Caenorhabditis elegans Lumbriculus
Myriophyllum
(wild type; strain N2)
variegatus (MÜLLER) aquaticum

Danio rerio
(“Westaqua

German collection of
microorganisms (DSM)

Nordum GmbH & Co.
KG, Germany

Caenorhabditis Genetic Co. Etzbach,
University of Jena,
Center, MN, USA
Mechernich-Bergheim, Germany
Germany

German Fed
Environmen

ISO/DIS 10871

-

ISO/FDIS 10872

OECD 225

ISO NWIP

Based on D

Rönnpagel et al. 1994;
Neumann-Hensel and
Melbye 2006

Weber et al. 2006

Traunspurger et al.
1997; Höss et al., 1999

Phipps et al. 1993;
Egeler et al. 2005

Feiler et al. 2004

Hollert et al

Enzyme activity
(resorufin formation)

Fermentation
(ml CO2 h-1)

Growth (based on body Reproduction
length); Reproduction (Total number of
(Number of offspring
organisms)
per test organism)

Growth rate
Survival
(based on fresh weight)

30 °C

16 h at 28 °C; 6 h at 40
°C

20 ± 0.5 °C

18 – 22 °C

24 ± 0.5 °C

27 °C

6h

22 h

96 h

28 d

10 d

48 h

-

-

Escherichia coli OP50
(109 cells ml-1)

Fish food (Tetramin;
0.5 – 0.75 g per worm
and day)

-

-

0.6 g

40 g

0.5 g

60-90 g

200 g

3g

Quartz sand

Quartz sand

ISO/FDIS 108721

OECD 2182

OECD 2073

Quartz sand

3

3

4 (control: 9)

6

3 (control: 6)

1

5fold increase in
fluorescence

> 25 ml CO2 h-1

≥ 80% fertility; ≥ 30
offspring per test
organism

Reproduction: ≥ 18
organisms

Growth rate ≥ 0.075

Survival ≥ 9

artz sand (0.1-0.4 mm); 30% fine quartz sand (0.1 mm); 20% Al2O3; 4.5% Fe2O3; 0.5% dolomite; 1% CaCO3; 4% peat

% kaolin; 5% peat 3 70% sand; 20% kaolin; 10% peat
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Linear models were fitted using the routine lm (Chambers and Hastie, 1992) in package stats
from the statistical software environment R (R Development Core Team, 2009). A typical
model has the form 'response ~ terms' where 'response' is the (numeric) response vector and
'terms' is a series of terms which specifies a linear predictor for 'response'.
Model selection techniques attempt to find the model that best explains the data with a
minimum of free parameters. Adding additional parameters to the model increases the
likelihood but may result in overfitting. Model selection based on the Akaike Information
Criterion (AIC) was performed by use of the routine AIC (Sakamoto et al., 1986), also from
the stats package in R. The preferred model was the one with the lowest AIC.
Coefficients describing the variability of every single toxicity endpoint and to defining the
appropriate toxicity threshold for each endpoint were calculated. A test’s inherent coefficient
of variation, CVi, considers the variability of a test parameter regardless of any environmental
factor and is calculated from the variance of a test parameter within each of the investigated
sediments (artificial control sediment, native sediments).
CVix = SDx/Meanx  100,

[1]

where Meanx and SDx are, respectively, the mean and standard deviation of a test parameter as
calculated from replicates of the respective control or reference sediment x. For native
sediments the mean CVix over all ten sediments was calculated (CViS). For the artificial
control sediment, a separate CVi was calculated (CVi C).
The coefficient of variation between different native sediments, CVs, considers the influence
of sediment characteristics (besides pollution) and was calculated from the variance of a test
parameter x between the various investigated native sediments.
CVs = SDS-RV/MeanS-RV  100 [2]
where MeanS-RV and SDS-RV are, respectively, the mean and standard deviation of the test
parameter expressed as relative values (RV) with respect to the control sediment (% of control
response) of all investigated native sediments.
For estimating the appropriate toxicity threshold for the different sublethal toxicity endpoints,
the potential minimal detectable difference (MDD) and the maximal tolerable inhibition
(MTI) were calculated.
The MDD is based on the test inherent variability of a test parameter and was determined for
each investigated sediment:
SD C2 SD Sx2
+
nC
nSx
Mean C

100 ×t ×
% MDD

Sx

=

[3]
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Where t is the tabulated value of the Student´s t distribution (alpha = 0.05, one-sided, df =
nC+nRS-2), SDC2, SDSx2 and MeanC are, respectively, the variances or mean of the test
parameter for the control sediment (C) and the native sediment x (Sx) and n C and nSx are the
numbers of replicates for the control sediment (C) and the investigated native sediment x (Sx),
respectively. The calculated MDDs were expressed as a percentage of the control response.
Finally, an average MDD was calculated over all single MDDs.
The MTI (maximal inhibition compared to the control that is still within the natural
variability) refers to a specific control sediment (in this case the test-specific artificial
sediment) and was based on the variability caused by natural sediment characteristics:
%MTI = Mean (%IS) + SD (%IS)

[4]

where Mean (%IS) and SD (%IS) are, respectively, mean and standard deviation of percent
inhibition of a certain toxicity endpoint in a native sediment S compared to the respective
control sediment. Percent inhibition was defined as follows:
%IS = 100 - XS/XC  100

[5]

where XS and XC are, respectively, the mean values of a certain toxicity endpoint X in a native
sediment S and the respective control sediment (C).
Thus, the MTI is dependent on the difference between the response to the control sediment
and to all native sediments and on the variability in native sediments, as expressed by the
standard deviation SD (%IS).
In contrast to sublethal toxicity parameters, for the test with fish eggs a mortality > 20% in
native sediments was considered as not tolerable. Thus, it was not necessary to use MDD and
MTI to define the toxicity threshold.
One-way ANOVAs were used to determine statistical differences between the responses in
natural sediments vs. control sediment and treatments were compared with a post-hoc Dunnett
test ( = 0.05, two-sided).

10.4 Results
10.4.1 Sediment properties
In terms of their geochemical sediment properties, the investigated sediments varied
considerably (Table 3), with dry weights ranging from 17 to 57%, total organic carbon (TOC)
from 3.4 to 14.3%, and contents of sand, silt and clay ranging from 2 to 62%, 31 to 85%, and
6 to 23%, respectively. Sediments N1-L and PO-L can be described as silty sand, PA-R, DML, LO-L and N2-L as sandy silt, and ST-L, BA-R, JO-R and AA-R as clayey silt. Sediments
PA-R and N2-L showed the highest contents of organic matter with 27.5 and 26.7% loss on
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ignition (LOI) and 14.3 and 8.2% TOC, respectively. Sediments PO-L, JO-R, and N1-L had
the lowest contents of organic matter with 4.3, 4.5 and 6.7% LOI and 4.2, 3.4, and 3.4% TOC,
respectively.
The sediments were found to have a relatively low level of anthropogenic contamination.
According to the consensus based sediment quality criteria of MacDonald et al. (2000), the
mean quotient of measured contaminant concentrations to predicted effect concentrations
(PEC1; above which effects are predicted), mean PEC-Q, was < 0.3 for all sediments (Table
4), which thus were predicted to be not toxic (MacDonald et al., 2000). For most samples
even the threshold effect concentration (TEC; below which no effect can be expected) were
not or only slightly exceeded (maximal TEC-Q: 0.35 – 1.6). Only AA-R was considered as
moderately polluted, as the concentrations of the majority of heavy metals exceeded the TEC
(Hg by a factor of 3.2).
Cluster analysis showed that the investigated sediments could be assigned to three groups
(Fig. 2a). Cluster 1 consisted only of AA-R, which is characterized by very fine texture (74%
silt, 23% clay; Table 3) but also by degree of pollution higher than that of other samples
(Table 4). Cluster 2 consisted of four sediments (PA-R, BA-R, JO-R, DM-L) that also showed
high proportions of silt and clay (mean: 81%; Table 3) as well as mildly elevated contaminant
concentrations with maximal TEC-Qs of 1.1 to 1.6 (Table 4). Cluster 3 comprised sandier
sediments with very low pollution (PO-L, ST-L, LO-L, N1-L, N2-L). With the exception of
DM-L, all lake sediments could be assigned to cluster 3 and all river sediments to clusters 1
and 2.
PCA showed that the geochemical sediment properties were highly intercorrelated with
contaminant concentrations (Fig. 2b). Along the horizontal axis (PC1; explaining 41% of the
variance), the samples were separated in terms of their grain size distribution (clay minerals:
Al, Li; particle size fractions) and metal contents, so that cluster 3 sediments appeared on the
left side of the plot, and cluster 1 and 2 sediments on the right side. Along the vertical axis
(PC2; explaining 18% of the variance), the samples were separated according to the content of
organic matter (N, P, S, TOC, LOI), mineral oil, and dry weight. Accordingly, PA-R and DML, organically rich samples with low dry weights and slightly elevated contents of mineral oil
were positioned in the upper part of the plot N1-L, PO-L and AA-R, samples with low organic
contents and high dry weights, in the lower part. PCA was used to reduce the large number of
variables could be reduced to four principal components (PC1 to 4) that, due to their strong
intercorrelations, correlated with multiple variables (multivariate correlation: r > 0.95 or r <
0.95; Table 5).

1

Acronym not to be mistaken for PEC = Predicted Environmental Concentration

ble 3 Geochemical properties of investigated sediments

ameter

Acronym Unit

PA-R

PO-L

ST-L

BA-R

JO-R

DM-L

LO-L

N1-L

AA-R

N2-L

y weight

DW

%

17

56

29

31

57

22

24

38

37

20

s on ignition

LOI

%

28

4.3

9.1

11

4.5

15

17

6.7

13

27

al carbon

TC

%

14

11

14

8.4

4.0

7.7

10

8.2

6.9

14

al organic carbon

TOC

%

14

4.2

8.5

4.3

3.4

6.9

6.2

5.9

3.4

8.2

11

1.6

3.6

3.4

1.3

6.2

6.8

2.6

2.9

6.4

kg-1

rogen

N

mg

osphor

P

g kg-1

1.6

0.2

0.3

1.0

0.7

0.6

2.7

0.1

0.7

0.2

fur

S

%

1.6

< 0.06

< 0.07

< 0.09

< 0.07

1.3

0.15

0.06

0.05

0.11

minum

Al

%

1.1

0.18

0.32

2.0

1.6

1.3

0.24

0.06

2.0

0.08

n

Fe

%

2.9

0.19

0.26

2.1

2.5

1.9

0.48

0.23

2.2

0.3

gnesium

Mg

%

0.26

1.6

1.1

2.1

2.4

0.44

0.16

0.08

1.2

0.11

cium

Ca

%

2.3

25.8

20.7

12.6

6.6

3.9

19.4

24.4

12.7

35.6

hium

Li

mg kg-1

4.1

0.40

0.60

6.9

7.5

5.4

0.80

0.60

15.0

0.80

Gravel

%

0.80

1.2

0.0

0.30

0.0

0.0

1.2

1.1

0.80

0.20

– 2000 µm

Sa630

%

0.5

1.8

0.20

0.40

0.0

0.1

1.1

3.9

0.40

2.3

– 630 µm

Sa200

%

5.9

14

1.0

0.50

0.10

3.4

3.6

38.2

0.40

8.5

-200 µm

Sa63

%

19

40

3.9

2.5

16

26

27

20

0.90

15

– 2000 µm

Sand

%

26

55

5.1

3.4

16

29

32

62

1.7

25

– 63 µm

Si20

%

30

20

39

15

47

33

33

15

4.5

25

20 µm

Si2

%

33

17

46

59

28

24

27

16

70

38

63 µm

Silt

%

63

37

85

74

75

56

60

31

74

63

µm

Clay

%

12

7.9

10

23

9.0

15

6.5

5.9

23

11

solved organic carbon

DOC

mg l-1

10

19

14

14

23

15

22

19

11

8.7

al nitrogen

TN

mg l-1

2.6

16.6

3.8

2.3

14

7.1

13

2.5

5.3

3.1

TP

l-1

0.74

0.14

0.37

1.5

0.15

0.43

1.3

0.12

0.55

0.28

in size distribution

000µm

e water

al phosphor

mg

ured contaminant concentrations (based on sediment dry weight) of investigated sediments and classification according to sediment qua
= limit of detection, TEC = consensus based threshold effect concentration, PEC = consensus based predicted effect concentratio

al. (2000) except for nonylphenol valuea, TEC-Q and PEC-Q = quotients of measured concentrations and TEC or PEC, respectively; n

)c

Unit

LOD

PA-R

PO-L

ST-L

BA-R

JO-R

DM-L

LO-L

N1-L

AA-R

N2-L

TEC

mg kg-1

3.0

14

< 3.0

< 3.0

8.0

10

11

4.0

2.0

10

4.0

9.8

kg-1

0.50

38

7.0

19

24

18

34

22

18

53

29

36

mg kg-1

0.30

0.40

< 0.30 < 0.30

< 0.30

< 0.30

< 0.30

0.30

< 0.30

0.40

< 0.3.0

0.99

mg kg-1

1.0

21

5.0

8.0

35

33

27

6.0

4.0

53

5.0

43

mg kg-1

1.0

33

11

11

36

32

22

15

4.0

58

9.0

32

mg kg-1

1.0

11

2.0

4.0

23

29

18

3.0

< 1.0

35

1.0

23

mg kg-1

0.01

0.29

0.04

0.09

0.23

0.13

0.15

0.07

0.04

0.58

0.07

0.18

mg kg-1

1.0

162

19

45

179

171

135

61

24

205

37

121

µg kg-1

0.30 (1.0) < 0.30

< 0.30 < 0.30

< 0.30

< 0.30

< 0.30

< 1.0

< 1.0

< 1.0

< 1.0

2.4

µg kg-1

0.30 (1.0) < 0.30

< 0.30 < 0.30

< 0.30

< 0.30

< 0.30

< 1.0

< 1.0

8.7 (2.6)

< 1.0

n.a.

1.8

< 1.8

< 1.8

< 1.8

< 1.8

< 1.8

< 1.8

3.4 (0.55) < 1.8

12 (3.7)

1.5 (0.18) 5.3

µg kg-1

220 (110) < 220

< 220

< 220

< 220

< 220

< 220

< 110

< 110

157 (46)

<110

1,400

kg-1

0.50 (1.0) < 0.50

< 0.50 < 0.50

< 0.5

< 0.50

< 0.50

< 1.0

< 1.0

11

< 1.0

n.a.

mg

mologuesb µg kg-1

olc

µg

PA)b

mg kg-1

1.0

1.8 (0.13) < 1.0

1.1 (0.13) < 1.0

< 1.0

< 1.0

5.3 (0.85) < 1.0

2.9 (0.85) < 1.0

1.6

ners)b

µg kg-1

5.0

< 5.0

< 5.0

1.1 (0.13) < 5.0

< 5.0

< 5.0

< 5.0

< 5.0

43

1.7

60

mg kg-1

100

640

< 100

220

<100

110

380

<100

<100

<100

<100

n.a.

0.40

13
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1.4

1.1

0.61
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3.2
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0.06

µg Sn
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Q
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aken from (CCME, 2002). Concentrations in parentheses, TEC, and PEC are normalized to TOC of 1% according to SQG (MacDonald et al., 2000)
theses refer to LO-L, N1-L, AA-R and N2-L
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Fig 2 Cluster analysis (a) and principal component analysis (PCA; b) for the 10 native
sediments based on geochemical properties and contaminant concentrations; for definitions of
abbreviations, see Tab. 1, Tab. 3 and Tab. 4; MO = mineral oil; OCS = Octa-chlorostyrol
Table 5 Variables that significantly correlated with factors of PCA (multivariate correlation; r > 0.95;
r < -0.95); PC = principal component; for definitions of abbreviations see Table 3; OCS = Octachlorostyrol
PCs

Eigenvalues

Significant variables
r > 0.95

r < -0.95

PC 1

0.409

× Fine particles (clay, silt, Al, Li, Fe)
× Heavy metals (Cu, Cr, Ni, Hg, Zn)

× Coarse particles (sand)

PC 2

0.176

× Organic matter (LOI, TOC, N, P, S)
× Mineral oil

× Dry weight

PC 3

0.141

× Chloroorganic chemicals (DDT,
HCB, PCB, OCS); Cd
× N, Li

× Mineral oil
× Silt
×S

PC 4

0.100

× TN, DOC (Pore water)
× Particles 63-200 µm (sa63)

× TOC
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10.4.2 Response to sediment samples
The toxicity endpoints of the various sediment-contact tests varied considerably among the
different investigated sediments, with several of the sediments differing significantly from the
control (Table 6; p < 0.05, one-way ANOVA, post-hoc Dunnett). Only plant growth in any
native sediment was not significantly different from that in the control (Table 6; p > 0.05, oneway ANOVA). Compared to the respective control sediment, the various toxicity endpoints
reached relative values of 32–130% (bacterial enzyme activity), 1–106% (yeast fermentation),
70–102% (nematode growth), 43–230% (nematode reproduction), 69–155% (oligochaete
reproduction), 83–123% (plant growth rate), and 0–105% (fish egg survival) (Fig. 3). For fish
egg survival, one extreme value (0% survival) was observed for PA-R.
The response of the various test organisms was compared with the principal components of
the PCA, by testing a linear model, to explain the variability of the toxicity endpoints with the
sediment properties. The results show that nematode growth and reproduction, as well as plant
growth were significantly influenced by variables that were correlated with PC1, whereas
nematode growth and reproduction showed a negative and plant growth a positive coefficient
(Table 7). Nematodes might have been negatively influenced by the high contents of fine
sediments, however also by slightly elevated concentrations of metals. Comparisons of the
response of the organisms (Table 6) with the clusters in Fig. 2a clearly showed that both the
highest values for nematode growth and reproduction were found in samples of cluster 3 (left
side of the PCA plot: PO-L, ST-L, LO-L, N1-L, N2-L; Fig. 2b). The plants, however,
preferred the fine sediments, despite their slightly elevated contamination. M. aquaticum
showed the highest growth rates in sediments belonging to clusters 1 and 2 (AA-R, BA-R, JOR, DM-L; Fig. 2a; Tab. 6) positioned on the right side of the PCA plot (Fig. 2b). Additionally,
plant growth was significantly related to PC4 (Tab. 7; positive coefficient), which is positively
correlated with dissolved carbon and nitrogen concentrations in the pore water (Tab. 5).
According to the linear model, fish egg survival was significantly influenced by variables that
correlated with PC2, with a negative coefficient (Table 8). This was perhaps due to PC2related factors, i.e. the relatively high contents of organic matter, elevated concentrations of
mineral oil, and low dry weights (Table 5). The linear model did not reveal significant
correlations of PC3 with the toxicity endpoints. Thus, variables that were correlated with PC3
(e.g. chloroorganic chemicals) did not significantly influence the organisms (Table 7). Neither
for yeast fermentation, nor for oligochaete reproduction did the linear model reveal a
significant relation to any of the principal components (Table 7).

nse of toxicity endpoints of the various sediment-contact tests to the investigated native sediments (see Table 1); C = artificial control s
st 2); * and + indicate significant lower and higher values compared to the control, respectively (p < 0.05; one-way ANOVA, post-hoc
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Fig 3 Response of the various sediment contact tests to the 10 investigated native sediments as
percentage of the respective control; for definitions of abbreviations, see Table 1

10.4.3 Variation coefficients and toxicity thresholds
For calculations of variation coefficients, MDD, and MTI, and in the subsequent definition of
the toxicity thresholds only those samples were considered in which pollution effects could be
excluded. Therefore, the moderately polluted sample AA-R was omitted. For fish egg survival
also PA-R was omitted, because due to the significant correlation with PC2, a toxic effect of
mineral oil could not be excluded as a cause for the strong effect in this sample.
Bacterial enzyme activity showed a very low test-inherent variation either in the artificial
control sediment or in the native sediments, with a CVi < 5% (Table 8). The yeast contact test
showed also a very low CVi in the artificial control (CVi C = 1.4%), whereas in the native
sediments the CVi was quite high with an average value of 61% (Table 8). Nematode growth
varied marginally between the replicates of the different treatments: this was the case for the
artificial control sediment as well as for the native sediments, since under either condition the
CVi did not exceed 10% (Table 8). Nematode reproduction showed a higher test inherent
variation: here, the CVi was higher in the artificial control sediment (CVi C = 31%) than in
most native sediments (mean CViS = 22.7%) (Table 8). Oligochaete reproduction was
characterized by a maximal CViC of 17% for the artificial control sediment and an average
CViS of 13% for the native sediments (Table 8). Plant growth showed a lower test-inherent
variation, with a maximal CViC of 11% and a mean CVi S of 8% (Tab. 8). For the fish egg
contact test the CVi was not calculated because only one replicate was set up.

r models for organism response (% of control) against principle components (lm (formula = “organism response” ~ PC1+PC2+PC3+
tion criterion (criterion for model selection); significant coefficients and overall models, p(F), are printed bold (alpha = 0.05); Bac = ba
= yeast fermentation; Nema-G: nematode growth; Nema-R: nematode reproduction; Oligo: oligochaete reproduction; Plant: plant gro
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The response of plant growth, nematode growth, oligochaete reproduction and fish egg
survival to the native sediments showed the least variability, with a coefficient of variance
(CVs) of < 25%, followed by bacterial enzyme activity (48%), nematode reproduction (54%)
and yeast fermentation (74%) (Table 8).
The appropriate toxicity threshold for each test system was determined based on the maximal
MDD and the MTI, whereas always the higher value of the two coefficients was used. The
various toxicity endpoints showed maximal MDD and MTI values ranging from 7 to 46%,
and 9 to 86%, respectively (Tab. 8; Fig. 4). Only for oligochaete reproduction and plant
growth, the MDD was higher than the MTI, and thus was taken as basis for the toxicity
threshold. For bacterial enzyme activity, as well as nematode growth and reproduction, the
MTI was the decisive coefficient. The respective MDD or MTI value was then rounded to the
next multiple of five, to obtain feasible toxicity thresholds. As a result, the toxicity thresholds
were set to 20% inhibition for plant growth, 25% inhibition for nematode growth and
oligochaete reproduction, 50% inhibition for nematode reproduction, and 60% inhibition for
bacterial enzyme activity. For yeast fermentation, no toxicity threshold was defined due to the
high variability of the test system (MTI > 80%). In spite of a MTI of 10 for fish egg survival,
the toxicity threshold was set to 20% (following the validity criterion), as no information on
the test inherent variability was available. Statistical analyses showed that the power for
detecting significant differences at the various toxicity thresholds were sufficiently high (>
0.8; SigmaStat, SPSS Inc, Chicago, IL, USA).

Fig 4 Means (error bars = standard deviation) of %inhibition (compared to control sediments) of
toxicity endpoints in native sediments (n = 9; fish: n = 8; see Table 8); dotted lines mark the MTI
(maximal tolerable inhibition); Bac = bacterial enzyme activity; Yeast = yeast fermentation; Nema-G:
nematode growth; Nema-R: nematode reproduction; Oligo: oligochaete reproduction; Plant: plant
growth; Fish: fish-egg survival
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10.5 Discussion
10.5.1 Influence of sediment properties
The response of the test organisms to the different native sediments with low to moderate
contamination varied considerably. The sediment coefficients of variance were markedly
lower for nematode growth, oligochaete reproduction, plant growth and fish-egg survival
(CVS of 12, 22, 13, and 6.4%, respectively), than for bacteria, yeast and nematode
reproduction (CVS of 48, 74 and 54, respectively). For nematode growth, the variability was
comparable to that determined in a study with freshwater sediments, in which C. elegans was
exposed to 26 low-level-polluted sediments (CVS = 10.1; Höss et al., 1999). In reference soils,
C. elegans had a lower variability with a CV Soil of 4% for growth and 31% for reproduction
(Höss et al., 2009). The variability of L. variegatus reproduction in the native sediments was
comparable to the values reported for Tubifex tubifex. In that study, Reynoldson et al. (2002)
investigated the variability of sublethal toxicity endpoints for T. tubifex exposed to 105
reference sediments: CVS of 12% and 34% were determined for the number of cocoons and
offspring per adult, respectively. The variability of Eisenia andrei, a soil oligochaete, in
reference soils, however, was found to be considerably higher (CV Soil of 44%; Römbke et al.,
2006). In the same study, a CV Soil of > 50% was determined for the growth of turnip rape
(Brassica rapa) in reference soils (Römbke et al., 2006), which is considerably higher than
the variability of the growth rate of Myriophyllum in the present study (Table 8).
A linear model suggested that grain-size distribution, organic matter and anthropogenic
pollution might have influenced the response of the various organisms to the native sediments
(Tables 5 and 7). As the study parameters were strongly intercorrelated, the influence on the
organisms could not be unequivocally attributed to individual properties of the sediments.
However, due to the relatively low contaminant concentrations in most of the sediments, toxic
effects on the organisms were not likely. Indeed, with the exception of AA-R, all sediments
showed contaminant concentrations that were below or close to threshold values that are
considered as not harmful for benthic invertebrates (threshold effect concentrations, TEC;
Table 4; MacDonald et al., 2000). However, in the AA-R sample, by contrast, part of the
effect on bacteria (36% inhibition compared to control) and nematodes (growth: 27%,
reproduction: 41% inhibition compared to control), might have been caused by an elevated
Hg concentration (Table 4). For bacteria, EC50 values for Hg in water of 0.3 mg l -1 and
0.9 mg l-1 were reported for Pseudomonas fluorescens and Vibrio fischeri, respectively
(Brown et al., 1996; McCloskey et al., 1996). Although, in sediments bioavailability of Hg is
assumed to be lower than in water, effects of Hg cannot be excluded at a concentration of
0.6 mg kg-1 (AA-R; Tab. 4). For C. elegans, the LOEC for Hg in water was found to be 2 mg
l-1 (Donkin and Williams, 1995). Thus, effects caused by Hg in AA-R are not likely.
Regarding the strong effect of PA-R on fish egg survival, an effect of mineral oil that was
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found in comparably high concentrations in this sample (Tab. 4), cannot be excluded. In
water, for mineral oil a LC50 of 100 mg l -1 was reported for rainbow trout and blue gill
(Office of Pesticide Programs, 2000).
In the low-level-contaminated sediments, it was more likely that organisms were influenced
by particle size distribution and the content of organic matter. Similar results were reported in
a previous study involving C. elegans, in which growth was found to be negatively correlated
with clay content (Höss et al., 1999), perhaps due to lower food availability for the
nematodes. While the particles <2 µm can be swallowed by the nematodes together with the
food bacteria, they are less nutritious. L. variegatus is a sediment ingester that can take up
larger particles than C. elegans. Although choice experiments with freshwater oligochaetes
showed that the worms (Tubifex, Limnodrilus, Stylodrilus) avoided coarse sands and headed
for fine, muddy sediments (Wachs, 1967), grain size did not influence L. variegatus in the
present study. For plants water uptake depends on the water capacity of the substrate. In finer
substrates, for example silty sediments, more water is capillary bound and thus available for
the plant. Furthermore, nutrients (minerals, e.g. Mg) are usually bound to fine-grained
sediment particles. Therefore, the observed positive correlation of minerals and grain size
reflect the better supply of water and nutrients in fine-grained sediments (Barko and Smart,
1986). This possibility is supported by positive correlations of plant growth to nitrogen and
DOC concentrations in the pore water (PC4; Tables 4 and 7). Fish egg survival, by contrast,
was not influenced by grain size distribution but was related to the content of organic matter.
It was previously shown that D. rerio is affected by organic matter, such as humic substances
(Cazenave et al., 2006). For the bacteria no significant correlation to the measured
geochemical sediment properties were found (Table 7). Instead, the relatively high variability
of the enzyme activity observed in the bacteria contact test might have been due to other
factors, not measured in this study. It might also be at least partly explained by the varying
quenching effects of the different native sediments. A fluorescent dye can lose energy without
emitting light during contact with other substances, resulting in a reduced fluorescent signal.
Therefore, a calibration method was developed and tested and is described in detail in (Heise
and Ahlf, 2005). In the yeast contact test the reasons behind the strong inhibition excerted by
some of the sediments remain unclear, as it could not be explained by the measured sediment
properties (Table 7).
10.5.2 Toxicity thresholds
The need for test-specific thresholds or limits that set the boundary between reference
conditions or natural variability and toxic effects has already been stated in other studies
(Hunt et al., 2001; Reynoldson et al., 2002; Thursby et al., 1997). Based on the variability of
lethal and sublethal toxicity endpoints in reference sediments, Reynoldson et al. (2002)
established three categories of responses to toxicity for four benthic invertebrate species
(Chironomus riparius, Hyalella azteca, Hexagenia spp., Tubifex tubifex): not toxic, potentially
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toxic and toxic. Similar to the approach of the present study, the delineations for the three
categories were developed from the standard statistical parameters of mean and standard
deviation (mean ± SD) of an endpoint measured in reference sediments. In contrast to the
present study, however, Reynoldson et al. (2002) inserted a “buffer zone” of potential toxicity
between the not toxic and toxic categories, instead of defining sharp threshold. A comparable
approach was used by Hunt et al. (2001) who set up individual “sediment toxicity tolerance
limits” for the survival of marine amphipods and the development sea urchin embryo/larval,
to determine elevated toxicity relative to reference conditions. Thursby et al. (1997) presented
a toxicity threshold approach that considers the entire test system by using a historical
database of minimal significant differences (MSD), rather than searching only for a
statistically significant difference between a sample and the control in a single test run. These
toxicity thresholds were applied to a large data set and were shown to be useful for
interpreting sediment toxicity data (Phillips et al., 2001). Samples were regarded as toxic, if
both statistical significance and detectable significance (below the MSD derived threshold)
indicated a toxic effect.
The present study combines these approaches and considers the statistical power of a test
system as well as the influence on the organisms of natural sediment properties that increase
the background noise, from which a toxic effect has to be distinguished. For toxicity
endpoints showing relatively low variability within treatments (between replicates; low CVi
and MDD) and between sediments (low CVs and MTI), such as plant growth, oligochaete
reproduction and nematode growth, the toxicity thresholds were set quite low, at 20 and 25%
inhibition (Table 5). The high toxicity threshold of the bacterial enzyme activity, despite a
very low MDD of <10%, derived from the high variability between the various sediments
(CVs: 48%) and the fact that the control enzyme activity in quartz sand higher than in natural
sediments. This combination led to the high MTI of 62% and a toxicity threshold of 60%. The
use of an alternative, more realistic, artificial control sediment might help to get a lower MTI
and thus also a lower toxicity threshold for the bacteria contact test. The yeast contact test
showed an exceptionally high variability between the various native sediments that could not
be explained by the measured sediment properties or contaminant concentrations. An MTI
close to 90% did not allow the definition of a reasonable toxicity threshold that is able to
detect a contaminant effect out of the large background noise.
The MTI as the basis, albeit not the only one, for the toxicity threshold, generally accounts for
differences in an organism’s response to an artificial sediment vs. natural sediments.
Formulated, artificial sediments are often designed to yield optimal performance of the test
organism but this might also exceed the performance in natural reference sediments (Fig. 3;
Kemble et al., 1999). Therefore, in addition to the control sediment, the use of a reference
sediment that is similar to the native test sediment, but free of contamination is always
recommended (ASTM, 1990; US EPA, 1998). However, as a suitable reference site is not
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always available, a reliable toxicity threshold, established on the basis of a permanently
available control sediment, is crucial for accurate interpretation of the toxicity of native
sediments.
10.5.3 Battery of sediment contact tests
With the exception of the yeast contact test, all studied contact tests appear to be promising
tools for sediment toxicity assessments. As the organisms tolerated different types of
freshwater sediments from lakes and rivers with a considerable range of geochemical
properties, it can be broadly applied for assessing sediment toxicity. Moreover, a battery of
sediment-contact tests with organisms from different organizational and trophic levels, as
proposed in the SeKT-project (Feiler et al., 2005), has several advantages over a test battery
using only macro-invertebrates (ASTM, 2005). First, different exposure routes can be
considered. A. globiformis (bacteria), M. aquaticum (plant), and eggs of D. rerio (fish) are
exposed to sediment-associated contaminants mainly via the dissolved phase in pore water as
well as by direct contact with contaminant-loaded particles. Although the adult zebrafish
might not come into contact with contaminated sediments, fish embryos in their eggs very
likely do, as cyprinids commonly spawn on finely grained sediment. Meiobenthic nematodes,
represented by C. elegans, are relatively small and live in the interstitial space. Thus, the pore
water, containing all dissolved and colloidal substances, and fine particles are relevant for the
nematode’s uptake of pollutants (Höss et al., 2001). L. variegatus takes up the sediment
particles with all bound contaminants which become newly available in the gut of these
oligochaetes (e.g. Leppänen and Kukkonen, 1998). Second, the use of organisms from
different organizational and trophic levels, and thus with a broad variety of receptors for
environmental chemicals, allows the assessment of chemicals with different modes of action.
Third, in the proposed battery, short-term (few hours to few days: bacteria, nematodes, fish
eggs) and longer-term (days to weeks: plants and oligochaetes) tests are included, which
allows rapid screening but also the evaluation of long-term effects.

10.6 Conclusions
This study investigated the response of several sediment-contact tests on freshwater sediments
with both low to moderate contamination considerable variability in terms of their
geochemical properties. The variability of the test systems that partly could be explained by
individual sediment properties was considered as natural variability and used as a basis for
defining toxicity thresholds. Only one test system, the yeast contact test, showed an
exceptionally high variability in sediments with low-level contamination and thus cannot be
recommended for testing native sediments. In all other contact tests, the variability between
the lowly contaminated sediments was low enough to define reasonable toxicity thresholds.
Thus, the tests fulfilled an important prerequisite for assessing the toxicity of freshwater
sediments with a broad range of geochemical properties. However, the presented toxicity

Variability of sediment-contact tests

284

threshold should not be regarded as “set in stone”. With a growing data base for lowly
contaminated sediments, it probably will be necessary to adjust the toxicity thresholds for
these contact tests. Overall, an ecologically relevant battery of sediment contact tests can be
recommended in which test organisms of different trophic levels and with various exposure
routes are used: bacteria, nematodes, oligochaetes, plants and fish eggs. When carried out
with reasonable toxicity thresholds, these test systems offer a pragmatic approach to sediment
risk assessment.
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Chapter 11

11.1 Abstract
The SeKT joint research project (German: SedimentKontaktTests) compared established
sediment contact assays representing different trophic levels and several contaminant
exposure routes within freshwater sediments. Test organisms were bacteria (Arthrobacter
globiformis), fungi (Saccharomyces cerevisiae), nematodes (Caenorhabditis elegans),
oligochaetes (Lumbriculus variegatus; toxicity and bioaccumulation), fish (Danio rerio), and
higher plants (Myriophyllum aquaticum).
In working package 2 of the project, formulated and natural control sediments were spiked
with either a mixture of four heavy metals or six organic pollutants and investigated using the
different test systems. Sensitivities for the two types of contamination and slopes of the doseresponse relations were determined for each bioassay and evaluated with respect to organism
type, exposure pathway, sediment characteristics and type as well as sorption behaviour of the
contaminants.
The plant assay was identified as a test system that can detect low concentration of both heavy
metals and organic substances. Likewise, oligochaetes showed suitability for testing on either
contamination, whereas nematodes turned out to be more sensitive for heavy metals. In
contrast, fish embryos were exceptionally insensitive for heavy metals, but detected organic
substances at very low concentrations. Bacteria gave low sensitivities in all experiments.
Results for yeast cells were quite inconsistent, with highest sensitivities for heavy metals only
in formulated sediments. Slopes of the response curves, which translate to ranges of
concentrations that the test systems are able to discriminate, were steeper for formulated
sediments than for natural samples. Plants, Bacteria and nematodes gave mostly flat slopes,
i.e. good discrimination capabilities. In general, higher sensitivities and steeper slopes were
recorded for formulated sediments, This can be accounted to higher availability of toxicants
due to lack of sorption capacity, especially of naturally formed organic matter and biofilms.
Obtained data provide an overview over the individual properties and capabilities of each test
system, and may guide researchers while selecting the appropriate biotest battery for a given
investigation.

11.2 Introduction
Sediments play a key role for the ecological status of aquatic ecosystems. Being a highly
complex matrix they form the habitat for an abundant biocoenosis and host a multitude of biochemical transformation processes. The assessment of sediments regarding anthropogenic
contamination is a prerequisite for the decision on the treatment of dredged material and part
of the evaluation of water quality of lakes, rivers and streams. As sediments are both source
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and sink for environmental pollutants, bioturbation (Power & Chapman 1992), flood events
(Hollert et al. 2000) or dredging and relocation activities (Koethe 2003) can remobilize legacy
contamination and pose a risk to aquatic organisms. Thus, contaminated sediments in many
European river basins will continuously affect surface water quality for many years to come
(SedNet 2004). As a consequence, implementation of the European Water Framework
Directive (EWFD) – which is aimed at a good ecological and chemical status in the surface
waters of European river basins by the year 2015 – might get hampered (Förstner 2002).
Monitoring and assessment of sediment quality assumes high significance in order to achieve
the aims of the European Water Framework Directive (Brils 2004) and therefore is an
important part of integrated environmental risk assessment (Ingersoll et al. 1997). Wholesediment exposure protocols represent the most realistic scenario to simulate in situ exposure
conditions in the laboratory (Chapman & Hollert 2006, Heise & Ahlf 2005). However, until
now there is no agreement in how to acquire and to evaluate the data of the various available
sediment contact assays. The SeKT joint research project (German: SedimentKontaktTests)
was initiated with the aim to compare recently developed sediment contact assays.
Standardized test systems, which use organisms of different trophic levels that represent the
various microhabitats within freshwater sediments, were applied. This covers also a broad
range of contaminant exposure routes, from direct contact to ingestion. Test organisms were
bacteria (Arthrobacter globiformis), fungi (Saccharomyces cerevisiae), nematodes
(Caenorhabditis elegans), oligochaetes (Lumbriculus variegatus; toxicity and
bioaccumulation), fish (Danio rerio), and higher plants (Myriophyllum aquaticum).
Within the first working package, experiments were carried out with unpolluted sediments in
order to identify control sediments suitable for all applied bioassays (Höss et al. 2010). As a
result, one formulated (according to OECD Guideline 218 (OECD 2004)) and one natural
sediment (Altrip, Old Rhine River, Germany) were defined as being sufficiently applicable
with all test systems. Furthermore, toxicity thresholds were derived for the individual biotests
based on the obtained effect data.
The present paper reports on the outcome of working package 2. Formulated and natural
control sediments were spiked with increasing concentrations of either a mixture of four
heavy metals or an organic compounds cocktail comprising of six different widespread
organic pollutants. Data were evaluated regarding sensitivity of the test organisms to exposure
with heavy metals or organic compounds, and ranges of the concentrations causing effects
were calculated. Findings are discussed with respect to organism type, exposure pathway,
sediment characteristics and sorption behaviour of the contaminants.
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11.3 Material & Methods
11.3.1 Sediment samples and sampling
A natural sediment sample was taken from the sampling site at Altrip, Old Rhine River,
Germany. This site has been defined before as the reference for natural sediments within the
SeKT joint research project (Höss et al. 2010). Surface sediment (0–10 cm) was collected in
August 2006 with a stainless steel Van Veen grab sampler, homogenized, and stored in plastic
jars in the dark at a temperature below 4 °C until further use.
The formulated sediment sample was prepared according to OECD guideline 218 but with
reduced kaolin content of 5 % fresh weight for the reason, that higher kaolin content caused
toxic effects detailed in (Höss et al. 2010).
11.3.2 Spiking
Sediments were spiked according OECD guidelines 207 (OECD 1984) and 218 (OECD
2004). Substances used were
Organic compounds

Heavy metals

• Diuron PESTANAL

• Zink chloride

• Parathion-ethyl

• Nickel(II) chloride x 6 H2O

• 2,4-Dinitrophenol

• Copper(II) chloride x 2 H2O

• Nonylphenol PESTANAL

• Cadmium chloride x H2O

• Fluoranthene
• Pentachlorophenol
Initially, stock solutions of organic compounds and heavy metals mixtures were prepared in
acetone and water, respectively, and diluted to give final concentrations in the sediment
samples as displayed by tables 1 and 2. Stock solutions of heavy metals were prepared using
plastic labware.
Spiking with organic compounds
10 % of wet weight from each sediment sample were separated per concentration step and
dried overnight at 105 °C. These dry subsamples were then grinded to assure small,
homogeneous particle sizes and transferred to glass petri dishes. Previously prepared spiking
solutions were now added to each subsample. Under occasional stirring and mixing, the
solvent was allowed to evaporate for 3-4 d. Following evaporation, subsamples were re-mixed
with their corresponding sediment until complete homogenization. Prior to testing, sediments
were equilibrated for 5-7 d at 20 °C in the dark and again thoroughly homogenized.
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Table 1 Concentration steps of heavy metals (HMs) and organic compounds* (OCs) spiked into
formulated sediment. Data for HMs are given in % of the respective highest concentrations**

HMs [%]

OCs
[mg/kg]

100

100

33.33

33.33

11.11

Plants Nematodes

Bacteria Bacteria
Fish
Oligochaetes Yeast
(native) (dried)
embryos

+

+

+

+

+

+

+ +

+

+

+

+

+

+

11.11

+ + +

+

+

+

+

+

+

+

+ + +

+

3.70

3.70

+ + +

+

+

+

+

+

+

+

+ + +

+

1.23

1.23

+ + +

+

+

+

+

+

+

+

+ + +

+

0.41

0.41

+ + +

+

+

+

+

+

0.14

0.14

+

+

+

+

+

+

*Diuron, Pentachlorophenyl, Nonylphenol, Fluoranthene, 2,4-Dinitrophenol, Parathion-ethyl
**Zinc/Nickel/Copper/Cadmium. 100 % correspond to 4750/3400/2250/15 mg/kg dw

Table 2 Concentration steps of heavy metals (HMs) and organic compounds* (OCs) spiked into
natural sediment. Data for HMs are given in % of the respective highest concentrations**

HMs [%]

OCs
Bacteria Bacteria
Plants Nematodes
Oligochaetes Yeast
[mg/kg]
(native) (dried)
1600

+

+

+

800

+

+

+

400

+

+

+

200

200

+

+

+

+

+

100

100

++

+

+

+

+

+

+

50

33.33

++

+

+

25

11.11

++

+

12.5

3.70

++

+

6.25

1.23

++

+

Fish
embryos

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

1.00

+

0.20

+

0.04

+

0.008

+

0.0016

+

*Diuron, Pentachlorophenyl, Nonylphenol, Fluoranthene, 2,4-Dinitrophenol, Parathion-ethyl
**Zinc/Nickel/Copper/Cadmium. 100 % correspond to 4750/3400/2250/15 mg/kg dw
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Spiking with heavy metals
Prior to the spiking procedure, water contents of all sediment samples were reduced. Then the
spiking solutions were directly mixed into the sediments, in volumes that reconstituted the
original water contents of each sediment. Subsequently, samples were homogenized and
equilibrated for 7 d at 20 °C in the dark. Finally, all sediments were again thoroughly
homogenized.
11.3.3 Sediment contact tests
All bioassays followed protocols already applied within the SeKT joint research project. For
more details see (Höss et al. 2010).
Bacteria
The bacterial contact test was performed according to (Neumann-Hensel & Melbye 2006) and
ISO/DIS 10871 (ISO 2009). Briefly, either freeze-dried or native A. globiformis, obtained
from the German collection of microorganisms (DSM), was cultivated in a 100 ml flask in
autoclaved growth media, diluted 1:3 with water (v/v). After inoculation, cell density was
adjusted to an optical density (OD600) of 0.4. 0.6 g sediment sample together with 0.6 ml
distilled water were added to individual wells of 24-well microplates, and the inoculum
(0.4 ml) was added after inactivation of local soil microfauna at 80 °C. The microplates were
then shaken for 2 h at 30 °C on a horizontal shaker. Following this exposure period,
resazurine (45 mg/L) dissolved in buffer was added to each well. During 60 min of shaking at
30 °C, dehydrogenase activity was determined every 15 min via formation of resorufin using
a fluorometer (em. 535 nm, exc. 590 nm).
Yeast
The yeast contact test was performed according to (Weber et al. 2006). In brief, 40 g sediment
were mixed with 20 ml growth medium in 100 ml Erlenmeyer flasks, boiled by microwaves
(600 W) and cooled down. After this, 0.4 ml yeast cell suspension were thoroughly mixed
with the sample and incubated for 16–18 h at 28 °C. Fermentation was induced by
successively adding 30 and 40 ml of warm water (40 °C), mixing and transferring to prewarmed 500 ml Duran glass flasks. The suspension was finally topped up to a total volume of
100 ml. 10 ml medium were added and subsequently incubated for 1 h on a rotary shaker
(150 rpm) at 40 °C. Prior to measurement, glass vessels were evacuated for 1 min and
200 mbar without interruption of the rotary shaking. Arising CO2-pressure (mbar) was
recorded by means of automatic nanometric screw top sensors (OxiTop Control B6, WTW,
Germany) for 5 h.
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Nematodes
The nematode bioassay on C. elegans was carried out – with few modifications – following
standard methods (ISO/DIS 10872) and (Traunspurger et al. 1997). Summarized, 5 first-stage
(J1) juvenile worms (mean initial body length 276 µm (± 36 µm, SD; n = 30)) were
transferred to each well of 12-well polystyrene multidishes (Nunc, Wiesbaden, Germany),
containing 0.5 g of sediment (wet weight) and 0.5 ml of E. coli suspended in M9-medium as
food supply. After 96 h incubation at 20 °C, worms were heat-killed at 50 °C, and 0.5 ml of an
aqueous solution of Rose Bengal (0.5 g x l-1) were added as stain. Nematodes were then
separated from the sediment using colloidal silica (Ludox TM50; Sigma-Aldrich, Munich,
Germany) at a density of 1.13 g cm-3. Reproduction was quantified under a dissecting
microscope at 25-fold magnification. Body lengths were determined under a light microscope
at 100-fold magnification using a microscale.
Oligochaetes
The sediment contact test with Lumbriculus variegatus was carried out according to standard
procedures (Egeler et al. 2005, Phipps et al. 1993), using synchronized earthworm cultures.
Five to seven days prior to addition of the worms the artificial sediment was amended with
finely ground leaves of stinging nettle (Urtica sp.; Urtica-powder) and cellulose (α-cellulose
powder) to an amount of 0.5% of sediment dry weight. In tests with field sediment, the worms
were fed with a suspension of fish food (TetraMin®) to an amount of 0.50-0.75 mg per worm
and day. Field sediments and the artificial control sediment (according OECD Guideline 218)
were conditioned for one day and 11-14 days, respectively. Worms were then added and
exposed to the sediment-water systems (60-90 g sediment) for a period of 28 d at 18-22 °C.
Survival, reproduction and biomass were evaluated as biological endpoints.
Plants
The sediment contact test with Myriophyllum aquaticum was performed following the
protocols described by Feiler et al. (Feiler et al. 2004) and Stesevic et al. (Stesevic et al.
2007). Briefly, Myriophyllum aquaticum (parrot feather; obtained from Jungnickel, University
of Jena, Germany) was grown vegetatively under defined growth conditions. Sediments were
suspended in a glass vessel each using Steinberg's medium (DIN EN ISO 20079). The two
whorls growing just below the head-whorl were cut from 21-days-old plants, weighed and put
directly into the sediment-containing vessels. Following 10 days exposure at 24 ± 5 °C, fresh
weight of each whole plant at the end of the experiment was determined to calculate the
growth rate. Toxicity can be quantified by the intensity of the effect as % inhibition.
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Fish embryos
The sediment contact assay with zebrafish (Danio rerio) embryos according (Hollert et al.
2003) is based on the internationally standardized whole effluent assay (ISO 15088:2007),
which is also proposed for chemical testing (Braunbeck et al. 2005). In this study, the test was
performed using native instead of freeze-dried sediment samples. Fish were maintained in a
breeding condition and eggs harvested as described by (Nagel 1986). Sediments were
weighed in 6-well plates (TPP, Trasadingen, Switzerland) at 3 g per well and 3 wells per
sample. 5 ml of ventilated artificial water (ISO 7346/3) were added per well and 5 fertilized
eggs were transferred to each well. Plates were covered with adhesive film (Renner,
Dannstadt, Germany) and incubated at 26 ± 1 °C for 48 h. Finally, embryos were inspected for
effects and mortality was calculated according standard lethal criteria (egg coagulation, nondevelopment of somites, tail not detached from yolk, no recognizable heart beat), taking into
account ≤ 10 % effect to be neglectable (DIN 38415-T6).
11.3.4 Statistical analysis
For all toxicity tests EC 50 values and 95% confidence limits were estimated by probit analysis
using the software ToxRat Professional (Version 2.09, ToxRat Solutions GmbH, Alsdorf,
Germany).

11.4 Results
With spiked natural sediment, dose-response relations for heavy metals as well as organic
compounds could be obtained for all biotest systems, except for yeast cells. Dose-response
curves from non-linear sigmoid regression analyses for all assays are displayed in Fig. 1. Fish
embryos revealed very high effects of organic compounds in natural sediment and had to be
exposed to an additional concentration series, as detailed in Table 2.
Tests with spiked formulated sediment showed dose-response relations for most biotests.
Regarding reproduction of nematodes, no effect of organic compounds could be recorded.
EC50 values were derived and expressed either in mg/kg for organic contaminants or as
percentage of the highest concentration applied with each treatment for heavy metals
(Table 3).
Clear differences were found between results for the formulated and the natural sediment for
both heavy metals and organic substances. The majority of test systems gave lower EC values
when exposed to spiked formulated sediment compared to the results gained for spiked
natural sediment (Fig. 2). Factors of this decreased effectiveness ranged from < 2 to more than
30 for heavy metals and from < 2 to over 20 for organic compounds.
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Fig 1 Dose-response curves obtained for formulated and natural sediment spiked with either heavy
metals or organic compounds. Data are given as % inhibition compared to test-specific controls
against % of heavy metal highest concentration and mg/kg dw org. contaminants, respectively.
a) bacteria (native), b) bacteria (dried), c) fish embryos, d1) growth and d2) reproduction of
nematodes, e1) growth and e2) reproduction of oligochaetes, f) plants, g) yeast

Sensitivity measures of sediment contact assays

299

Table 3 EC50 values from the different contact test approaches determined for a mixture of either
heavy metals (HMs) or organic compounds (OCs), spiked into either formulated or natural sediment.
Values for heavy metals are given as % of the respective highest concentrations of each heavy metal
(see Table 1 and 2). 95 % confidence intervals in brackets
Formulated

Natural

HMs [%]

OCs [mg/kg dw]

HMs [%]

OCs [mg/kg dw]

Bacteria (native)

4.4

23.2
[8.9-60.3]

41.6
[39.5-43.7]

496.0
[314.8-716.7]

Bacteria (dried)

13.7
[9.5-18.8]

44.1
[26.2-89.7]

59.6
[57.7-62.2]

139.5
[103.2-173.6]

Fish embryos

12.2
[2.5-52.7]

1.5
[0.4-6.4]

68.1

2.4
[0.5-11.8]

Nematodes (growth)

5.6
[5.53-5.64]

41.0

16.2
[14.5-18.5]

265.4
[226.6-361.0]

Nematodes (repro)

4.8
[4.5-5.4]

n.d.

6.6

201.9
[201.5-202.4]

Oligochaetes (growth)

1.9

36.1

14.5
[9.1-23.1]

20.3
[18.7-21.6]

Oligochaetes (repro)

2.6
[2.57-2.61]

9.7

12.8
[10.2-15.8]

17.0
[15.3-18.9]

Plants

2.5

3.0

12.8
[11.5-14.3]

2.5
[1.3-4.6]

Yeast

1.1
[0.2-5.3]

21.4
[16.4-28.0]

35.8

109.5

In order to compare sensitivities of the different applied contact tests, EC 50 values were
considered dilutions of the respective highest concentrations of each treatment, and dilution
factors were calculated and plotted as bars in descending order (Fig. 3). It turned out, that
plants provided intermediate capabilities for detecting both heavy metals and organic
compounds in formulated sediment as well as heavy metals in natural sediment, while
sensitivity was considerably high regarding natural sediment spiked with organic compounds.
The oligochaete reproduction test and the oligochaete growth test revealed basic
comparability to each other. Both systems showed intermediate responses to heavy metals in
either sediment type as well as organic compounds in natural sediment. They both exhibited
relatively low sensitivities for organic compounds spiked in formulated sediment. Low
sensitivities were also found for the yeast approach with both sediment types carrying organic
compounds, whereas detection sensitivity for heavy metals in formulated sediment was the
highest of all test systems. Reproduction of nematodes proved highly suitable for the
detection of heavy metals when exposed to the natural sediment, while growth of nematodes
gave only intermediate sensitivities. Highest sensitivities for organic compounds regarding

Sensitivity measures of sediment contact assays

300

both sample types were recorded for zebrafish embryos, but performance in detecting heavy
metals was worse than any other applied biotest. The native and the dried bacteria contact
assay showed constantly low sensitivities for any sediment-contaminant combination.
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Beside from sensitivity measures, it is interesting for the evaluation of bioassays to investigate
the range of contamination a test system is able to respond to. This corresponds with the slope
of the respective dose-response curve. A steep slope, i.e. high slope value, indicates that the
test system can differentiate only in a small concentration range, while assays giving flat
slopes can detect a broader range of concentrations. Reciprocal slope values of all doseresponse curves were plotted as stacked bars and are displayed in Fig. 4.

Plants
Fish embryos

1

Fig 2 Differences between EC50 values for heavy metals (HMs, upper graph) and organic compounds
(OCs, lower graph) spiked into either formulated or natural sediment
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Fig 3 Sensitivity ranking of the different test systems by a fictional dilution factor of the respective
highest concentration applied in each treatment in order to reach the determined EC 50 value (see
Table 3). Error bars depict 95 % confidence intervals (not available for all data sets). HMs: heavy
metals, OCs: organic compounds

Bacteria, plants and nematodes provided larger detection ranges for organic compounds in
natural sediment, compared to the other applied test systems. For natural sediment spiked with
the selection of heavy metals, again bacteria (native approach) and plants showed broader
effectiveness, together with reproduction of oligochaetes. Metals in formulated sediment,
however, caused rather sharp responses in most test systems. The approaches with
oligochaetes were highly comparable with respect to the effectiveness of organic compounds
in either exposure and heavy metals in formulated sediment. Obviously, growth and
reproduction were closely linked to each other. At least for copper toxicity in sediments,
similar observations for Lumbriculus and Tubifex had been reported before (Roman et al.
2007). Basic comparability could also be observed between the two bacteria contact assays
and plants. Fish embryos showed relatively steep dose-response relations and, thus, small
detection ranges.

11.5 Discussion
Recorded differences between the results for formulated and natural sediment can be
accounted to differences in composition of the two sample types.
Firstly, total organic carbon (TOC) in the natural sediment was 34 g/kg, while the formulated
sediment (according to the guideline) contained only 20 g/kg. Organic matter is a very potent
sorption phase, especially for organic compounds (Ehlers & Luthy 2003, Ehlers & Loibner
2006, Luthy et al. 1997). Cornelissen and co-workers (Cornelissen et al. 2005a, Cornelissen et
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al. 2005b) reported on strong sorption of Diuron to black carbon (BC) in BC-enriched
sediment, and a study by Krishna and Philip (Krishna & Philip 2008) revealed, that sorption
of lindane, methyl parathion and carbofuran in Indian soils was positively correlated with the
proportion of organic content. Organic carbon as a part of organic matter has also been shown
to contribute substantially to the sorption of heavy metals to soils and sediments (Ankley et al.
1996, Koelmans 1998, Pacakova et al. 2000). Tyler and McBride (Tyler & Mcbride 1982)
found less extractability of copper, nickel, zinc and cadmium for organic soils, and Usman
(Usman et al. 2005) accounted decreased water-extractable concentrations of copper, nickel
and cadmium to the presence of organic carbon. Strong binding of copper to organic carbon
has also been pointed out in a study by Mahony (Mahony et al. 1996).

Bacteria (dried)
Bacteria (native)
Nemotades (repro)

natural, OCs
natural, HMs
formulated, OCs
formulated, HMs

Nematodes (growth)
Fish embryos
Oligochaetes (repro)
Oligochaetes (growth)
Plants
Yeast

0

200

400

600

Reciprocal slope values

Fig 4 Detection ranges of the investigated contact assays for the different sedimentcontaminant combinations. Bars represent reciprocal slopes of the dose-response curves
shown in Fig. 1. HMs: heavy metals, OCs: organic compounds
Secondly, organic matter in the natural sediment was of a natural origin and very likely
comprised different types of carbon content. The formulated sediment, on the other hand, was
prepared using fine grinded peat moss as the carbon content. An important aspect governing
the sorption behaviour of contaminants in sediments is the specific organic carbon
composition (i.e., type, quality, chemical state) (Ahrens & Hickey 2002). Especially coal, ash
and soot, which are commonly referred to as "black carbon", offer one of the most important
binding phases for sorption processes in soils and sediments (Koelmans et al. 2006, Xiao et al.
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2004). Huang and co-workers (Huang et al. 2003) concluded that "black carbon and kerogen
[…] may dominate the overall nonlinear sorption by soils and sediments." Furthermore, for
selected PAHs and PCBs it has been shown that the size of the rapidly desorbing fraction was
greater regarding younger organic matter (Kukkonen et al. 2003). Comparable influence of
the composition of organic matter is discussed for the availability of heavy metals, which
were found to associate to, e.g., natural humus to a greater extent than to cellulose in
formulated sediments (Besser et al. 2003).
Thirdly, the clay fraction in the natural sediment was clearly larger (23.4 %) than in the
formulated sediment (5 % kaolin as clay content). Krishna and Philip (Krishna & Philip 2008)
found in their study also evidence for relevant sorption of the three investigated pesticides to
clay. Likewise, other cases in the literature indicate impact of clay content on the degree of
sorption and therefore availability of organic compounds in soils and sediments (Li et al.
2007, Spark & Swift 2002). Regarding heavy metals, it has been shown that their sorption is
negatively correlated with the particle size of putative adsorbents (Jain & Ram 1997).
Furthermore, Usman and co-workers (Usman et al. 2005) reported on a strong decrease of
water-extractable copper, nickel, zinc and cadmium after addition of bentonite clay minerals
to sediment samples, which was reflected by reduced toxicity. Therefore, clay can be
considered to affect the availability of heavy metals to test organisms.
The observation that several test systems exhibited low sensitivities regarding formulated
sediments spiked with the organic compounds cocktail was quite unexpected. Peat moss, used
for the preparation of the formulated sediment, does not provide that characteristics of organic
matter supporting strong sorption. Hence, contaminants should have been highly available,
resulting in high sensitivities and small ranges of effectiveness. Interestingly, all test
organisms which feed more or less directly on sediment particles gave such data. A possible
explanation can therefore be, that the main exposure route for oligochaetes and nematodes
was ingestion of particle-bound compounds. Several authors define ingestion as the major
pathway for bioaccumulation of sediment-associated contaminants in deposit feeders (Boese
et al. 1990, Leppanen & Kukkonen 1998, Mayer et al. 1996). Natural sediment, on the
contrary, very likely provided higher sorption capacity, and, thus, higher amounts of
contaminants were bound to sediment particles, directly intoxicating oligachaetes and
nematodes while feeding upon it. Unlike oligocheates and nematodes, bacteria do not ingest
sediment particles. However, microbes are known to feed on organic macromolecules in soil
and sediment and, thus, accumulate on particulate organic matter (Characklis et al. 2005,
Ritzrau 1996, Sessitsch et al. 2001, White 1994). This could explain the large detection ranges
also found for the Arthrobacter contact tests.
In general, the cell-based test systems, i.e. bacteria and yeast assays, showed low sensitivities
for both organic compounds and heavy metals; only exception was the yeast approach
regarding heavy metals in formulated sediment. Compared to this, oligochaetes responded to
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lower concentrations of heavy metals, indicating that direct access via feeding makes
contaminants more readily available to sediment-ingesting test organisms. Mayer and coworkers (Mayer et al. 1996) measured significantly elevated solubilization of both copper and
PAHs by treatment with digestive fluids extracted from two marine oligochaete species, and
concluded that gut passage of particle-associated contaminants increases the bioavailable
fraction. Nematodes showed also higher sensitivity to heavy metals, yet only when exposed to
natural sediment. This concurs with an assumed higher sorption capacity of the Altrip sample
for heavy metals, due to the organic matter composition. However, as nematodes are very
much smaller than oligochaetes, they are unlikely to directly ingest organic sediment
particles, but feed on bacteria associated to these. As a consequence, they might get into
closer contact to contaminants which are bound to sediment organic matter. Furthermore,
reproduction of nematodes reacted twice as sensitive as the growth parameter did. Hence, it
seems as if heavy metal intoxication has a much stronger impact on fertility (generative cells)
than on development (somatic cells) of nematodes. Likewise, sensitivity of zebrafish embryo
development for heavy metal exposure was comparably low. For salmonids, the early eggs
were found to be the least sensitive phases in terms of heavy metal toxicity (Eaton et al. 1978,
Finn 2007, Mckim et al. 1978, Shazili & Pascoe 1986), and a study by Hallare (Hallare et al.
2005) describes increasing sensitivity to cadmium of zebrafish larvae when hatched.
Furthermore, Chen and co-workers (Chen et al. 2004) observed elevated cumulative zincinduced mortality after hatching of zebrafish embryos and accounted this to a switch from
constitutive expression of maternal metallothionein (Mt) mRNA to specific expression of
embryonic Mt genes.
The ubiquitous sensitivity of the plants assay can be accounted to the roots system, which
penetrates the whole sediment. The water supply of plants is primarily realized via root hairs
and fine lateral roots, which are protruding into the water pores of soils and sediments. In
addition, the negatively charged mucus sequestered by roots upon growing can facilitate
uptake of heavy metal ions. As a consequence, all types of contaminants in all parts of the
sediment become available. Especially Diuron, a selective herbicide affecting the
photosynthesis complex (Devlin et al. 1983, Lundegardh 1965), is known to enter plants
preferably via the roots and gets easily transported to stems and leaves (Moyer et al. 1972,
Smith & Sheets 1967). Nash (1968) reported that uptake of Diuron into oat seedlings and
especially their roots appeared to be relatively independent of soil parameters, including
organic matter content. This stands in contrast to the strong influence of TOC on the results in
all other bioassays as discussed above. It can also be assumed that Diuron and its metabolites
were responsible for the major part of effectiveness in plants recorded for the organic
compounds cocktail.
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11.6 Conclusions & Perspectives
Parallel testing of formulated and natural sediments spiked with either a mixture of four heavy
metals or a cocktail comprising six different organic contaminants returned dose-response
relations for most of the six applied sediment contact test systems. However, differences were
found with respect to the lowest concentration detectable and the range of concentration steps
that the assays were able to discriminate, expressed as slopes of the response curves.
The plants contact assay turned out to be suitable for detection of heavy metals as well as
organic compounds in very different matrices. Furthermore, the system responded to a
mediocre concentration range of organic compounds or heavy metals. To selectively
investigate heavy metal toxicity of sediment samples, both oligochaete endpoints seem useful,
but also the yeast assay and the nematode reproduction test appeared to be suitable with
respect to sediments comparable with OECD and Altrip, respectively. Oligochaete
reproduction as well as the yeast cells had relatively broad detection ranges for heavy metals,
while growth of oligochaetes and reproduction of nematodes responded in a narrow
concentration range. Selective detection of organic contamination at very high sensitivities
might be achieved using the fish egg sediment contact test and the reproduction assay with
nematodes. While detection ranges of fish embryos were relatively small, the nematode test
provided better capabilities for discrimination. Both bacteria toxicity assays appeared to be
applicable for investigating sediments regarding heavy metals and organic compounds in both
sediment types, but can detect contaminants only at elevated concentrations. However, due to
rather flat dose-response relations, these test systems allow to detect a large range of
contaminant concentrations. Results also indicate impact of sediment parameters, particularly
organic matter, on the availability of contaminants and, thus, on the effective concentrations in
the different bioassays. Uptake of organic substances and heavy metals is likely to depend on
their sequestration between the sediment components. Consequently, availability in each test
system is governed by the respective organism’s feeding and living habits.
Obtained data provide an overview over the individual properties and capabilities of each test
system, and may guide researchers while selecting the appropriate biotest battery for a given
investigation. However, in order to fully understand findings from sediment contact tests,
further investigations into the influencing factors are necessary and should be subject to
ongoing research.
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Conclusions

12.1 Confounding factors in sediment assessment
Sediments are a highly complex matrix with a large number of properties which influence
transport, behaviour and, thus, fate of environmental contaminants. Considering the
multifaceted nature of sediments, it is no surprise that also the strategies to gain data about
their contamination provide a broad range of ideas, concepts, principles and technologies.
Furthermore, all different approaches have advantages and bear risks for a reliable assessment
of the toxic impact of sediment samples. As a consequence, the choice of the a certain method
or rather of a couple of methodologies can readily and strongly influence the findings from a
given investigation and, thereafter, the estimation of an environmental risk. Eventually, a
specific taken action might not be appropriate due to inaccurate data and false assumptions.
Already sample transport and storage might lead to loss of contaminants upon sorption to
vessel surfaces. Freezing and drying of sediment samples can also alter the toxicity. Sediment
investigations based on extracts might get hampered by the loss of contaminants during
sample preparation, such as volatilization or thermal degradation, and even the creation of
new effective compounds during heated exhaustive extraction processes is conceivable.
Clean-up treatments might further alter resulting extracts, and as most preparation strategies
consist of a number of cascading single steps, reproducibility of results gained using extracts
is limited; not to mention possible influences of biotest protocols and chemical analysis
procedures. Consequently, several parallel independent extraction replicates are highly
recommended.
Biomimetic extractions, which aim at the rapidly desorbing contaminant fractions, are limited
by the operational definition of bioaccessibility. The degree of accessibility of a given
compound is at least a function of several sediment parameters, particularly organic carbon
content, physical-chemical properties of the substance, and environmental conditions, such as
pH-value or temperature. Appropriate methods for biomimetic extraction have to retain the
whole natural situation of the sample during the separation process. Any alterations that occur
upon extraction could influence the sorption behaviour and would then compromise
estimation of, e.g. risk for sediment-dwelling organisms. Furthermore, bioaccessibility does
not consider the biology of the individual species, as bioavailability does. Hence, for a reliable
risk assessment with respect to a certain benthic community, every single species would have
to be exposed to sediment extracts in a biotest approach.
Toxicity testing of sediments can be realized through direct contact exposure, circumventing
most of the confounding factors detailed before regarding extract testing. However, as also
with contact tests the entire benthic community should be considered, a broad battery of
assays has to be applied. Still, it is very unlikely, that a selection of test systems can
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completely resemble all species existing at a sampling site. Therefore, model organisms for
trophic levels, habitats or taxonomical groups are often used. However, this requires concepts
to easily compare toxicity data from the different assays. Common reference sediments are
necessary as well as knowledge of toxicity thresholds. Furthermore, detailed information
about the living and feeding behaviour of each test organism are essential, in order to
correlate these with observed effects, substance behaviour and sediment properties.
While sediment contact tests can largely decrease the risk of altering an investigated sediment
sample, various cell-based bioassays and miniaturized versions of several test systems still
require extracts for their application. In addition, identification of toxicants completely
depends on extraction of the contaminant spectrum as a pre-requisite for chemical analysis.
On the other hand, toxicity of a given extract can only be determined using biotests, and the
question about the relevance of the recorded effects for the benthic community in situ
demands for a comparison of extract data with results from direct contact exposure.

12.2 Proposal for a strategical framework
As a conclusion, all different approaches have importance for comprehensive investigation
strategies of sediment contamination, and none can to-date entirely substitute the other. With
future development it might eventually be possible to describe contact test results for a variety
of organisms by means of biomimetic extracts. Additionally, substitution of whole organism
tests by cell-based assays might lead to higher throughput and better reproducibility in the
ecotoxicological characterisation of sediments. Yet, the vast variability of sediment-organismcontaminant combinations is very unlikely to be completely replicated by extracts and cellbased model test systems.
Given the necessity of a reliable sediment toxicity assessment, e.g. within the maintenance of
waterways and harbours, a multiple line-of-evidence approach is proposed:
(1) Exhaustive extracts should provide information about the whole contaminant
spectrum, necessary to estimate the 'actual risk' being the product of strength and
likelihood of adverse effects on the ecosystem. In order to strengthen the data basis of
such an investigation, a larger number of subsamples should be extracted in parallel.
Appropriate extraction techniques therefore need to allow high-throughput preparation
of extracts. Up-to-date, however, this requirement is associated to a high risk of
uncontrolled chemical reactions of contaminants during the leaching process.
Automated extraction like utilized by ASE methods combined with membrane dialysis
as in MDE and at moderate temperatures promises to produce quantitative extracts at a
substantially reduced risk of alteration of the hazard potential.
(2) Whole sediment contact tests should be conducted for the determination of the actual
ecotoxicological situation in situ. The applied biotest battery has to resemble at least
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the key species for the respective ecosystem. When using model test organisms for,
e.g. different trophic levels, they must exhibit comparable feeding and living
behaviours. These information are, hence, essential for all involved species in situ as
well as in vitro. For accurate interpretation of the resulting data, the composition of the
respective sediment needs to be known and correlated to physical-chemical properties
of the substances found in exhaustive extracts.
(3) Biomimetic extracts should be used to determine the accessible fraction of
contaminants. These results can then serve to estimate the 'current risk' in situ. As
currently no biomimetic extraction procedure appears to be capable of generally and
reliably mimicking results from direct contact exposure, several extractions should be
conducted in parallel. Again, this requires even more the availability of automated
high-throughput extraction, and future development of such techniques is crucial. In
order to determine the extract type being closest to the bioavailability of contaminants
for a given organism, bioanalytical data for biomimetic extracts should be correlated
with results from contact tests. The selected extract can then be subjected to chemical
analysis for identification of key contaminants.

Technological requirement

Required knowledge

 Should be reduced or avoided

Figure Scheme of the proposed multiple-line investigation strategy for a more reliable sediment
toxicity assessment. Symbols depict requirements that would enhance the feasibility with respect to
scientifical, practical and economical considerations
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This approach is a sophisticated investigation strategy and would add a large portion of
reliability to sediment toxicity assessment. However, limited financial resources will often not
allow to follow the whole concept in every detail. As a consequence, until (1) development of
extraction techniques leads to reliable and cost-effective tools for exhaustive and biomimetic
extraction, (2) research on contaminant behaviour in the context of sediment properties,
environmental conditions and biology of organisms provides comprehensive information
about bioavailability, and (3) novel miniaturized and cell-based bioassays allow efficient
toxicity testing of a large number of extracts with good correlation to direct contact exposure,
sediment toxicity assessment should at least take into account the considerations and
confounding factors as detailed in this study, and interprete resulting data cautiously.
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