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Abstract 

Extracts from various abiotic samples (i.e. passive sampling silicone rubber [SR] sheets, sediments, suspended 

particulate matter [SPM]) and biotic samples (i.e. whole body homogenates from different species) were 

screened for genotoxicity in the Ames fluctuation assay and Comet assay, and for transthyretin (TTR)-binding 

potency in the 
125

I-T4-TTR binding assay. Biota samples showed high cytotoxicity in both Ames and Comet 

assay, which hampered the quantification of the genotoxic activities. TTR-binding activities were found in all 

samples. Causative compounds were investigated by means of effect-directed analysis (EDA) in the selected SR 

sheet and biota samples. The extracts were fractionated on a reverse-phase (RP) column and the RP fractions that 

showed TTR-binding activities were analyzed by liquid chromatography time-of-flight mass spectrometry (LC-

ToF-MS). 

A number of known TTR-binding contaminants, such as hydroxylated polychlorinated biphenyls (OH-PCBs), 

musks, polycyclic aromatic hydrocarbon (PAH) derivatives, nonsteroidal anti-inflammatory drugs (NSAIDs), 

perfluoroalkyl substances (PFASs), triclosan and nonylphenol were tentatively identified in the extracts from the 

selected SR sheet and biota extracts using mass lists. Citalopram and fluconazole were also analytically 

confirmed as emerging contaminants in the extracts, but showed no affinity in the TTR-binding assay. However, 

the presence of pharmaceuticals in passive sampling sheets and biotic samples is highly interesting, given their 

possible potential for bioaccumulation and their unknown potential risk to aquatic species.  

Introduction 

Surface water bodies are exposed to well-known and emerging environmental pollutants, including genotoxic 

chemicals, endocrine disrupting compounds (EDCs), personal care products (PCPs), and drug residues through 

industrial, domestic and agricultural waste water effluents, atmospheric deposition and accidental releases of 

chemicals (spills, surface run-offs, etc.).
1, 2

 Although many studies have focused on the occurrence and fate of 

such contaminants in the abiotic environment,
1-6

 less studies have focused on their toxic potency, bioavailability, 

bioaccumulation, and on their actual risk to ecosystem and/or human health. Furthermore, the risk of complex 

mixtures of pollutants cannot be adequately predicted on the basis of the presence, behavior and effects of 

individual compounds. The combined effect of unknown substances or substances present in complex 

environmental mixtures at concentrations below analytical-chemical detection limits could lead to an 



underestimation of the actual risk.
7
 By combining chemical and biological analyses, emerging pollutants with a 

potential to cause toxic effects may be detected in environmental samples. Combined analyses in abiotic samples 

can demonstrate the presence of potentially bioactive compounds in the environment, while combined analyses 

in biological samples also take bioavailability and possible biotransformation aspects into account.  

In the identification process of known and unknown bioactive substances, that are not considered in routine 

chemical analysis, effect-directed analysis (EDA) is of great relevance. By combining iterative biotesting, 

fractionation and high-resolution chemical analysis and identification, EDA may facilitate the identification of 

compounds responsible for the toxic potencies observed in abiotic and biotic environmental samples.
8-10

 

However, due to the technical hitches that may occur during the sample extraction and cleanup, EDA has so far 

scarcely been applied to biota.  

In the present study we aimed to characterize compounds with genotoxic and thyroid hormone disrupting 

potencies in several types of abiotic and biotic aquatic samples using the concept of EDA. Genotoxicity and 

thyroid hormone disruption were selected because these endpoints have not frequently been investigated in EDA 

studies of biota. Genotoxic pollutants are environmental contaminants that damage the cell’s genetic material, 

possibly leading to mutations and genotoxic health effects, such as cancer, birth defects and reproductive 

anomalies.
11-12

 Polycyclic aromatic hydrocarbons (PAHs) are the most abundant genotoxic compounds in water 

bodies, where they might be present in different forms: bound to dissolved organic matter, adsorbed to 

suspended particulate matter (SPM) and associated with surface sediments and might be subjected to various 

transformation processes including chemical, biological and photochemical degradation.
1, 13

 Lower aquatic 

organisms with poor biotransformation capacities may accumulate lipophilic PAHs in their fatty tissues through 

their body surface or after ingestion of contaminated food, water, sediment and SPM and then pass on their 

contamination through the aquatic food web. 
14, 15, 16

  

Thyroid hormone disrupting chemicals (TDCs) affect the homeostasis of thyroid hormones (THs), which 

regulate the physiology in mammals and humans and play an important role in fetal brain and somatic 

development. TDCs may modify the structure or function of the thyroid gland, alter TH regulating enzymes, or 

change the circulating or tissue concentrations of THs.
17-19

 In this study we focused on the group of TDCs that 

affect the transport of THs in blood and displace thyroxine (T4) from the blood transport protein thransthyretin 

(TTR). In the aquatic environment, TDCs - similarly to other endocrine disruptors - are bioavailable to biota 

through a variety of routes, e.g. by aquatic respiration, osmoregulation, dermal contact with contaminated 

sediments, or ingestion of contaminated food.
20

 



For our study two sampling strategies were applied: active sampling of abiotic compartments (sediment, SPM) 

and biotic compartments (tissue or whole body homogenates of aquatic organisms), and passive sampling of 

hydrophobic compounds in water (silicone rubber [SR] sheets) (Figure 6.1.). Passive sampling techniques are 

able to collect time-weighed average concentrations of a wide range of bioavailable target substances at trace 

levels and can be considered as biomimetic substrates or artificial biota.
21

 Sample extracts were evaluated for 

mutagenicity in the Ames fluctuation test, for DNA damage in the Comet assay and for T4-displacing potency in 

the 
125

I-T4-TTR binding assay. Samples showing activity in a bioassay were fractionated, and fractions were 

tested again in the respective bioassay. Active fractions were chemically analyzed using high-resolution liquid 

chromatography coupled to electrospray ionization time-of-flight mass spectrometry (LC-ESI-ToF-MS). For the 

characterization of the causative compounds mass library-based identification was employed on the LC-ToF-MS 

data. Candidate compounds with unknown genotoxic or TTR-binding activity were tested separately in the 

bioassays to confirm or reject their possible contribution to the observed bioassay response of the total extract. 

Materials and methods 

Samples and sampling sites 

Abiotic samples (sediment, SPM, passive sampler SR sheets) and biological samples (worms, crabs, shrimps, 

fish) were collected from different water bodies at different sampling locations. Sediment, SPM, and several 

benthic species, i.e. worms (lug worm, Arenicola marina), crabs (Carcinus maenas), shrimps (Crangon crangon) 

and flounders (Platichthys flesus) were collected in the river Western Scheldt (Middelplaat, The Netherlands) in 

September 2006. Sediment (5cm top layer) was taken by grab sampling and SPM by filtration of 1 L of water. 

The biota samples were collected by professional fishermen and the lug worms by mud sampling. Also in 

September 2006, Chinese mitten (CM) crabs (Eriocheir sinensis) were collected by net from the river Scheldt 

(Lippenbroek, which is approximately 20 km South-West of Antwerp, Belgium) and cockles (Cerastoderma 

edule) from the coast of the Wadden Sea (Denmark). Biota samples were kept in marine- or fresh water from the 

sampling location for a few hours after collection. Upon arrival in the laboratory, animals were frozen in dry ice 

and homogenized in a blender. Sediment, SPM and homogenized biota samples were stored at -80°C in pre-

cleaned glass jars with polyethene lids until the analysis. Pretreated SR sheets (AlteSil™ translucent material; 

5.5 x 9.5 x 0.05 cm
3
) were purchased from Deltares (Utrecht, The Netherlands). Pre-treatment consisted of 

Soxhlet extraction for >100 hours with ethylacetate to remove any nonpolymerized material. Sheets were placed 



as passive samplers in the rivers Meuse and Rhine. Sampling in the river Meuse took place near Eijsden, where 

the river enters The Netherlands from Belgium. Sampling in the river Rhine was performed at Lobith, where the 

river enters The Netherlands from Germany. Sheets were hung out in April, August, October and December 

2010 and collected four to six weeks after the deployment. At each sampling location and sampling time, six 

sheets were placed in a stainless steel frame. After collection, sheets were transferred to the laboratory in pre-

cleaned glass jars, where they were scrubbed with pre-cleaned sponges to remove algae and other dirt. 

Subsequently, sheets were air dried and extracted as described below. An overview of the sampling sites of the 

samples is presented in Figure 6.1.  

Figure 6.1. Overview of samples and sampling areas. Benthic abiotic and biotic samples (sediment, 

suspended particulate matter [SPM], worms, crabs and shrimps) were collected in the southwest of the 

Netherlands, in the estuary of the river Scheldt (Western Scheldt). Chinese mitten (CM) crabs were 

collected in Lippenbroek (Belgium) and cockles at the Wadden Sea coast (Denmark). Passive sampler 

silicone rubber (SR) sheets were placed in the river Meuse at Eijsden and in the river Rhine at Lobith, 

where the rivers enter The Netherlands from Belgium and Germany, respectively. 

Sample  extraction and cleanup 

The applied extraction and cleanup procedures are illustrated in Figure 6.2. Half of each sample amount was 

extracted and cleaned up. Sediment (~84 g) and SPM (~11 g) were freeze-dried and all biota samples, worms 

(~62 g), crabs (~15 g), CM crabs (~10 g), cockles (~17 g ), shrimps (~23 g) and flounders (~11 g) (all quantities 

mentioned in wet weight [ww]) were dried with calcined, purified Hydromatrix (Sigma-Aldrich, Zwijndrecht, 



The Netherlands) in a Hydromatrix weight to ww ratio of 1:1. Dried samples were subjected to pressurized 

liquid extraction (PLE) using dichloromethane (DCM): acetone (3:1 v/v; J.T. Baker, Deventer, the Netherlands) 

in an ASE200 device (Dionex, Sunnyvale, CA). After evaporation under a gentle stream of nitrogen the extracts 

(~0.5 mL) underwent a stepwise and validated clean up process to remove compounds that may interfere with 

the bioassay measurements, i.e sulphur from abiotic samples
22

 and lipids and endogeneous hormones from biotic 

samples.
23

 The cleanup process consisted of three steps, i.e. (1) repetitive dialysis with hexane only for biota 

samples using semipermeable membranes (Brentwood Plastics, USA), (2) gel permeation chromatography 

(GPC) with DCM on two polystyrene-diphenylbenzene columns in series (Polymer Laboratories Ltd., Heerlen, 

The Netherlands), and (3) normal-phase liquid chromatography (NP-HPLC) on a µPorasil column (Waters 

Assoc., Milford, MA) using a mobile phase gradient of hexane, DCM, and acetonitrile (ACN; J.T. Baker). 

Organic sulphur from sediments, which is known to cause cytotoxicity in the bioassays, eluted after 24 min from 

the GPC column,
22

 but it was not present in biota samples. Consequently, for abiotic samples the 16.5-24 min 

GPC fraction was collected and for biotic samples the 16.5-32 min fraction. The collected fractions were 

concentrated to a volume of 0.5 mL and the entire volume was injected on the NP-HPLC to remove endogenous 

hormones. The 0-40 min NP-HPLC fractions were transferred to 350 µL of dimethyl sulfoxide (DMSO; Acros 

Organics, Geel, Belgium), except the worm fraction that, due to the residue that remained after extraction and 

cleanup, needed 500 µL DMSO to dissolve. The extraction solvent without any sample matrix went through the 

entire sample treatment as the procedure blank and was finally taken up in 150 µL DMSO. 

For each of the eight sampling events (i.e. two locations with four sampling periods), six passive sampler SR 

sheets were Soxhlet extracted for 16 hours at 50°C with 150 mL of a 1:1 (v/v) mixture of acetonitrile (ACN, J.T. 

Baker) and methanol (MeOH, J.T. Baker) based on the reported method by Rusina et al.
24

 with modifications. 

The extracts were concentrated to a volume of 100 µL by Kuderna-Danish evaporation with boiling stones. Next, 

500 µL of DCM was added, and the extract was vortexed and concentrated to 100 µL. DCM addition, vortexing 

and evaporation were repeated another three times to get rid of the original extraction solvents ACN and MeOH. 

In a final volume of 500 µL DCM, the extracts were subjected to GPC cleanup and the 16.5-24 min fraction was 

collected and transferred to 150 µL of DMSO. As a procedure blank six clean sheets were extracted, 

concentrated, transferred to DCM and taken up in 150 µL DMSO, similarly as described above. 

 



 

 

 

 

 

 

 

 

Figure 6.2. Extraction and cleanup of the sediment, SPM and biota samples and the silicone rubber (SR) 

sheets prior to screening for their genotoxic potency (Ames fluctuation test, Comet assay) and TTR-

binding potency (
125

I-T4-TTR binding assay). 

Chemical screening of polycyclic aromatic hydrocarbons (PAHs) 

Prior to transfer to DMSO, 1 µL of the extracts (except of the SR sheets) in hexane (1 mL) was screened for 

polycyclic aromatic hydrocarbons (PAHs) using gas chromatography electron impact mass spectrometry (GC-

EI-MS). Analysis was performed on an Agilent 6890 GC (Agilent Technologies, Waldbronn, Germany), 

equipped with a 30 m × 0.25 µm film HP-5MS fused silica capillary column (Agilent Technologies) and a MS 

(model 5973N, Agilent Technologies). Helium was used as carrier gas at a constant flow of 1 mL/min. Extracts 

were injected in splitless mode. The oven temperature program was: 2 min at 50 °C, increase with 20 °C /min to 

130 °C and then increase with 4 °C /min to 320°C. The injector and transfer line temperature were 220 °C and 

310 °C, respectively. Mass spectral data were collected in a mass range of 50 to 600 atomic mass unit (amu) at 

full scan mode and a scan rate of about 2 scans/s. The following PAHs were identified by single ion monitoring 

and quantified by using standard solutions of different concentrations in the range from 5.0 to 1000 pg/µL (Dr. 

Ehrenstorfer GmbH, Augsburg, Germany): acenaphthene, acenaphtylene, anthracene, benz[a]anthracene, 

benzo[b]fluoranthene, benzo[k]fluoranthene/benzo[j]fluoranthene, benzo[g,h,i]perylene, benzo[a]pyrene, 

benzo[e]pyrene, chrysene (+triphenylene), dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-



cd]pyrene, naphthalene, perylene, phenanthrene and  pyrene. The detection limit was 5 pg/µL. Measured total 

PAH levels were expressed for abiotic samples as ng/g dry weight (dw) and for biotic samples as ng/g wet 

weight (ww). 

Bioassay screening 

The mutagenic potency of the extracts was assessed by the Ames fluctuation assay and the DNA damaging 

potency by the Comet assay. The Ames fluctuation assay uses a Salmonella typhimirium bacteria strain that is 

auxotrophic by a mutation in one of the genes involved in histidine (his) synthesis.
25, 26

 Consequently, these 

bacteria cannot grow in absence of histidine, unless exposure to a mutagenic compound causes a reversion in the 

his
-
 mutation, making the bacteria strain prototrophic, similar to the wild-type. The assay was performed in 384-

well plates according to the standardized test protocol
27

 with and without exogenous metabolic activation 

(phenobarbital/β-naphthoflavon-induced rat liver homogenate fraction (S9 [Cytotest Cell Research, 

Germany)/cofactor-mix]) using two strains of Salmonella typhimurium. Strain TA 98 is able to detect frameshift 

mutations and TA 100 is sensitive for base-pair substitutions caused by genotoxic agents in the sample extracts. 

Exposure to mutagenic compounds will cause a dose-dependent increase in the number of revertant colonies. 

Bacteria were exposed to two-fold serial dilutions of the sample extracts (50, 100, 200, 400, 800 and 1600 times 

diluted stock concentration in 2% DMSO) as well as a negative control (NC, 2% DMSO) and the corresponding 

positive control (PC) compounds. Exposures were performed in triplicate for 100 minutes at 37°C in 24-well 

plates in medium containing sufficient histidine to support a few cell divisions. Three mutagenic reference 

chemicals were used as positive controls: 4-nitro-o-phenylenediamine (NOPD, 10 µg/mL; tests with TA 98 

without S9-mix), nitrofurantoin (NF, 0.25 µg/mL; tests with TA100 without S9-mix), and 2-aminoanthracene (2-

AA, 0.1 µg/mL, tests with TA 98 with S9-mix; 0.4 µg/mL tests with TA 100 with S9-mix). After this 

preincubation, the exposure cultures were diluted 6-fold in pH indicator medium lacking histidine, and aliquoted 

in a 384-well plate (48 aliquots per dilution level). Each sample extract was tested under four different 

conditions (i.e. in two strains (TA 98 and TA 100) and with and without a metabolic system (S9-mix) ) and each 

exposure condition was aliquoted  in triplicate (i.e. in three 384-wells plates). After 48 hours incubation at 37 °C 

without agitation the number of wells containing revertants was determined spectrophotometrically with the aid 

of the pH indicator medium containing bromocresol purple dye. Due to acidification of the medium because of 

bacterial growth the bromocresol purple changes its colour from purple to yellow. To have an indication on false 

negatives due to bacteriocidal or bacteriostatic effects, a bacterial (cytotoxicity) assay was conducted by 

measuring bacterial density in the sample and NC wells before and after the 100 min preincubation in a 



spectrophotometer at 595 nm. Growth data served as additional information for the interpretation of negative test 

results. The results of the assay were evaluated by ANOVA randomized Block Design (with experimental days 

and experimental plates as different blocks). Differences with a p<0.05 were considered statistically significant. 

Samples were scored as positive when the number of revertant wells was significantly higher compared to the 

number of revertant wells in the respective negative controls (spontaneous revertants). 

In addition, the contribution of the target analyzed PAHs to the measured mutagenic potentials of the sample 

extracts was evaluated using the concentration-dependent induction factor as proposed by Seitz et al [28] and 

applied to mutagenic sediment extracts by Reifferscheid et al.
25

 For each PAH the number of expected revertants 

was calculated by multiplying its concentration in the Ames assay (µg/mL) with its corresponding concentration-

dependent revertant number (cdr)
25

 expressed as inverse concentrations (mL/µg). The calculation of the PAH-

concentrations in the Ames assay was based on the results of the chemical analysis. The expected total number 

of revertants was calculated by summation of the number of revertants calculated for the individual PAHs in the 

samples. This exercise was only done for the extracts measured with S9-mix since the mutagenicity of PAHs is 

dependent on metabolic activation by CYP450. 

In the Comet assay DNA damage is measured by gel electrophoresis of DNA of individual cells exposed to a 

genotoxicant. In case of DNA damage, fragments of DNA will migrate faster through the gel than the bulk DNA 

from the nucleus, resulting in a comet-like spot in the gel after DNA staining, consisting of a nucleus (bulk 

DNA) and a tail (DNA fragments). The assay was performed using a rainbow trout gonad cell line (RTG-2) 

provided by DSMZ (Deutsche Sammlung für Mikroorganismen und Zellkulturen/ German Collection for 

Microorganisms and Cell Cultures, Braunschweig, Germany) with and without exogenous metabolic activation 

using the same S9-mix as for the Ames fluctuation assay according to Singh et al.
29

 with modifications detailed 

by Schnurstein & Braunbeck
30

 and Kosmehl et al.
31, 32

 The acute cytotoxicity was tested by using a flow 

cytometer (FACSCalibur, BD, Germany) and fluorescein diacetate (FDA) in combination with propidium iodide 

(PI) as staining solution. Via the double staining vital cells stained by FDA could be separated from dead cells 

stained by PI and measured with the cytoflow. Cells (~1x10
6
/well) in 6-well plates cultured in E-MEM medium 

with 20 mM Hepes (Biochrom AG, Germany) and 10% fetal bovine serum (Biochrom AG) were exposed for 24 

hours at 20 ºC to two-fold serial dilutions of the sample extracts (100, 200, 400 and 800 times diluted stock 

concentration in 1% DMSO), the negative solvent control (1% DMSO) and the corresponding PC compounds 

(4-Nitroquinoline-1-oxid [4-NQO] at 0.07 and 0.25 µg/mL assay concentration without metabolic activation and 

2-Aminoanthracene [2-AA] at 2.5 and 5 µg/mL assay concentration with metabolic activation). Cells were then 



embedded in agarose on a microscope slide and lysed to remove cellular proteins and liberate DNA. Following 

the unwinding under alkaline conditions, the DNA underwent electrophoresis, allowing the broken DNA 

fragments or damaged DNA to migrate away from the nucleus. Before evaluation in a fluorescence microscope 

(Axio Imager Z1, Zeiss, Germany) the slides were stained with SYBR Green (Molecular Probes, Invitrogen, 

US). Three hundred cells per slide were analyzed using an automated image analysis system (Axio Imager Z1, 

Zeiss , Germany, software: Metafer4, MetaSystems, Germany). The %DNA in the tail and the tail moment 

extent (TME [µm]) were taken as measure for DNA damage. The results were statistically analyzed by ANOVA 

on ranks (Kruskal–Wallis) and combined with a post-hoc test (Dunnett test).
31, 32

 Differences with a p<0.05 were 

considered statistically significant. 

The potency of the extracts to act as TH-disruptors by competing with the endogenous hormone T4 for binding to 

its transporter protein TTR was determined in the 
125

I-T4-TTR binding assay according to Lans et al.
33

 with 

modifications reported by Hamers et al.
34

 and Weiss et al.
35

. Dilution series of the extracts (40, 120, 400, 1200, 

2400, 4000 and 12000 times diluted stock concentration in 2.5% DMSO) and the fractions (40, 120 and 400 

times diluted stock concentration in 2.5% DMSO) were incubated overnight in duplicate with 
125

I-T4 

(PerkinElmer, Groningen, The Netherlands) and human TTR (hTTR, Sigma-Aldrich). After incubation, TTR-

bound and free 
125

I-T4 were separated on Biogel (1g, Bio-Rad Laboratories, Veenendaal, The Netherlands) 

columns. The TTR-bound 
125

I-T4-containing eluate was counted for radioactivity on a gamma counter (LKB 

Wallack; 1282 Compu-gamma CS) and corrected for the initial amount of 
125

I-T4 counted in the incubation 

mixture before incubation. The competitive binding activity was measured as percentage inhibition. Finally, the 

inhibition by the most diluted sample concentration causing a response in the 20-50% inhibition window was 

interpolated into the T4-reference curve and the TTR-binding potencies of the extracts were expressed as nM T4 

equivalents (T4-Eq). These potencies in the assay were then recalculated into T4-equivalent concentrations in the 

original samples and were expressed as nmol T4-Eq / g dry weight (dw) for SPM and sediment samples,  nmol 

T4-Eq / g dry sheet for the SR sheets and nmol T4-Eq / g ww for the biota samples. 

Silica cleanup – removing cytotoxic compounds 

Despite the elaborate sample treatment procedures most of the biota extracts revealed high cytotoxicity in both 

the Ames fluctuation assay and the Comet assay (Table 6.1.). To avoid the potential masking effect of 

cytotoxicity on the genotoxic endpoints, additional silica fractionation of the sample extracts was carried out to 

remove cytotoxic compounds. The remaining half of the SPM, sediment, worms and flounder samples were 

newly extracted and cleaned up in similar amounts and in the same way as the initial sample set (described 



above). After NP-HPLC fractionation the extracts were split into two and run simultaneously on two 2% 

deactivated silica columns (2 g). Four fractions (F) were subsequently eluted from each column: FA with 20 mL 

hexane, FB with 20 mL hexane/DCM (1:1 v/v), FC with 20 mL DCM and FD with 30 mL MeOH. The 

corresponding fractions were combined, evaporated, reconstituted in DMSO and retested in the bioassays. 

 

 

 

 

 

 

Figure 6.3. EDA study design used to charachterize the compounds responsible for the measured TTR-

binding activities in the selected samples (worms, crabs, flounder and silicone rubber [SR] sheets). After 

reverse-phase fractionation, suspect compounds were tentatively identified in the active fractions and 

confirmed with the aid of the corresponding analytical standards after the evaluation of their 

chromatographic behavior and toxic potencies in the 
125

I-T4-TTR-binding assay. 

Effect-directed analysis 

The study design of the EDA is schematically shown in Figure 6.3. Ten µL of the selected sample extracts (SR 

sheets, worms, crabs and flounders) were dissolved in 190 µL MeOH  and fractionated on a C18-bonded reverse 

phase (RP)-HPLC silica column (Symmetry, Waters) following the method described by Verbruggen et al.
36

 

Five minute-fractions (n=18) were collected: half of each RP-LC fraction was reconstituted in 50 µL of DMSO 

and tested in the 
125

I-T4-TTR-binding assay and the other half was kept in MeOH for chemical analysis. 

Fractions that showed TTR-binding activities were injected on high-resolution liquid chromatography coupled to 

electrospray ionization time-of-flight mass spectrometry (LC-ESI-ToF-MS) using a MicrOTOF II (Bruker 

Daltonics) to identify compounds suspected to be responsible for the observed activities. LC-ESI-ToF-MS 

analysis was performed on a Waters Symmetry C18 column (particle size 5µm, i.d. 2.5 mm, length 50 mm) with 

a Waters Symmetry C18 guard column (particle size 5 µm, i.d. 3.9 mm, length 20 mm) according to Simon et 



al.
37

 The mass spectrometer was operated in both negative and positive electrospray ionization (ESI) mode. In 

the negative mode, the mobile phase consisted of methanol (solvent A) and 2 mM ammonium acetate (NH4Ac) 

in water (solvent B). In positive mode, the mobile phase consisted of methanol (solvent A) and 2% formic acid 

(HCOOH) in water (solvent B). A similar gradient elution program was used in negative and positive ionization 

mode: 30% solvent A and 70% solvent B during the first 0.5 min and then a linear gradient from 30% to 90% 

solvent B and from 70% to 10% solvent B over the next 33.5 min. The column was reconditioned for 14.5 min. 

The operating conditions for the ESI source were as follows: capillary voltage 1000 V, source temperature 

325ºC, gas flow rate 6 L/min and nebulizer gas pressure 25 psi. Data was aquired with a scan range of m/z 50-

2300. 

Lists of known genotoxic and TTR-binding compounds, freshwater contaminants (pharmaceuticals, pesticides, 

plasticizers, surfactants and personal care products), high production volume halogenated chemicals, and 

pharmaceuticals were compiled resulting in lists of in total 1331 compounds. These lists (libraries, n=5, Table 

S6.1.,  Supporting Information) contained the name and elemental composition of each compound and were 

saved in “csv” format. Target Analysis 1.2 software (Bruker Daltonics) couples theoretical isotope patterns and 

accurate masses to the elemental composition of the compounds indicated in the mass libraries and provides a 

list of matches. The isotope pattern match factor (mSigma) is based on the deviations of the signal intensities. 

The lower the mSigma value is, the better the isotopic match generation of the theoretical isotope pattern for the 

assumed molecule. By means of TargetAnalysis 1.2 the LC-MS (full scan) data were evaluated against the 

compiled libraries and provided a list of compounds (“suspects”) that showed acceptable matches (accurate mass 

window of 3 mDa, retention time (tR) window of 0.5 min and mSigma value<20) between the LC-MS data and 

the libraries. The detailed description of the mass library-based identification strategy is reported in our previous 

study.
37

  

The analytical chemical confirmation was performed by simultaneous injection of the analytical standards of the 

tentatively identified compounds and the corresponding subfractions of the extracts on the LC-ESI-ToF-MS with 

the same conditions as mentioned above. Matching of accurate mass and tR of the analytical standards with the 

sample extract peaks was evaluated. Ultimately, analytically confirmed compounds were also tested in the 
125

I-

T4-TTR binding assay to confirm their TTR-binding potency. 



Table 6.1. Summary of the measured in vitro bioassay responses in the abiotic and biotic samples and silicone rubber sheets in the Ames fluctuation test with 

different Salmonella typhimurium strains (TA98 and TA100) with and without metabolic activation (S9), in the Comet assay with metabolic activation (S9+) and in the 
125

I-T4-TTR binding assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 “-“ indicates no  significant mutagenic potency according to the statistical analysis 
“+“ indicates significant mutagenic potency (p<0.05), but only in the undiluted extracts  
“cyto“ indicates appearance of cytotoxicity in the assay caused by the sample extract; in the AMES assay only the TA98 strain was tested for cytotoxicity 

  Ames fluctuation assay 
 

Comet assay
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I-T4-TTR binding assay 

  
TA98  S9- TA98 S9+ TA100 S9- TA100 S9+ 

 
S9+ 

 
nmol T4-Eq / g sample 

SPM  - + - +  -  
0.7 dw 

Sediment  - + - +  -  0.0 dw 

Worms  -cyto + - +  +  19.9 ww 

Cockles  -cyto -cyto - -  +cyto  2.7 ww 

CM Crabs  -cyto -cyto - -  +cyto  18.3 ww 

Crabs  -cyto -cyto - -  +cyto  42.6 ww 

Shrimps  -cyto -cyto - -  -cyto  4.2 ww 

Flounders  -cyto +cyto - +  +cyto  8.7 ww 

          

SR sheets Eijsden April  - - - -  

n
o

t 
te

st
ed

 

 2.2 

n
m

o
l T

4-
Eq

 /
 g

 s
h

ee
t SR sheets Eijsden August  - - - -   0.5 

SR sheets Eijsden October  - + - -   0.7 

SR sheets Eijsden November  - - - -   0.4 

SR sheets Lobith April  - + - -   0.3 

SR sheets Lobith August  - + - -   0.6 

SR sheets Lobith October  - + - -   0.2 

SR sheets Lobith November  - + - -   0.2 

 



Table 6.2. Genotoxic activities of SPM, sediment, worms, and flounders in the AMES fluctuation test with 

different Salmonella typhimurium strains (TA98 and TA100) with and without metabolic activation (S9) and 

in the Comet assay with metabolic activation (S9+) after additional silica fractionation to remove cytotoxic 

compartments. 

 

“cyto“ indicates appearance of cytotoxicity in the assay caused by the sample extract;  
in the AMES assay only the TA98 strain was tested for cytotoxicity 

 

Results and discussion 

Genotoxicity measurements and PAH levels 

Only in the highest concentration tested, extracts from sediment, SPM, worms and flounders showed positive 

results in the Ames fluctuation assay in both strains (TA98 and TA100) with exogenous metabolic activation, but 

not without metabolic activation (Table 6.1.). Extracts from cockles, crabs, shrimps, SR sheets and the procedure 

blanks showed no mutagenic response in any of the test conditions. Mutagenicity testing was hampered by 

significant cytotoxic effects of biota extracts in the Ames assay. For these cytotoxic samples, negative results in 

the Ames fluctuation assay should be interpreted with care, since possible revertants may have been undetected 

due to bacterial death. In the Comet-assay, significantly increased tail moments were found for all biota extracts 

except for the shrimp extract (Table 6.1.). Except for the extract of worms, increased tail moments corresponded 

with cytotoxic effects on the RTG-2 cells. Since no difference could be observed between the extracts tested 

   Ames fluctuation assay  Comet assay 

   TA98  
S9- 

TA98 
S9+ 

TA100 
S9- 

TA100 
S9+ 

 
S9+ 

SPM 

FA  - - - -  - 
FB  - + - +  - 
FC  + + - +  + 
FD  - - - -  - 

Sediment 

FA  - - - -  - 
FB  - + - +  - 
FC  + + - +  + 
FD  - - - -  - 

Worms 

FA  - - - -  - 
FB  - - - -  - 
FC  -cyto +cyto - +  +cyto 
FD  -cyto +cyto - +  +cyto 

Flounders 

FA  - - - -  - 
FB  -cyto - - -  - 
FC  -cyto -cyto - -  +cyto

 

FD  -cyto -cyto - -  +cyto
 

 



with and without metabolic activation in the Comet-assay, only the results obtained after metabolic activation are 

presented (Table 6.1. and Table 6.2.). For the Comet assay, positive results from cytotoxic extracts should be 

interpreted with care, since the observed DNA damage may be caused by apoptosis, rather than by direct 

interaction of genotoxic compounds with DNA. For both the Ames and the Comet assay, additional silica 

fractionation did not help to separate the cytotoxic compounds from the genotoxic compounds in the biota 

extracts. Both the genotoxic and the cytotoxic potency of the biota samples were observed in the semipolar and 

polar fractions (FC (DCM) and FD (MeOH); Table 6.2.) and hampered the assessment and interpretation of 

genotoxicity in the studied biota samples. Therefore, the other biota samples were not further fractionated for 

additional investigation. However, interesting to mention that in the FC fraction without metabolic activation 

(TA98 S9-) of the SPM and sediment extracts mutagenic activity was found in both the Ames and Comet assays, 

while their total extracts showed no activities without metabolic activation. This might suggest that for abiotic 

samples the silica fractionation revealed some activities, that were suppressed in the total extracts by interferring 

substances.  

Table 6.3. Overview of the total measured PAH (ΣPAH) concentrations in the food web samples. 

Total PAH Sampling location ng/g ww ng/g dw ng/g lipid 

SPM Western Scheldt 668 1385 - 

Sediment Western Scheldt 43 57 - 

Worms Western Scheldt 93 - 9340 

Cockles Wadden Sea 30 - 3030 

CM Crabs Lippenbroek 18 - 889 

Crabs Western Scheldt 12 - 588 

Shrimps Western Scheldt 7 - 352 

Flounders Western Scheldt 7 - 188 

“-“ indicates not applicable 

Parallel to the bioscreening, sediment, SPM and the biota samples were analyzed for PAHs and concentrations 

are expressed for abiotic samples as ng/g dw and for biotic samples as ng/g ww and ng/g lipid (Table 6.3. and 

Figure 6.4.). The ΣPAH level in SPM (1.4 µg/g dw) was almost 25 times higher than in sediment (0.057 µg/g 

dw). This result is in accordance with another study,
15

 in which SPM (1.7-15.5 µg/g dw) was reported to be more 

polluted than sediment (0.16-0.27 µg/g dw). Hubert and co-workers
16

 showed higher genotoxic activities in SPM 

than in sediment from the river Seine using Ames and Comet assays, but did not determine PAH levels in SPM 

and sediment. Compared to sediment, SPM contains both short-living and persistent genotoxic compounds and 



represents a dynamic medium
16

 that may contribute to the genotoxicity of the sediment and to the exposure of 

aquatic organisms to genotoxic compounds in the water column. The investigation of SPM is very helpful in 

understanding the source of water genotoxicity
16

. In biota samples, total PAH concentrations ranged from 7 to 93 

ng/g ww (Table 6.3.). Kayal et al.
38

 reported a similar ΣPAH concentration range (43-195 ng / g ww) in tissues 

of crabs, different fish species and birds from the Brisbane river Estuary (Australia). Patrolecco et al.
15

 reported a 

total PAH concentration of 18.5 ng/g ww in common eels (Anguilla anguilla) from the River Tiber (Italy). 

 

Figure 6.4. Total PAH concentrations in the benthic abiotic and biotic samples expressed as ng g
-1

 sample 

(dry weight for SPM and sediment and wet weight for the biota samples) on the left Y axis and ng g
-1

 lipid 

on the right Y axis. 𝜮PAHs include the following: acenaphthene, acenaphtylene, anthracene, 

benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene / benzo[j]fluoranthene, 

benzo[g,h,i]perylene, benzo[a]pyrene, benzo[e]pyrene, chrysene (+triphenylene), dibenzo[a,h]anthracene, 

fluoranthene, fluorene, indeno[1,2,3-cd]pyrene, naphthalene, perylene, phenanthrene and  pyrene. 

Based on the measured PAH levels in our abiotic and biotic samples, the expected revertant numbers (cdr) could 

be calculated in the presence of metabolic activation for each sample and compared to the actually measured 

number of revertants in the extracts (Figure 6.5.). For sediment, SPM, and worms, significantly higher revertant 

numbers were estimated with metabolic activation in both strains (TA98 and TA100) than the number of 

spontenaous revertants (negative control, marked with a horizontal line on the figure). The calculated numbers 

are in very good agreement with the measured results found in the Ames fluctuation assay (Table 6.1., Figure 

6.5.). The measured PAHs seem to completely explain the measured activities in sediment, SPM and worms as 
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indicated by the very similar expected and measured mutagenic potentials (Figure 6.5.). For the other biota 

samples (cockles, CM crabs, crabs, shrimps, flounders) no significant mutagenic potential was expected based 

on the determined PAH concentrations. Except for flounders, this is in accordance with the observed absence of 

genotoxic potencies in the Ames and Comet assays. Flounder extracts showed low genotoxicity in both assays, 

possibly due to genotoxic compounds other than the analyzed PAHs. Low PAH concentrations in species at 

higher trophic levels compared to abiotic samples and to species at lower trophic levels do not necessarily imply 

that the sampled organisms are not exposed to genotoxic compounds. Genotoxic substances, and PAHs in 

particular, are highly reactive and rapidly metabolized in many species, especially at higher trophic levels.
14

 

Since the expected genotoxic activities based on PAH levels were generally in very good agreement with the 

observed genotoxic potencies in the abiotic samples (sediment and SPM) and no or weak genotoxic activities 

were measured in the biota extracts, no samples were selected for in-depth EDA study. 

Figure 6.5. Expected contribution of the target analyzed PAHs to the mutagenicity of the samples 

evaluated with TA98 and TA100 strains with metabolic activation (S9+). Expected mutagenic potential of 

the samples was determined by summation of the mutagenic potential of the individual PAHs found in the 

extract. Mutagenic potential of the individual PAHs was calculated by the multiplication of the compound 

specific concentration-dependent revertant number (‘cdr’; ml/µg) and the concentration of the compound 

in the assay (µg/mL). The horizontal line represents the average number of spontenaous revertant 

numbers observed in the assay. 

TTR-binding activities  

Extracts of the abiotic compartments showed no (sediment) or lower (0.7 nmol T4-eq/g dw in SPM) TTR-

binding activities than the extracts of the biotic compartments. In biota extracts, activities ranged from 2.7 to 

42.6 nmol T4-eq/g ww and in the SR sheet extracts from 0.2 to 2.2 nmol T4-eq/g dry sheet (Table 6.1.). Lowest 

activity in biota extracts was found for cockles (2.7 nmol T4-eq/g ww), which were collected in the relative clean 

Wadden Sea. TTR-binding potency first increases (e.g. worms, crabs), then decreases (e.g. flounders) with 
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trophic level. No TTR-binding activity was found in any of the procedure blanks. The TTR-binding activities 

found in the studied abiotic and biotic compartments are in accordance with earlier studies. Lübcke-von Varel et 

al.
39

 found no or low activities in sediment extracts using a similar extraction and cleanup method (ASE-GPC). 

Houtman et al.
40

 found 0.006-0.016 nmol T4-eq/g dw in extracts of surface sediments from the Dutch Delta. In 

our previous study using the same extraction and cleanup method,
23

 1.3 nmol T4-eq/g ww was found in eel 

(Anguilla anguilla) from the harbor of Antwerp (Belgium) and 8.6 nmol T4-eq/g ww in flathead mullet (Mugil 

cephalus) from the Western Scheldt estuary. No study was found evaluating TTR-binding activities of extracts 

of SR sheets or changes in TTR-binding activities between abiotic and biotic compartments towards higher 

trophic levels.  

For an in-depth EDA study, the extracts of biota samples from different trophic levels (worms, crabs, flounders) 

with relatively high TTR-binding activities (19.9, 42.6 and 8.7 nmol T4-eq/g ww respectively) as well as the SR 

sheets with the highest measured activity (2.2 nmol T4-eq/g; employed in river Meuse at Eijsden in April 2010) 

were selected to characterize the causative compounds. To reduce the complexity of the extracts, total extracts 

were first fractionated according to polarity with RP-HPLC (Figure 6.3.). The 18 fractions were then tested in 

the 
125

I-T4-TTR binding assay. For all four samples, the highest TTR-binding activity was measured in the F9 – 

F14 fractions (Figure 6.6.), when the gradient ranged between 95% MeOH (F9) and 100% MeOH (F10-F14). For 

the biota extracts, summation of the activities of the active fractions shows that the potency was lower than the 

activities measured in the corresponding total extracts (51% lower for the worms, 56% lower for the crabs, and 

51% lower for the flounders). The decrease may indicate the loss of compounds during fractionation. 

Furthermore, the fatty acids, that might still be present in the total extracts despite the stepwise cleanup as found 

in our previous study,
23

 might lead to an overestimation of the TTR-binding potency as reported earlier.
23, 35

 

Possible remaining fatty acids in the extracts might, however, be eliminated during the RP-LC fractionation (i.e. 

distributed among the fractions over the gradient and/or eluted at the end of the gradient from the C18 column) 

leading to lower activities in the summation of the active fractions. The opposite effect was observed in the SR 

sheets. The summation of the activities of the subfractions was almost 2-fold higher than was found in the total 

measured extracts ( 6.6.). Currently we have no explanation for the lower TTR-binding activity observed in the 

total extract compared to the summed activity of the fractions, since we are not aware of any antagonistic 

mechanism that may mask the TTR-binding potency of compounds in the total extract, but disappears after 

fractionation.  



The active subfractions of each extract (worms, crabs, flounders and SR sheets) were then pooled and retested in 

the bioassay. For biota extracts, the activities measured in the pooled active subfractions were in a very good 

agreement with the activity summed over all active subfractions (Figure 6.6.). This finding confirms the possible 

loss of TTR-binding compounds during fractionation. For the abiotic SR sheet, the activity of the pooled active 

subfractions was closer to the activity measured for the total extract than to the activity summed over all active 

subfractions. 

Figure 6.6. A comparison of the TTR-binding activities expressed as nmol T4-Eq/g sheet for SR sheets, and 

as nmol T4-Eq/g ww for worms, crabs and flounders extracts after reversed-phase (RP) fractionation. The 

activities measured in the fractions (F9-F14) are compared to the calculated summed up activities (ΣF9-F14), 

to the measured pooled activities and to the total measured activities of the extracts.  

EDA on TTR-binding toxicants 

Library-based identification was performed on the LC-ToF-MS data of the active RP-LC fractions of worms, 

crabs, flounders and SR sheets in order to identify the suspects responsible for the observed TTR-binding 

activity. Screening for matches between the compiled compound lists (Supporting Information, Table S6.1.) and 
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the LC-ToF-MS data regarding accurate mass and isotope pattern revealed the presence of a number of known 

TTR-binding compounds in the extracts (Table 6.4.) such as nonylphenol, the nonsteroidal anti-inflammatory 

drugs (NSAIDs) diflusinal and flubiprofen, hydroxylated tri-, tetra- and pentachlorinated biphenyl congeners 

(OH-tri/tetra/pentaCBs), triclosan, PAH derivatives, perfluoroalkyl and polyfluoroalkyl substances (PFASs) and 

musk ambrette. In the extract from the SR sheets many from the above mentioned compound classes were found. 

In the biota extracts nonylphenol, PFASs and musk ambrette are suggested to be potential contributors to the 

measured TTR-binding activities.  

Triclosan, OH-PCBs, nonylphenol and PFASs are known contaminants in the aquatic environment as reported in 

various studies and review papers.
e.g.41-44

 Interestingly, various synthetic musk compounds were detected in both 

biota and SR sheets (Table 6.4.), out of which only musk ambrette showed affinity to bind to TTR. Polycyclic 

musks (i.e. cestolide, galaxolide, phantolide, tonalide and traseolide) were reported earlier in different abiotic 

and biotic environmental compartments, such as sediment, surface water and eel (Anguilla anguilla) from the 

German rivers Dahme, Spree and Havel.
45

 Fromme et al.
45

 also indicated the transfer of these musks from water 

to eel. Rimkus
46

 reviewed the presence of both polycyclic and nitro musks (i.e. musk ambrette, - ketone, - 

xylene) in the aquatic environment including sediment, SPM, water, sewage sludge and biota. Highest 

concentrations of especially the polycyclic musks were found in water, sewage sludge and biota from sewage 

ponds. In biota (e.g. various mussles, shrimps and fish) mainly cestolide and galaxolide were found and no 

ketone or xylene,
46

 which is in accordance with our results (Table 6.4.).  

Most of the suspected compounds (NSAIDs, OH-PCBs, PFASs and the pharmaceuticals) tentatively identified in 

the extracts contained one or more halogen atom providing unique isotopic distributions. For these compounds 

an even better matching factor between theoretical and measured isotope patterns was obtained than for 

compounds without halogens. Isotopic pattern matching in conjunction with accurate mass measurements is 

applied more and more often in screening studies for confirming compound identity and aiding chemical 

structure characterization, because it is information-rich and almost independent of instrument type and 

ionization technique. In the current study, analytical and toxicological confirmation was performed on three 

selected pharmaceuticals, which were tentatively characterized in the extracts: citalopram, fluconazole and 

linezolid. These selected suspects all contained halogen atoms and their TTR-binding potency was unknown. For 

the other compounds we relied on true positive findings based on the excellent agreement between theoretical 

and measured accurate mass (±3 mDa) and isotope pattern (mSigma<20) of the suspects. In our analytical 

confirmation study, citalopram and fluconazole showed tR matches (±0.3 min) and accurate mass matches (±2.1 



mDa) with the analytical standards in the extracts. Linezolid could not be analytically confirmed in any of the 

extracts. The analytical standards of citalopram and fluconazole were then tested in the 
125

I-T4-TTR binding 

assay. Both pharmaceuticals did not show TTR-binding potency. The anti-depressant (serotonin re-uptake 

inhibitor [SSRI]), citalopram has been commonly found in treated sewage effluents and surface water
47-48

 and 

was indicated to bioaccumulate in aquatic biota prior to its degradation.
49

 To date very little is known about the 

toxicity of citalopram to aquatic organisms.
49

 The antifungal drug, fluconazole was also reported to be mainly 

released in its unchanged form
50

 and was found in sewage treatment plant (STP) effluents in Switzerland,
51

 

Japan
52

 and Sweden.
53

 Kahle et al.
51

 also reported its presence in Swiss lakes and suggested its potential to affect 

the endocrine system by interacting with steroidogenesis, similar as other azole compounds.
51

 Further 

investigation into the endocrine disrupting potency of azole compounds including fluconazole is required.   

Combination of bioassays and  chemical analyses 

The present study generally confirms the importance of combined bioassay and chemical analyses in the 

characterization of emerging pollutants which may have the potential to cause effects in the aquatic environment.  

Target analysed PAHs, which are relevant genotoxic compounds in the aquatic environment, showed good 

correlation with the genotoxic potencies found in the extracts of the abiotic and biotic samples. In addition, 

PAHs and genotoxic potencies were transfered from abiotic (sediment and SPM) to biotic (worms) 

compartments but did not increase with increasing trophic level (Figure 6.4. and Table 6.1.), indicating rapid 

metabolism of the PAHs at a higher trophic level. However, interpretation of the genotoxic potency in especially 

the biota samples, was hampered by cytotoxicity. 

A number of known TTR-binding compounds covering a broad range of chemical classes were detected in the 

selected extracts (worms, crabs, flounders and SR sheets) as potential sources of the measured activities (Table 

6.4.). Extracts from crabs (42.6 nmol T4-eg/g ww) had more than 2-times higher TTR-binding potency than 

from worms (19.9 nmol T4-eg/g ww) collected at the same location and time point (Table 6.1.). Furthermore, 

some compounds were indicated to be present in both worms and crabs extracts, such as: DoFHpA, PFPA, musk 

ambrette and citalopram, which suggests their potential for bioaccumulation. Both the biological and chemical 

analyses suggest the transfer of the TTR-binding potency from abiotic to biotic compartments at lower trophic 

levels (worms, crabs, CM crabs), but no distinct pattern could be observed in these potencies from sediment 

towards to flounders. 



Table 6.4. Tentatively identified suspects for TTR-binding in SR sheets, worms, crabs and flounder as revealed in the EDA study. Citalopram and fluconazole were 

also analytically confirmed in the extracts. 

  
 

Molar 

REP-factor 

 
References 

Silicone rubber 

 sheets 
Worms Crabs Flounders 

 

4-nonylphenol 1.8x10-2  [37] x x x x 

NSAIDs 
Diflunisal n.a.  

[55] 
x       

Flubiprofen (FLP) n.a. x       

Halogenated 

compounds 

OH-triCB1 

8.4x100* 

 

[33] 

x       

OH-triCB2 x 

   OH-triCB3 x 

   OH-tetraCB1 

10.2 x100* 

x 

   OH-tetraCB2 x 

   OH-tetraCB3 x 

   OH-tetraCB4 x 

   OH-tetraCB5 x 

   OH-pentaCB1 5.9 x100* x 

   Triclosan 1.0x10-2  [56] x       

PAH derivatives 

1,2-Benzathraquinone n.a.  

[57]  

x 

   Benzo(c)phenanthrene-1,4-quinone n.a. x 

   1,4-Chrysenequinone n.a. x 

   

PFASs 

6:2 FTUCA (2H-Perfluoro-2-octenoic acid) 7.0x10-3  

[35] 

x       

7H-PFHpA (7H-Perfluoroheptanoic acid) 7.0x10-3 x x x 

 PFBS  (Perfluorobutane sulfonate) 3.0x10-3 

 

x 

  PFUnA ( Perfluoroundecanoic acid ) 3.0x10-3 

  

x 

 PFPA (Perfluorooctyl phosphonic acid) 1.8x10-1  [54]   x x   

Musks 

Cestolide/Phantolide -  

This study 

x x 

 

x 

Galaxolide/Tonalide/Traseolide - x x 

  Musk ambrette 5.0x10-2 

 

x x 

 Musk ketone - x 

   Musk xylene -       x 

Pharmaceuticals 
Citalopram -  

This study 
 

x x x 

Fluconazole - x       
“n.a.” indicates not applicable. These compounds have TTR-binding potential, but no REP-values were reported in the referred studies, only the binding affinity (%) of the specific compound to TTR  

“-” indicates no TTR-bindig activity observed 

*Average value based on the REP-factors determined for various tri-, tetra- and pentaCB congeners  
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Passive sampler silicone rubber sheets 

Bioanalysis of biota extracts is often hampered by cytotoxic potential (e.g. Wong et al.
57

) of the extracts as was 

also experienced in the present study in both Ames and Comet assays. No cytotoxicity was observed in the 

extracts of the biomimetic SR sheets (Table 6.1.), which seem to be a valid alternative sampling matrix 

compared to biota samples for bioassay screening of bioavailable genotoxic compounds in the sampling spot. 

Sampling location and sampling time of the SR sheets differed from the biota samples. Consequently, causative 

compounds found in the SR sheets cannot be directly related to the compounds found in the biota samples. 

Nevertheless, similar compound classes (nonylphenol, PFASs, musks and pharmaceuticals) were found in the 

biota samples and the SR sheets (Table 6.4.). Furthermore, additional compound classes (triclosan, NSAIDs, 

OH-PCBs and PAH derivatives) were detected in the SR sheets. The applicability of passive sampling 

techniques for sampling parent PCBs and PAHs has been widely reported,
e.g.

 
58-60

 but no earlier studies described 

their applicability to sample metabolites of PCBs and PAHs.   

The wide range of TTR-binding compound classes found in the extracts of the SR sheets underpins the 

suitability of passive sampling techniques for demonstrating the presence of biologically relevant toxic 

compounds in the aquatic environment at a given sampling location and period. The investigation of abiotic 

compartments, such as sediment or SPM, does not take into account the bioavailability of the toxicants and may 

therefore overestimate actual exposure. Testing extracts from aquatic biota or the “artificial biota” passive 

samplers opens the door to accounting for bioavailability in EDA studies. Both biota and passive samplers 

provide information on the bioavailablity of  aquatic contaminants. The choice of sampling matrix depends on 

the primary interest. For monitoring bioavailable concentrations of a broad range of compounds in the aquatic 

environment, passive samplers are the sampling matrix of choice. For the evaluation of biological samples that 

are highly relevant for food quality (e.g. mussles, shrimps, fish) internal concentrations should be analyzed in 

these species.
21, 61, 62

 Internal exposure is not only influenced by passive diffusion (as can also be determined by 

passive samplers), but also by active uptake, depuration, metabolism, and excretion rates, which are again 

affected by stress, viability and condition of the biota.
21

 Finally, internal exposure levels of bioactive toxicants in 

biota can be directly related to possible effects observed in the very same organisms. 
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Conclusions 

The present study aimed to characterize genotoxic and TTR-binding compounds in various abiotic and biotic 

aquatic compartments using the concept of EDA. The expected mutagenic potencies in the abiotic samples based 

on the target analyzed PAH concentrations correlated with the measured mutagenic potencies. SPM showed the 

highest mutagenic activity. SPM represents a dynamic medium that may contribute to the mutagenicity of the 

sediment and to the exposure of aquatic organisms to toxic compounds in the water column. However, the 

interpretation of the genotoxicity in biotic samples was hampered by cytotoxicity.  

The results of both the biological and chemical analyses suggest the transfer of the TTR-binding potency from 

abiotic to biotic compartments, but no clear pattern could be observed in these potencies along the trophic level 

gradient. Screening the LC-ToF-MS data files against compound lists appeared to be an effective and rapid 

identification strategy in EDA, accelerating the interpretation of large high-resolution MS data sets. A number of 

TTR-binding compound classes were characterized in the selected samples and suggested to be the source of 

observed toxicity. Subsequent quantitative analysis could specify the contributions of the tentatively identified 

TTR-binding compounds to the total measured activities. The analysis also revealed and confirmed the presence 

of two pharmaceuticals (citalopram and fluconazole) in the extracts, although these did not show no TTR-

binding activity.  
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Chapter 6 - Supporting Information 

 

 

Table S6.1. Overview of the mass lists (libraries), for which the LC-ToF-MS data file of the extracts of 

abiotic, biotic and silicone rubber sheets were screened with TargetAnalysis 1.2 (Bruker Daltonics) 

Mass Library Description/References No. of compounds 

Reported TTR-binding 

compounds 
List is set based on literature studies 263 

High production volume  (HPV) 

pharmaceuticals  
Persistent and/or bioaccumulative  

pharmaceuticals [1] 
106 

HPV chemicals 
Persistent and/or bioaccumulating  

compounds (mainly halogenated) [2] 
594 

Envimass mass list  
List of fresh water contaminants,  

pesticides, PFASs 
143 

Bruker mass list 
List of dyes, pharmaceuticals,  

pesticides from Bruker Daltonics 
225 

Total   1331 
[1] Howard and Muir, 2011, Environ. Sci. Technol. 45:6938-6946 

[2] Howard and Muir, 2010, Environ. Sci. Technol. 44: 2277-2285 

 

 


