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Abstract 23 

The assessment of water quality is crucial for safeguarding drinking water resources and 24 

ecosystem integrity. To this end, sample preparation and extraction is critically important, 25 

especially when investigating emerging contaminants and the toxicity of water samples. As 26 

extraction methods are rarely optimised for bioassays but rather adopted from chemical 27 

analysis, this may result in a misrepresentation of the actual toxicity. 28 

In this study, surface water, groundwater, hospital and municipal wastewater were used to 29 

characterise the impacts of common sample preparation techniques (acidification, filtration 30 

and solid phase extraction (SPE)) on the outcomes of eleven in vitro bioassays. The latter 31 

covered endocrine activity (reporter gene assays for estrogen, androgen, aryl-hydrocarbon, 32 

retinoic acid, retinoid X, vitamin D, thyroid receptor), mutagenicity (Ames fluctuation test), 33 

genotoxicity (umu test) and cytotoxicity. Water samples extracted using different SPE 34 

sorbents (Oasis HLB, Supelco ENVI-Carb+, Telos C18/ENV) at acidic and neutral pH were 35 

compared for their performance in recovering biological effects. 36 

Acidification, commonly used for stabilisation, significantly altered the endocrine activity and 37 

toxicity of most (waste)water samples. Sample filtration did not affect the majority of 38 

endpoints but in certain cases affected the (anti-)estrogenic and dioxin-like activities. SPE 39 

extracts (10.4× final concentration), including WWTP effluents, induced significant endocrine 40 

effects that were not detected in aqueous samples (0.63× final concentration), such as 41 

estrogenic, (anti-)androgenic and dioxin-like activities. When ranking the SPE methods using 42 

multivariate Pareto optimisation an extraction with Telos C18/ENV at pH 7 was most 43 

effective in recovering toxicity. At the same time, these extracts were highly cytotoxic 44 

masking the endpoint under investigation. Compared to that, extraction at pH 2.5 enriched 45 

less cytotoxicity. 46 

In summary, our study demonstrates that sample preparation and extraction critically affect 47 

the outcome of bioassays when assessing the toxicity of water samples. Depending on the 48 
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water matrix and the bioassay, these methods need to be optimised to accurately assess water 49 

quality. 50 

 51 

Keywords  52 

Activated carbon, advanced treatment, endocrine disrupting chemicals, micropollutants, 53 

ozonation, transformation products, tertiary treatment 54 

 55 

Abbreviations 56 

9-cis-RA 9-cis retinoic acid 

4-NOPD 4-nitro-o-phenylenediamine 

4-NQO 4-nitroquinoline N-oxide 

AhR aryl-hydrocarbon receptor 

Ames bacterial reverse mutation test 

ANOVA analysis of variance 

at-RA all-trans retinoic acid 

CAS Chemical Abstracts Service 

CPRG chlorophenol red-β-D-galactopyranoside 

DIN German Institute of Standardisation (Deutsches Institut für Normung) 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DOC dissolved organic carbon 

E2 17β-estradiol 

EC European Commission 

EC50 Median effect concentration 

EDCs endocrine disrupting chemicals 

EFF effluent 

FB filtration basin 

Flu flutamide 

GW groundwater 

hAR human androgen receptor 

hERα human estrogen receptor α 
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HOS hospital  

IB infiltration basin 

INF influent 

IR induction rate 

ISO International Standard Organisation 

lacZ bacterial gene coding β-galactosidase 

LOQ limit of quantification 

MS microsieve 

n.a. not analysed 

NF nitrofurantoin 

β-NF β-naphthoflavone 

n.s. not significant 

OD optical density 

OHT 4-hydroxytamoxifen 

ONPG o-nitrophenyl β-D-galactopyranoside 

PTFE polytetrafluorethylene 

RARα retinoic acid receptor α 

RXRα retinoid X receptor α 

SOS inducible bacterial DNA repair system 

SPE solid phase extraction 

SW surface water 

T testosterone 

T3 3,3′,5-triiod-L-thyronine 

TA100 recombinant strain of Salmonella typhimurium  

TA98 recombinant strain of Salmonella typhimurium  

TRα thyroid receptor α 

TSS total suspended solids 

umu bacterial test for the determination of genotoxicity 

umuC bacterial ultra violet mutagenesis gene C 

US EPA United States Environmental Protection Agency 

uvrB gene of a bacterial DNA repair system 

VDR vitamin D receptor 

WWTP wastewater treatment plant 

YAAS yeast anti-androgen screen 
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YAES yeast anti-estrogen screen 

YAS yeast androgen screen 

YDS yeast dioxin screen 

YES yeast estrogen screen 

  57 
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1 Introduction 58 

Anthropogenic micropollutants typically occur at nanogram to microgram per litre 59 

concentrations in urban water cycles. Micropollutants may pose a risk to ecosystems as they 60 

have been associated with negative impacts on aquatic biota (Malaj et al. 2014, Prasse et al. 61 

2015). Micropollutants are found amongst pharmaceuticals, personal care products, industrial 62 

chemicals, pesticides and biocides (Kümmerer 2011) that are emitted from different 63 

anthropogenic sources. These sources can be diffuse, such as agricultural runoffs, or point 64 

sources, such as wastewater treatment plant (WWTP) discharges. Several studies have 65 

demonstrated an incomplete removal of micropollutants and relevant toxicity after 66 

conventional wastewater treatment using activated sludge (Prasse et al. 2015). Therefore, 67 

advanced wastewater treatment technologies utilising chemical oxidation or adsorption are 68 

being developed to increase the removal of micropollutants and toxicity (Miklos et al. 2018, 69 

Rizzo 2011). In vitro bioassays play a crucial role for the ecotoxicological assessment of 70 

water and wastewater quality because they determine the joint toxicity caused by complex 71 

samples, often regarding a specific mode of action (Escher et al. 2014, 2018, Leusch et al. 72 

2017). Bioassays are routinely used in monitoring campaigns and sufficiently advanced to be 73 

integrated into water and wastewater regulations (Brack et al. 2017, Escher et al. 2018).  74 

Environmental water and wastewater samples represent complex mixtures of known and 75 

unknown chemicals (Schwarzenbach et al. 2006) and are characterised by a variable 76 

composition with respect to matrix parameters (e.g., suspended solids or dissolved organic 77 

carbon (DOC)). The toxicity of the samples is mainly determined by the type and 78 

concentration of the active, anthropogenic or natural compound(s) and their cumulative 79 

effects. However, the sample matrix can also affect the outcome of a bioassay (Janošek et al. 80 

2007, Neale et al. 2015). In addition, samples can undergo physicochemical and biological 81 

processes that can transform or degrade the active compounds and may, therefore, modulate 82 

the biological effects under investigation. 83 
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Because of their ability to reduce matrix effects, to preserve and to concentrate dissolved 84 

organic chemicals in aqueous samples, different extraction methods, such as solid phase 85 

extraction (SPE), are used in chemical and ecotoxicological studies (Prasse et al. 2015). While 86 

sample preparation and extraction methods are commonly optimised for chemical analysis, 87 

i.e., to maximise the recovery of specific target compounds, this is rarely done in bioassay 88 

studies (Bistan et al. 2012, Neale et al. 2018, Schulze et al. 2017) because the “true” toxicity 89 

to recover remains unknown. Thus, standard extraction procedures adapted from chemical 90 

analysis are mainly used. Comparative studies have indicated that such chemical “standard” 91 

methods can be ineffective in extracting unknown, active compounds from water samples 92 

(Hendriks et al. 1994, Wagner and Oehlmann 2011). Because this can lead to an 93 

underestimation or false negative results, optimising sample preparation and extraction to 94 

recover a maximum of toxicity should be imperative for bioassay studies.  95 

The aim of our study was to assess the impacts of common samples preparation methods on 96 

the detection of environmentally-relevant endocrine activities, genotoxicity and cytotoxicity 97 

in water and wastewater samples. These samples consisted of surface water, groundwater, 98 

hospital wastewater, raw (untreated), conventionally-treated and ozonated wastewater. These 99 

samples consisted of grab as well as composite samples with low to high contamination 100 

degrees to allow for an optimal comparison of SPE methods. The toxicity of untreated 101 

aqueous samples and samples that were acidified (24 h at pH 2.0) or filtered (1 µm pore size) 102 

was compared in eleven in vitro bioassays. Furthermore, the effectiveness of six SPE methods 103 

was compared by extracting samples with three SPE sorbents at acidic and neutral sample pH 104 

(2.5 and 7 right before loading). Aqueous and extracted samples were analysed using 105 

bioassays for nine human hormone receptors, the umu test and the Ames fluctuation test. The 106 

outcome of these bioassays was evaluated by a multivariate Pareto optimisation to identify the 107 

most effective sample extraction method.  108 
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2 Material and methods 109 

2.1 Characterisation of sampling sites 110 

Sampling locations were selected according to their relevance and representativeness 111 

regarding the water cycle in a model region in Baden-Württemberg (Germany, Table 1, 112 

samples 1−14, see Seitz and Winzenbacher 2017 for details). Samples comprised influents 113 

and effluents of three municipal WWTPs (WWTP 1−3) with activated sludge treatment, two 114 

hospital wastewaters, three rivers (surface water), influent and effluent of a filtration basin, 115 

two storm water sedimentation tanks, one storm water overflow tank (with infiltration basin), 116 

and three groundwater monitoring wells (hotspots). Additional wastewater samples were 117 

taken from a pilot WWTP (WWTP 4) in Hessen, Germany (Knopp et al. 2016), equipped 118 

with advanced treatment technologies, including a full-scale ozonation of conventionally 119 

treated effluent (activated sludge) filtered using a microsieve (MS, filtration at mesh size: 120 

10 µm) to reduce total suspended solids (TSS, Table 1, samples 15−19). The ozonation was 121 

performed with 0.33 g O3/g DOC.  122 

 123 

2.2 Collection of water and wastewater samples 124 

Wastewater samples (influent and effluent) from the municipal WWTPs in Baden-125 

Württemberg (sampling period: April (B), July (C, D) and December (E) 2012) and the pilot 126 

WWTP in Hessen (sampling period: March (A), April (B), July 2012 (C, D) and December 127 

(E) 2012, January (F) 2013) were collected as grab (samples 1, 6, 8–14, 18) or 24 h composite 128 

samples (samples 2−5, 7, 15−17, Table 1). The results of corresponding samples (e.g., 129 

influents or effluents) were compared to each other, only, with exception of the event-driven 130 

sampling of samples 6 and 7 (FB-IN and FB-OUT, Table 1). For the collection of 24 h 131 

composite samples, wastewater was continuously pumped through polytetrafluoroethylene 132 

(PTFE) tubes into 5 L glass bottles. Bottles were kept at 4°C in darkness during sampling. 133 

Hospital effluents, surface waters, samples from storm water sedimentation and an overflow 134 
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tank (with infiltration basin) as well as groundwater hotspots were grab samples (sampling 135 

period: April (B), July (C, D) and December (E) 2012). All samples were stored at 4°C in pre-136 

cleaned, amber glass bottles with PTFE lids and analysed (aqueous samples for acidification 137 

and filtration experiments) or further processed (comparison of SPE methods) within 48 h 138 

after sampling. 139 

 140 

2.3 Sample preparation 141 

2.3.1 Acidification for testing aqueous samples  142 

One aliquot (40 mL) of the aqueous (waste)water sample was kept at the original pH, another 143 

aliquot (40 mL) was acidified with sulphuric acid (5 mol/L, purity “pro analysi”) to pH 2.0 144 

directly after sampling. After storage for 24 h at 4°C in the dark, acidified samples were 145 

neutralised with sodium hydroxide (1 mol/L, purity “pro analysi”) to pH 7 prior to analysing 146 

the aqueous samples in the bioassays (in contrast to short-term acidification for SPE, 2.3.3). 147 

 148 

2.3.2 Filtration for testing aqueous samples 149 

One aliquot of the (waste)water sample remained unfiltered while another aliquot was filtered 150 

using glass fibre filters (Whatman GF6, pore size 1 µm) to reduce TSS. Selected filtered and 151 

unfiltered aqueous samples were tested as aqueous samples (not SPE extracts) in the in vitro 152 

assays (2.4). The glass fibre filters containing the retentate were suspended in ultrapure water 153 

(10 min in an ultrasonic bath) and the obtained aqueous suspensions were analysed for 154 

endocrine activity retained on the filters. A filter control was run and analysed in parallel: 155 

ultra-pure water was filtered and an empty glass fibre filter was suspended as well. 156 

Additionally, the influence of a microsieve (mesh size: 10 µm) on endocrine and genotoxic 157 

activity of conventionally treated effluent after final sedimentation at WWTP 4 was 158 

investigated by taking wastewater samples before and after the microsieve. A microsieve 159 

control was analysed as well (data not shown): fragments of the microsieve were incubated in 160 
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ultra-pure water and in methanol for 70 d and the resulting suspensions were tested in the in 161 

vitro bioassays. 162 

 163 

2.3.3 Solid phase extraction 164 

Three commonly used types of SPE sorbents were tested for the recovery of endocrine, 165 

genotoxic, and mutagenic activities: Oasis HLB (200 mg), Kinesis Telos C18/ENV (500 mg 166 

C18, 200 mg ENV) and Supelco ENVI-Carb+ (200 mg). Prior to sample loading, the 167 

cartridges were conditioned as follows: Oasis HLB and Telos C18/ENV were conditioned 168 

consecutively with 1 x 2 mL heptane, 1 x 2 mL acetone, 3 x 2 mL methanol (LC-MS 169 

Optigrade) and 4 x 2 mL ultrapure water. Supelco ENVI-Carb+ cartridges were turned (top to 170 

bottom) before they were conditioned with 1 x 2 mL acetone and 1 x 2 mL methanol. 171 

Afterwards, the columns were turned again (loading direction) and conditioned with 1 x 2 mL 172 

acetone, 3 x 2 mL methanol and 4 x 2 mL ultrapure water. For each sample, 500 mL sample 173 

was extracted at two pH values, neutral (pH 7) and acidified with sulphuric acid (3.5 mol/L) 174 

to pH 2.5. 175 

SPE was performed within 48 h after collection and directly after acidification. The columns 176 

were dried under a stream of nitrogen and stored at -20°C. Samples extracted at neutral pH 177 

were eluted with 5 x 2 mL acidified methanol and 5 x 2 mL acetone, each containing 0.2% 178 

formic acid. Acidified samples were consecutively eluted with 5 x 2 mL methanol and 5 x 179 

2 mL acetone at neutral pH. After adding 100 µL dimethyl sulfoxide (DMSO), the combined 180 

methanol-acetone extract was concentrated to 100 µL final volume under a gentle nitrogen 181 

stream. The extracts (5000-fold concentrated compared to the aqueous sample) were stored 182 

at -20°C until testing. A SPE blank was prepared in parallel to each sampling campaign to 183 

control for contamination by loading each column type with ultrapure water and extracting 184 

them with neutral and acidified methanol and acetone, respectively. 185 

 186 
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2.4 In vitro bioassays 187 

2.4.1 Recombinant yeast screens for endocrine activities 188 

In this study, nine recombinant yeast-based reporter-gene assays were used to detect 189 

endocrine activities: Yeast Estrogen Screen (YES, human estrogen receptor α (hERα)), Yeast 190 

Anti-Estrogen Screen (YAES), Yeast Androgen Screen (YAS, human androgen receptor 191 

(hAR)), Yeast Anti-Androgen Screen (YAAS) first described by Routledge and Sumpter 192 

(1996) and Sohoni and Sumpter (1998), Yeast Dioxin Screen (YDS, aryl-hydrocarbon 193 

receptor (AhR, Miller 1997)), as well as yeast two-hybrid assays for retinoic acid receptor α 194 

(RARα), retinoid X receptor α (RXRα), vitamin D receptor (VDR) and thyroid receptor α 195 

(TRα) introduced by Inoue et al. (2009). We used yeast-based assays rather than mammalian 196 

cell lines because they are robust in terms of cytotoxicity, because they have been validated 197 

by ISO (ISO 19040-1:2018) and to compare the results to our previous work. 198 

All bioassays have the same principle: The activation of the respective receptor by chemicals 199 

present in the sample triggers the expression of β-galactosidase, which cleaves the 200 

chromogenic substance chlorophenol red-β-D-galactopyranoside (CPRG; CAS 99792-79-7, 201 

Sigma-Aldrich, Germany). The intensity of the colour change (yellow to red) is proportional 202 

to the agonistic activity of the sample and is measured with a photometer (Multiskan Ascent, 203 

Thermo Fisher Scientific, Braunschweig, Germany) at a wavelength of 540 nm (OD540). To 204 

screen for antagonistic activities (YAES and YAAS), a known agonist is added. Thus, 205 

antagonistic compounds reduced the reporter gene activity induced by the agonist. 206 

All bioassays were conducted in 96-well microtiter plates (f-form, VWR Darmstadt, 207 

Germany) as described previously (Völker et al. 2016, Wagner et al. 2013, Stalter et al. 2011, 208 

Wagner and Oehlmann 2009). In brief, aqueous samples were analysed in eight replicates 209 

with a dilution factor of 1.6 (i.e., 0.625-fold final sample concentration). SPE extracts were 210 

diluted 480-fold resulting in a 10.4-fold final sample concentration (0.2% v/v solvent 211 
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concentration, eight replicates). This enrichment factor was used for all SPE extracts 212 

(compare 2.2 and Table 1). After 18−22 h incubation (depending on the assay) at 30°C and 213 

1200 rpm, cell number (absorbance at 595 nm, OD595, to detect cytotoxic effects) and 214 

reporter-gene activity (OD540) were determined photometrically. In each assay and 215 

experiment, concentration-response curves for the appropriate reference compound were 216 

generated (see Table S1 and Figures S1−S5 for details). 217 

The OD540 was corrected for the respective cell density (OD595). If > 20% cytotoxicity 218 

occurred (see 2.5) results were not used. The corrected absorbance was normalised to the 219 

negative/solvent controls (0%) and the maximum activity of the reference compound (100%) 220 

to calculate relative activities (%). For the antagonist assays, a control without agonist was 221 

used to represent 100% receptor inhibition.  222 

The limit of quantification (LOQ) was calculated for each bioassay and experiment using the 223 

mean activity of the negative control and adding threefold it’s standard deviation. As the 224 

LOQs varied between bioassays and experiments, they were not shown for the sake of clarity. 225 

However, in general only results above the LOQs were considered. In a few cases, such as 226 

estrogenic activity, lower activities were shown because of their ecotoxicological relevance 227 

(low effect threshold) and for comparing WWTP effectivities. 228 

 229 

2.4.2 Genotoxicity assay (umu test) 230 

Genotoxic effects were assessed using the umu test (ISO 13829) with the genetically modified 231 

Salmonella typhimurium strain TA1535 (pSK1002). The umu test detects primary reversible 232 

or irreversible DNA damages that induce the expression of the DNA SOS-repair system 233 

associated with the UV mutagenesis gene C (umuC gene). Genotoxic substances in the 234 

samples lead to an expression of β-galactosidase from the umuC-lacZ construct. The reporter-235 

gene activity is determined by the cleavage of the chromogenic substance o-nitrophenyl β-D-236 

galactopyranoside (ONPG, CAS 369-07-3, Sigma-Aldrich, Germany). The umu test was 237 
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conducted as described by Magdeburg et al. (2014). In brief, aqueous samples were analysed 238 

after sterile filtration (injection filter with PTFE membrane: pore size 0.2 µm, neoLab, 239 

Germany) with a dilution factor of 1.7 and SPE extracts in a 20-fold final sample 240 

concentration (0.4% v/v solvent) in eight replicates. Ten concentrations between 5−2000 µg/L 241 

final concentration in the well of 4-nitroquinoline N-oxide (4-NQO; CAS 56-57-5, Sigma-242 

Aldrich, Germany) were used as genotoxic reference compound (Table S1). Cytotoxicity 243 

(OD595) and genotoxicity (OD414) were determined photometrically. The OD414 was corrected 244 

for the respective cell density (OD595) if no cytotoxicity occurred (see 2.5). A linear 245 

regression line was generated using the corrected OD414 of the reference compound (Figure 246 

S6). The induction rate (IR) was calculated using the corrected OD414 of the samples. An 247 

IR ≥ 1.5 is considered potentially genotoxic. 248 

 249 

2.4.3 Mutagenicity assay (Ames fluctuation test) 250 

Mutagenic effects (i.e., irreversible DNA damage) were analysed using the Ames fluctuation 251 

test (ISO/DIN 11350) with two genetically modified strains of Salmonella typhimurium 252 

(TA98 and TA100). The assay detects the induction of point mutations in special marker 253 

genes coding for enzymes involved in histidine biosynthesis as frameshift mutations (TA98) 254 

and base pair substitutions (TA100). To increase sensitivity, the strains TA98 and TA100 255 

have a mutation in the uvrB DNA repair gene. In the absence of mutagens, the strains do not 256 

grow in histidine-free medium and a reverse mutation in the marker genes enables histidine 257 

synthesis and thus growth. This leads to a pH change in the assay medium that is determined 258 

photometrically at a wavelength of 414 nm. 259 

The Ames test was conducted as described by Magdeburg et al. (2014). In brief, aqueous 260 

samples were tested after sterile filtration (see 2.3.2) with a dilution factor of 1.25 and SPE 261 

extracts in a 10-fold final sample concentration (0.2% v/v solvent). Mutagenic reference 262 

compounds were used as positive controls (TA98: 10 mg/L final concentration in the well 4-263 
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nitro-o-phenylenediamine (4-NOPD, CAS 99-56-9, Sigma Aldrich, Germany, Table S1); 264 

TA100: 0.25 mg/L final concentration in the well nitrofurantoin (NF; CAS 67-20-9, Sigma 265 

Aldrich, Germany, Table S1). The mutagenic activity of the sample was determined 266 

photometrically with a cut-off value at a wavelength of 414 nm by counting the number of 267 

wells that shifted from purple (negative) to yellow (positive). 268 

 269 

2.5 Data analysis 270 

In this study, cytotoxicity was defined as a cell number in the sample of ≤ 80% compared to 271 

the negative control (solvent control) analysed in parallel in each experiment. 272 

Statistical analyses were performed using GraphPad Prism (version 5.03, GraphPad Software 273 

Inc., San Diego, California, USA). Datasets were analysed using the D’Agostino and Pearson 274 

omnibus normality test for Gaussian distribution and the Bartlett's test for homogeneity of 275 

variances. In case of a normal distribution and equal variances significant differences between 276 

the datasets were determined using a one-way ANOVA with Dunnett’s post-test. If the 277 

datasets were not normally distributed, the nonparametric Kruskal-Wallis test with Dunn’s 278 

post-test was used. An unpaired t-test was used to determine significant differences between 279 

neutral and acidified samples and unfiltered and filtered samples. A p-value ≤ 0.05 was 280 

considered significant. 281 

The mathematical part of the methodological optimisation was carried out using a Pareto 282 

strategy (Ehrgott 2000) further adapted for the multivariate optimisation, similar to the use of 283 

colour coding in in silico toxicology (Durmaz et al. 2015). The main optimisation criterion 284 

was to assess sample preparation methodologies that achieved the highest measured biological 285 

activity in six different parameters. Pareto thereby classified a preparation method as non-286 

optimal, if another preparation method exists that delivers “better” values regarding all 287 

parameters (YES, YAS, etc.) and all tested samples. Non-optimal preparation methods are 288 
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excluded from the list leading to a ranked set of Pareto-optimal sample preparation methods. 289 

The applied strategy also tackled scenarios with missing data.     290 
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3 Results and discussion 291 

3.1 Sample acidification for testing aqueous samples 292 

Analytical chemists use acid as a standard method to stabilise aqueous samples and prevent 293 

the biodegradation of (micro)pollutants (Prasse et al. 2015). Stabilisation is thought to occur 294 

by deactivating microorganisms (Baker and Kasprzyk-Hordern 2011, US EPA 2010) that may 295 

use target analytes as substrates. Therefore, the procedure is often adopted in ecotoxicology 296 

for conserving the toxicity of samples but often without studying its effectiveness. 297 

The present results show that sample acidification and storage over 24 h significantly affected 298 

the endocrine activities and mutagenicity of aqueous samples compared to the samples kept at 299 

neutral pH (Figure 1, full data sets in Table S2). Focusing on a change of the endocrine 300 

activities or mutagenicity of ≥ 10%, untreated wastewater was most affected by acidification 301 

(Table S3) whereby 50% of the assays (n = 22) showed decreased activities between -13 and -302 

94%. In case of the influent and effluent of the filtration basin 32% of the bioassays (n = 22) 303 

indicated altered activities between -13% and -37%. Groundwater (9%, n = 33), ozonated 304 

wastewater (9%, n = 11) and surface water (3%, n = 33) were least affected (Table S3). 305 

Regarding the different bioassays, the activities in the YAES, RXR and Ames TA100 assays 306 

were most affected by acidification (Table S4). 65% of the YAES experiments showed 307 

decreased (-13 to -32%) or increased (+15 to +34%) activities (Figure 1A). The Ames TA100 308 

was affected in 24% of the experiments with decreasing (-13 to -77%) as well as increasing 309 

mutagenicity (+17%) compared to neutral samples (Figure 1C, Table S4). Acidification 310 

caused the highest decrease of mutagenicity in the Ames TA98 with -94% followed by the 311 

RAR assay with -88% (Figure 1B). In the remaining bioassays, low endocrine or genotoxic 312 

activities were detected. Thus, no conclusion of the influence of acidification on these 313 

endpoints was possible (Figure S7, Table S2). 314 

In summary, sample acidification led to a decrease (-13 to -94%) of activity in 81% and to an 315 

increase (+10 to +34%) of activity in 19% of the cases (n = 32). This indicates that sample 316 
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acidification significantly affects the outcomes of bioassays. Two hypotheses may explain the 317 

changes in toxicity: 1) In acidified samples, acids may interfere with active chemicals or 2) in 318 

neutral samples, microbial activity may degrade or transform the active chemicals. 319 

Basically, the key question is whether the neutral (hypothesis 1) or the acidified sample 320 

(hypothesis 2) represent the “true” toxicity. For chemical analysis, there is consensus that 321 

acidification stabilises most compounds and prevents microbial degradation (Baker and 322 

Kasprzyk-Hordern 2011, Vanderford et al. 2011, US EPA 2010). However, our data implies 323 

that besides few exceptions the in vitro activity is lower at acidic compared to neutral pH 324 

(Figure 1, Table S2). Accordingly, samples at a neutral pH may better represent the actual 325 

toxicity. If this hypothesis holds true, an acidification of samples would either reduce the 326 

concentration of active chemicals by increasing adsorption to suspended matter (Baker and 327 

Kasprzyk-Hordern 2011) or by increasing hydrolysis (Prasse et al. 2015). 328 

Alternatively, it can be assumed that the higher activity in neutral samples is an artefact 329 

caused by a change in sample composition. Here, continuous microbial activity may 330 

deconjugate compounds resulting in a higher biological activity. This occurs during biological 331 

wastewater treatment (Andersen et al. 2003, Koh et al. 2008, Wu et al. 2017). However, an 332 

on-going microbial degradation of active compounds would counteract this process (Giebner 333 

et al. 2018). 334 

In reality, the toxicity of an aqueous sample may change at either neutral or acidic pH. As this 335 

depends on the chemical and biological composition of a sample, it is difficult to generalise 336 

which condition best represents the actual toxicity. Based on the present data, we argue that a 337 

neutral pH comes closest to reality, as the sample is minimally processed. In addition, a 338 

higher biological activity will result in a more protective water quality assessment if one 339 

accepts that the risks of false-positives outweighs the risk of false-negatives. 340 

 341 

3.2 Sample filtration for testing aqueous samples 342 
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Sample filtration is beneficial to stabilise compounds (Baker and Kasprzyk-Hordern 2011), to 343 

avoid clogging of SPE cartridges, to remove TSS (Janex-Habibi et al. 2009) and to sterilise 344 

samples (Gehrmann et al. 2018). In the present study, unfiltered and corresponding glass fibre 345 

filtered (pore size 1 µm) aqueous samples as well as aqueous suspension of the filter 346 

retentates were compared to investigate the impacts of filtration on the toxicity. These 347 

comparisons further included a microsieve (pore size 10 µm) installed at one WWTP, which 348 

had a minimal effect on the toxicity (full data set in Table S5).  349 

Focusing on a change of the different endocrine activities or mutagenicity of ≥ 10% again, the 350 

untreated wastewater was affected at most by filtration (Tables S5 and S6). Here, the toxicity 351 

was decreased by -20 and -54% and increased by +28 and +61% in 22% of the bioassays 352 

(n = 18, Figure 2A, 2B). For surface water, activities were altered in 14% (n = 7) of the 353 

bioassays with one affected endpoint (Figure S8). Conventionally treated wastewater and 354 

groundwater were less or not affected by filtration (Figures 2C and S8, Table S6). 355 

Filtration had the strongest impact on the YAES (50% of the assays, n = 8; Table S7) 356 

followed by the YES and YAAS (25%, n = 8 each) and YDS (13%, n = 8). The effects 357 

observed in the other bioassays were too low to evaluate the influence of filtration on these 358 

endpoints (Figures 2 and S8, Table S5). 359 

The aqueous suspension of the filter retentates also showed relevant changes in endocrine 360 

activities ≥ 10% in 19% (n = 36) of the yeast-based assays. The retentates were anti-361 

estrogenic (57%, n = 7) and anti-androgenic (43%, n = 7) with activities from 21–80% 362 

(YAES) and 30–45% (YAAS, Table S5). In two samples, the endocrine activity in the filtered 363 

sample was significantly (p ≤ 0.001) lower than in the unfiltered sample. As the retentate was 364 

also active, the activity was retained by filtration. In two cases, significantly higher 365 

(p ≤ 0.001) activities were detected in the filtered compared to the unfiltered samples. Here, 366 

the retentate was active as well. In two YAES experiments, the endocrine activities in the 367 

filtered and unfiltered samples were on a comparable high level (84– 91%) and the retentate 368 
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was active as well (46 and 80%). One sample was not anti-androgenic as filtered and 369 

unfiltered water, but as filter retentate (45%, Figure S8, Table S5). 370 

In summary, sample filtration led to a decrease (-18 to -54%) of activity in 33% and to an 371 

increase (+13 to +61%) of activity in 67% of the cases (n = 9) and, thus, has a significant 372 

impact on the bioassay results. The retention of particle-associated hormones and endocrine 373 

disrupting chemicals (EDCs) may explain this observation. This is supported by the detection 374 

of significant endocrine activities in the filter retentates and previous observations (Dagnino 375 

et al. 2010, Routledge 2003, Shieh et al. 2016). 376 

Interestingly, few filtered samples had significantly higher endocrine activities than the 377 

corresponding unfiltered samples. For the WWTP effluent filtered by a microsieve we 378 

detected an approximately 2-fold increase in anti-estrogenic activity (Table S5). This may be 379 

the result of an altered ratio of agonistic and antagonistic activities (Ihara et al. 2014, Rao et 380 

al. 2014) or the leaching of “new” compounds by the filter materials (filter controls confirmed 381 

this was not the case). In the present case, dissimilar affinities towards filter materials and/or 382 

suspended solids (Ng and Cao 2015, Wangmo et al. 2018) could have resulted in a retention 383 

of antagonistic and thus increased agonistic activities in the filtrate and vice versa.  384 

In conclusion, the application of sample filtration should be well-adjusted to the aims of a 385 

study, the characteristics of investigated (waste)water samples and bioassay specificities, as 386 

this is crucial to avoid misestimating the in vitro toxicity (Dagnino et al. 2010, EC 2003). In 387 

the present study, this was amongst others observed when evaluating the removal of (anti-388 

)estrogenic and dioxin-like activities at WWTP 1 (Figure 2). Depending on whether the 389 

filtered or unfiltered samples are considered, one can conclude that the treatment in WWTP 1 390 

either increases or decreases the toxicity. 391 

 392 

3.3 Comparison of aqueous and extracted samples 393 
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Comparing the toxicity of aqueous samples and corresponding SPE extracts is rarely done but 394 

has a number of advantages, such as the possibility to calculate recovery rates and evaluate 395 

the environmental relevance of obtained results (Giebner et al. 2018, Muschket et al. 2017, 396 

Tousova et al. 2017, Wangmo et al. 2018). 397 

In the present case, most aqueous samples induced minimal estrogenic, anti-androgenic and 398 

retinoic acid-like activities (Figure 3, Tables S8, S9, S10). However, anti-estrogenic activities 399 

between 21 and 91% were detected in all aqueous samples (Figure 3B). The activities were 400 

< 19% in the other bioassays (Figures 3D and S9, Table S8). In extracted samples, the 401 

estrogenic activity (≤ 8%, n = 35) was generally as low as in the corresponding aqueous 402 

samples (≤ 13%, n = 8; Figures 3 and 4, Table S9). The minor estrogenic activity detected in 403 

most samples in this study is in line with other studies on biological (Jalova et al. 2013, Keiter 404 

et al. 2006, Metcalfe et al. 2013) and advanced wastewater treatment (Ma et al. 2005, Maletz 405 

et al 2013). 406 

The anti-estrogenic activity of the extracts was variable and, depending on the SPE method, in 407 

parts very high (13–89%, n = 35) and comparable to the corresponding aqueous samples 408 

(Figures 3B and 4). This indicated that the causative compounds were either only partially 409 

recovered or that the anti-estrogenicity of the aqueous samples is caused by the matrix (Neale 410 

et al. 2015). Interestingly, the high anti-estrogenic activities in the extracts point towards 411 

potential masking effects, whereby receptor antagonists reduce the detection of agonistic 412 

activity in water sample. This phenomenon has also been discussed by other authors (Giebner 413 

et al. 2018, Gehrmann et al. 2018, Ihara et al. 2014, Rao et al. 2014, Stalter et al. 2011). In 414 

addition, groundwater was significantly anti-estrogenic (Figure 3B, Table S8 and S9). This 415 

calls for further clarification regarding the presence of EDCs in groundwater. 416 

In contrast, the anti-androgenic activity was low in most aqueous samples (≤ 5%, n = 7) but 417 

higher in the extracts (9–89%, n = 30, Figures 3C and 4, Table S9) indicating a successful 418 

extraction. Except for hospital wastewater, which may contain anti-androgenic 419 
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pharmaceuticals (Sohoni and Sumpter 1998, Stalter et al. 2011), the majority of aqueous 420 

samples exhibited only low androgenic and anti-androgenic activities (Figures 3C and S9, 421 

Table S8). The androgenic activities remained low in the corresponding extracts, whereas 422 

anti-androgenic activities were detected at moderate to high levels. As in case of the anti-423 

estrogenic activity, androgen receptor antagonists may mask the androgenic activity. Such 424 

interactions were described for WWTP effluents (Leusch et al. 2017, Rao et al. 2014) and 425 

ozonated hospital wastewater (Gehrmann et al. 2018). The high removal of these activities 426 

reported for activated sludge treatment (Rao et al. 2014) and ozonation (Stalter et al. 2011) 427 

were not observed in this study. 428 

The highest RAR activity was detected in aqueous hospital and untreated wastewater (HOS: 429 

93%, INF-1: 23%) and corresponding extracts, depending on the SPE-method (HOS: 14–430 

91%, INF-1: 0–54%; Figures 3E and 4, Table S9). This implies that the active compounds 431 

were only partially extracted. Only hospital and untreated wastewater induced RAR activities, 432 

which was removed in the effluent (Figure 3E, Tables S8 and S9). RXR activities were 433 

detected in extracted WWTP effluent and ozonated effluent (Figure S9, Table S8). So far, 434 

only few studies reported RAR and RXR activities in water (Inoue et al. 2009) and 435 

wastewater (Allinson et al. 2011, Inoue et al. 2011). In the experiments by Sawada et al. 436 

(2012) and Cao et al. (2009) these activities readily degraded during activated sludge 437 

treatment and lab-scale ozonation, respectively. Likewise, only a few studies exist on VDR- 438 

and TR-like activities in (waste)water samples (Escher et al. 2014, Inoue et al. 2011, Kusk et 439 

al. 2011, Leusch et al. 2017). In any case, activity levels in the present aqueous/extracted 440 

samples were negligible. 441 

Moderate dioxin-like activities were detected in a number of extracted but none of the 442 

aqueous samples (Table S8). Highest activities were observed in raw, treated and hospital 443 

wastewater. Lowest activities were observed for ozonated wastewater and groundwater. Its 444 

removal during biological and advanced wastewater treatment has been observed in several 445 
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(Allinson et al. 2011, Loos et al. 2012, Stalter et al. 2011) but not all studies (Jia et al. 2015, 446 

Rao et al. 2014, Reungoat et al. 2010) supporting its detection in the present WWTP effluents. 447 

While none of the aqueous samples (n = 6) was active in the umu assay, 33% (n = 27) of the 448 

extracts were potentially genotoxic (Figure 3F, Tables S8 and S9). Low to moderate 449 

genotoxicity was detected in extracted hospital, raw and treated wastewater but in none of the 450 

other samples. Other studies observed genotoxicity in extracted WWTP effluents (Macova et 451 

al. 2011, Keiter et al. 2006, Escher et al. 2014). These potentials generally decreased upon 452 

ozonation (Cao et al. 2009, Misik et al. 2011). 453 

 454 

3.4 Identifying the optimal SPE method 455 

Similar to analytical chemistry (Baker and Kasprzyk-Hordern 2011, Maruya et al. 2016, Polo 456 

et al. 2005), SPE of (waste)water samples is advantageous for in vitro bioassays. Extraction 457 

prevents the microbial degradation of untreated samples and improves the detection of 458 

toxicological effects caused by low (micro)pollutant concentrations (Escher et al. 2005, 459 

Janošek et al. 2007, Macova et al. 2011, Neale et al. 2015, 2018). SPE can also minimise 460 

matrix interferences by reducing natural organic matter and excluding ions, nutrients or acids 461 

(Neale and Escher 2014, Prasse et al. 2015, Escher et al. 2018). 462 

In contrast to chemical analysis of target compounds, the recovery of toxicity by SPE cannot 463 

be evaluated because the causative chemicals and mixture effects remain unknown. Thus, this 464 

study aimed at maximising the extraction of toxicity by comparing two mixed-mode 465 

hydrophilic/hydrophobic (Oasis HLB and Supelco ENVI-Carb+) and one composite (Telos 466 

C18/ENV) SPE sorbents. These SPE sorbents enrich a broad and heterogeneous spectrum of 467 

chemicals (Köke et al. 2018, Leusch et al. 2012, Neale et al. 2018). Extracting both neutral 468 

and acidified samples, six different SPE methods were evaluated by a semi-quantitative 469 

(3.4.1–3.4.4) approach followed by multivariate statistics (3.4.5). 470 

 471 
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3.4.1 Blanks 472 

In parallel to the extraction of the samples, a SPE blank was prepared to control for potential 473 

contaminants in reference waters and used materials (Kolkman et al. 2013, Neale et al. 2018, 474 

Schulze et al. 2017). Each cartridge type was loaded with ultrapure water and extracted as 475 

described in 2.3.3. The extracts of the 60 SPE blanks were negative in all bioassays except in 476 

two cases (3%): Supelco ENVI-Carb+ at pH 7 and pH 2.5 in the YAAS. Here, the activities 477 

were 2% and 3% higher than the limit of quantification. In addition, a DMSO sample was 478 

included in parallel to the SPE extracts in each in vitro bioassay as a solvent control. These 479 

solvent controls did not induce an effect in the bioassays. 480 

 481 

3.4.2 Cytotoxicity 482 

Cytotoxicity is often used as indicator of the reactive toxicity of environmental samples and 483 

their overall (micro)pollutant load. It, thus, represents an important endpoint which is 484 

integrated into several water quality assessments (Escher et al. 2014, 2018, Leusch et al. 2014, 485 

Välitalo et al. 2017). However, depending on the investigated endpoint, cytotoxicity can also 486 

prevent or mask the detection of specific toxicity (see 4). 487 

In the present study, none of the aqueous samples induced cytotoxic effects (Figure 4, Tables 488 

S8 and S9). Cytotoxicity was, however, frequently detected in SPE extracts (Figure 4). 489 

Untreated wastewater induced cytotoxicity in 50% (HOS) and 38% (INF-1) of sample 490 

extracts (n = 60, each) tested in ten in vitro bioassays (Table 2). For conventionally treated 491 

wastewater (EFF-1, EFF-4, EFF-4-MS, n = 54–60) cytotoxicity was observed in ≤ 25% of 492 

extracts (Table 2). The occurrence of cytotoxicity in extracted ozonated wastewater (sample 493 

EFF-4-MS-O3, n = 54) and groundwater (sample GW-1, n = 60) was 35 and 2%, respectively 494 

(Table 2).  495 

The choice of the SPE method had a substantial influence on the detection of cytotoxicity: the 496 

extracts of the Oasis HLB and the Telos C18/ENV (neutral pH) were cytotoxic in 32% and 497 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
24 

50% of the bioassays (n = 78 each, Table 2). At acidified pH, these extracts induced similar 498 

cytotoxicity with 15 and 13%, respectively (n = 78 each, Table 2). Samples extracted with the 499 

Supelco ENVI-Carb+ at neutral pH were more cytotoxic (12%) compared to the 500 

corresponding samples that were extracted at acidified pH (not cytotoxic effects, n = 78 each, 501 

Table 2). 502 

In general, samples extracted at neutral pH induced higher cytotoxicity than acidified samples 503 

(Figure 4) and Telos C18/ENV extracts were more cytotoxic than those of Oasis HLB and 504 

Supelco ENVI-Carb+. Thus, extraction at neutral pH with Telos C18/ENV was the method 505 

where the highest cytotoxicity was detected (Figure 4). Escher et al. (2005) found an 506 

extraction at pH 3 (using the Oasis HLB) to be more effective than pH 7 and pH 11 in a study 507 

on spiked urine samples. Stalter et al. (2011) observed this for acidified biologically-treated 508 

and ozonated wastewater. Both studies suggest that compounds with acidic moieties to be 509 

responsible for the recovered cytotoxicity. This is in contrast to the present results, which 510 

suggest that the cytotoxicity in a broad range of bioassays is extracted more effectively at 511 

neutral pH. 512 

In a recent study by Stalter et al. (2016) the Telos ENV (without C18 sorbent) followed by the 513 

Oasis HLB recovered most cytotoxicity amongst nine other SPE sorbents from disinfected 514 

drinking water (acidified before extraction). Polar compounds adsorbed by the ENV as well 515 

as the HLB sorbent material were suspected as main causative agents. Although Stalter et al. 516 

(2016) did not compare an extraction at neutral pH the results support the effectivity of the 517 

Telos C18/ENV and Oasis HLB observed in the present study. Along the same line, a 518 

multilayer SPE based on Oasis HLB induced more cytotoxicity than a single sorbent method 519 

in a study by Neale et al. (2018). 520 

Conventional wastewater treatment decreased the occurrence of cytotoxicity from 38% of the 521 

extracts to 7% in case of WWTP 1 (Table 2). In contrast, ozonation increased the number of 522 

cytotoxic extracts from 24 to 35% (Table 2). This observation supports earlier hypotheses on 523 
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the formation of toxic transformation products (TPs) during ozonation (Jia et al. 2015, 524 

Lundström et al. 2010, Magdeburg et al. 2014). In contrast to the WWTP samples, only 2% of 525 

groundwater extracts were cytotoxic. This is in agreement with the high water quality 526 

monitored at GW sampling sites 1−3 (Seitz and Winzenbacher 2017) as well as the rare 527 

detection of cytotoxicity in groundwater, unless influenced by landfill leachates, industrial or 528 

other contaminated sites (Baumstark-Khan et al. 2005, Baun et al. 2000). 529 

 530 

3.4.3 Endocrine endpoints 531 

Pooling the results according to water sample type, the highest mean estrogenic activity was 532 

found in conventionally treated wastewater (EFF-1, EFF-4, EFF-4-MS) extracted with Telos 533 

C18/ENV (pH 2.5) with 5% (n = 4) relative activity and Oasis HLB (pH 2.5) with 5% (n = 4) 534 

relative activity (Table S11, Figure S10). Samples extracted at neutral pH with the same SPE 535 

sorbents induced lower estrogenic activities (3%, n = 2; 2%, n = 3). Extracts produced with 536 

Supelco ENVI-Carb+ showed low estrogenic activity regardless of the adjusted pH. 537 

With regard to the anti-estrogenic activity of conventionally treated (EFF) and ozonated 538 

(EFF-O3) wastewater as well as groundwater (GW) both sorbents, Oasis HLB and Telos 539 

C18/ENV showed similar effectivity when samples were extracted at pH 2.5 (Figures 4 and 540 

S10, Tables S8 and S11). For conventionally treated wastewater (EFF) and groundwater 541 

(GW) extracted at neutral pH with the same sorbents the mean anti-estrogenic activity was 542 

higher. The highest mean anti-estrogenic activity was found in samples extracted with 543 

Supelco ENVI-Carb+ at neutral pH (62–87%, n = 1–2). 544 

In case of the anti-androgenic activity of all sample types, acidified samples extracted with 545 

Oasis HLB and Telos C18/ENV produced similar results again (Figures 4 and S11). Because 546 

of high cytotoxicity, the activities of neutrally extracted samples could not be analysed. 547 

Treated wastewater and groundwater extracted with Supelco ENVI-Carb+ at both pH values 548 

induced lower anti-androgenic activities than the other SPE methods. As the activity in the 549 
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other bioassays was minor, no comparison of the SPE methods on these endpoints was 550 

possible (Figures S11−S14). 551 

Based on the above results the Telos C18/ENV sorbent followed by the Oasis HLB recovered 552 

highest endocrine activities from the majority of (waste)water samples. However, the Supelco 553 

ENVI-Carb+ sorbent was more effective in recovering androgenic activities. This is in part 554 

reflected in previous studies. In a study on bottled mineral water, a C18 material recovered 555 

higher estrogenic activity compared to the Oasis HLB and Supelco ENVI-Carb+ (Wagner and 556 

Oehlmann 2011). The authors argue that non-polar chemicals are responsible for this effect. 557 

In the present study, most estrogenicity was recovered by the Telos C18/ENV (involving a 558 

similar C18 material), while Oasis HLB achieved comparable levels. 559 

Except for estrogenicity, endocrine activities were more effectively recovered at pH 2.5. 560 

However, the more frequent detection of cytotoxicity in pH 7 extracts might have masked the 561 

respective activities. Despite the effective extraction of endocrine activities, it remained 562 

insufficient from some (waste)waters and endpoints (Figures 3 and S9, Table S8). This 563 

includes the anti-estrogenicity, which was enriched from several but not all samples. The 564 

difficulty in extracting anti-estrogenic activity has been observed and discussed in previous 565 

studies (Giebner et al. 2018). 566 

 567 

3.4.4 Genotoxicity and mutagenicity 568 

The highest genotoxicity (IR 4.37) was detected in the Telos C18/ENV pH 2.5 extract of 569 

untreated hospital wastewater (HOS, Tables S8 and S9, Figure S14). Seven extracts (100%) 570 

of the Oasis HLB and Telos C18/ENV sorbents at both pH 7 and 2.5 of the conventionally 571 

treated wastewater of the pilot WWTP 4 (EFF-4 and EFF-4-MS) were genotoxic with 572 

induction rates between 1.50 and 1.87. The extracts of a WWTP 1 (INF-1 and EFF-1), except 573 

one extract produced with Oasis HLB, pH 2.5, and groundwater (GW-1) did not induce 574 
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genotoxicity. All extracts produced with Supelco ENVI-Carb+ (pH 7 and pH 2.5) were not 575 

active, either. 576 

Genotoxicity was enriched from four out of six sampling sites (Figure S14, Tables S8 and S9) 577 

but IRs remained only moderately increased compared to the corresponding aqueous samples 578 

(except for hospital wastewater). One reason for this could be that genotoxicity of 579 

(waste)water samples is generally detected at higher sample enrichment factors (e.g., 100-580 

fold, Keiter et al. 2006, Schulze et al. 2017, Stalter et al. 2016) or at contamination hotspots 581 

(Baumstark-Khan et al. 2005, Baun et al. 2000). 582 

In line with the efficiency of the Telos C18/ENV pH 2.5 method, Magdeburg et al. (2014) 583 

extracted genotoxicity and mutagenicity from wastewater (biological and advanced treatment) 584 

using the Oasis HLB at pH 2. Although the authors did not compare different SPE methods, 585 

their results seem in agreement with the present results. Mutagenicity and cytotoxicity were 586 

also higher in biologically-treated and ozonated wastewater extracted at pH 2 (instead of pH 587 

7) using a C18 sorbent (Misik et al. 2011). For the other investigated in vitro endpoints, no 588 

SPE optimisation study was found in the literature. 589 

 590 

3.4.5 What is the best SPE method? 591 

Regarding the results of five types of water samples tested with five in vitro bioassays the 592 

most effective SPE method for the extraction of endocrine activities was Telos C18/ENV pH 593 

7 (7x), followed by Telos C18/ENV pH 2.5 and Supelco ENVI-Carb+ pH 7 (each 5x), Oasis 594 

HLB pH 7 (4x), Oasis HLB pH 2.5 (2x) and Supelco ENVI-Carb+ pH 2.5 (1x, Table 3). To 595 

statistically distinguish between optimal (and non-optimal) SPE methods a multivariate 596 

optimisation based on Pareto was implemented (Durmaz et al. 2015, Ehrgott 2000). Pareto 597 

computed sample type and bioassay specific “Pareto optimal” methods. 598 

The Pareto results are exemplified for conventionally treated wastewater (EFF-4) in five in 599 

vitro bioassays, whereby Pareto is based on the activity percentiles (Table S12) for ranking 600 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
28 

the SPE methods (Table S13). The best extraction methods (“Pareto best”) were Telos 601 

C18/ENV pH 7 followed by Oasis HLB pH 7 and Telos C18/ENV pH 2.5 (see Table S13 for 602 

detailed results). The ranking of these methods was computed as follow: Instead of looking at 603 

the “best” extraction results within a certain matrix, the “worst” results were classified as 604 

“false negative responders”. The Supelco ENVI-Carb+ method at pH 2.5 was three times 605 

“Pareto-worst” as it extracted the lowest activity in a maximal number of bioassays. All other 606 

methods performed better. When an extract was cytotoxic, the result was marked with the 607 

label "cytotoxic" instead of providing a value. The Pareto algorithm is capable of evaluating 608 

data sets with a limited number of such results. In case of an excessive degree of cytotoxicity 609 

(HOS and INF-1), the corresponding SPE method was, however, not listed in the respective 610 

ranking matrix and the level of relevance decreases for this parameter. This means that the 611 

ranking for this parameter is not reaching the "worst" class anymore.  This evaluation 612 

procedure was performed for all data sets referring to the different samples, SPE methods and 613 

in vitro bioassays to obtain the following overall ranking of “Pareto optimal” SPE methods: 614 

Regarding the five sample types, the method Telos C18/ENV at pH 7 was four times “Pareto 615 

best”, followed by Oasis HLB pH 7 and pH 2.5 (each 2x, Tables 3 and S14). In terms of the 616 

five bioassays, the methods Telos C18/ENV at pH 2.5 and Supelco ENVI-Carb+ at pH 7 were 617 

two times “Pareto best”, respectively (details in Table S14). 618 

Accordingly, the method Telos C18/ENV at pH 7 was “Pareto best” regarding the effectivity 619 

in extracting different types of water and wastewater samples with respect to the highest 620 

endocrine activities (Table 3). Higher recoveries at neutral pH (over acidic and basic pH) 621 

were also observed by Tousova et al. (2017) for several endpoints also investigated in this 622 

study. The authors, however, used other sorbents for large volume SPE of surface waters. 623 

Summing up the results of the in vitro bioassays and Pareto optimisation, the methods Telos 624 

C18/ENV pH 7 and Oasis HLB pH 7 were optimal to enrich endocrine activities but also the 625 

highest cytotoxicity (Table 2). The corresponding methods at pH 2.5 showed good results as 626 
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well as lower cytotoxicity (Tables 2 and S14). The final recommendation for most effective 627 

recovery of in vitro toxicity from diverse (waste)waters is, thus, to use the Telos C18/ENV 628 

method at a sample pH of 7.  629 
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4 Challenges in optimising sample preparation for bioassays 630 

Despite the advantages of optimising the sample preparation for bioassay analyses (Muschket 631 

et al. 2017, Neale et al. 2018, Ternes et al. 2017), a number of important challenges remain.  632 

The first challenge is that the “true” toxicity of a sample (at a given sampling site and time) 633 

remains unknown. The reason for this is that for complex environmental samples, the 634 

causative compounds, potential mixture effects and confounding factors (e.g., matrix effects) 635 

are largely unspecified. Accordingly, each step of sampling and sample preparation and 636 

storage may change the chemical composition of a sample and its toxicity. Active compounds 637 

may be added (via contaminated materials) or removed (via adsorption to materials) during 638 

sampling, added or removed during transport and storage (via microbial activity) and added or 639 

removed during sample preparation. 640 

Second, the differentiation between toxicity caused by anthropogenic pollutants and naturally 641 

occurring compounds, often referred to a matrix effects, remains challenging. For instance, 642 

our approach in maximising the recovery of toxicities may come at the costs of also 643 

maximising matrix effects. One such example is the co-extraction of DOC that may induce 644 

artefacts in bioassays for receptor antagonism (Neale and Escher 2014). Several confounding 645 

factors resulting in false-positive or negative result need to be considered when interpreting 646 

bioassay data (discussed in Giebner et al. 2018). However, sample preparation may not be the 647 

appropriate tool to address these. Instead, post-extraction analysis (such as effect-directed 648 

analysis) can be a way to separate the toxicity caused by anthropogenic and natural 649 

compounds. 650 

The third challenge is the selectivity of sample extraction: While SPE methods with broad 651 

selectivity exist, an extraction of chemicals is always selective, resulting in a loss of 652 

compounds with low affinity to the sorbent (Köke et al. 2018, Neale et al. 2018, Niss et al. 653 

2018, Stalter et al. 2016). Accordingly, the toxicity of an extract will never fully represent the 654 

toxicity of the extracted sample. Thus, the question is rather how much loss in toxicity during 655 
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extraction is acceptable. One way of addressing this is to compare the toxicity of extracts to 656 

aqueous samples (Dagnino et al. 2010, EC 2003). Another way is to optimise the recovery of 657 

toxicity. Both strategies were adopted in this study to identify the best extraction method. 658 

The forth challenge arises from cytotoxicity masking the effect under investigation, which is 659 

often the case at high concentration factors. While cytotoxicity can be considered an 660 

important toxicological endpoint by itself outweighing the specific effect is masks, it is most 661 

commonly rather regarded an obstacle that needs to be removed. This can be achieved by 662 

diluting a sample to a non-cytotoxic concentration (Inoue et al. 2009, 2011, Leusch et al. 663 

2017, Neale et al. 2018, Välitalo et al. 2017). However, this also dilutes the effect of interest. 664 

Alternative approaches, such as minimising the dilution of aqueous samples (Niss et al. 2018) 665 

or reducing exposure times in the bioassay as well as cleaning up the cytotoxicity (e.g., by 666 

fractionation), have so far not been widely adopted. 667 

These challenges are connected to a range of SPE parameters. Thus, the sorbent (Chang et al. 668 

2009, Escher et al. 2005, Stalter et al. 2016), sample volumes (Macova et al. 2011, Schulze et 669 

al. 2017), eluting solvents (Lu et al. 2010, Välitalo et al. 2017, Yang et al. 2014), fractionation 670 

steps (Leusch et al. 2017, Välitalo et al. 2017) and operating modes such as large volume or 671 

multilayer SPE (Köke et al. 2018, Schulze et al. 2017) can be optimised. 672 

Acknowledging that it is impractical to perform an optimisation for every sample and every 673 

bioassay, a range of case studies for different matrices can be used to evaluate whether 674 

specific sample preparation methods perform generally better than others. We have taken such 675 

approach in the present study and conclude that the Telos C18/ENV method at neutral sample 676 

pH performs best in recovering multiple endocrine activities and cytotoxicity from aqueous 677 

samples.  678 
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5 Conclusions 679 

1. Acidification of aqueous (waste)water samples significantly alters a range of in vitro 680 

toxicities, including anti-estrogenic, anti-androgenic and retinoic acid-like activities as well 681 

as mutagenicity. Sample filtration has a minor impact on the samples’ toxicity. 682 

2. Compared to aqueous samples, solid phase extraction enriches most in vitro toxicities. 683 

However, some activities (e.g., anti-estrogenicity) remain poorly extractable. 684 

3. When comparing six SPE methods, the choice of the optimal method depends on the 685 

matrix as well as the in vitro endpoint. 686 

4. In general, an extraction using Telos C18/ENV at a sample pH of 7 was most effective in 687 

recovering in vitro toxicity from (waste)water samples. However, these methods also co-688 

extract a high cytotoxicity masking other endpoints. Using the same method at a sample 689 

pH of 2.5 reduced the extraction of cytotoxicity. 690 

5. Sample preparation needs to be optimised when analysing the toxicity of water samples. 691 

While this is a resource-consuming task involving multiple methodological parameters, 692 

water quality can only be accurately assessed when the recovery of the toxicity of a sample 693 

is maximal.  694 
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Tables 1009 

Table 1: Overview of the investigated samples; WWTP: wastewater treatment plant. Details 1010 

on samples 1–14 can be found in Seitz and Winzenbacher (2017). 1011 

Sample 
No. 

Type of sample  Sample acronym 
Sampling 

mode 

1 untreated wastewater (hospital effluent) HOS  grab 
2 untreated wastewater 

(WWTP 1 influent) 
INF-1 composite 

3 conventionally treated wastewater 
(WWTP 1 effluent) 

EFF-1 composite 

4 conventionally treated wastewater 
(WWTP 2 effluent) 

EFF-2 composite 

5 conventionally treated wastewater 
(WWTP 3 effluent) 

EFF-3 composite 

6 conventionally treated wastewater (WTTP 4 
influent of a filtration basin) 

FB-IN grab 

7 conventionally treated wastewater (WTTP 4 
effluent of a filtration basin) 

FB-OUT composite 

8 surface water of an infiltration basin IB (SW) grab 

9 surface water 1 (river) SW-1 grab 

10 surface water 2 (river) SW-2 grab 

11 surface water 3 (river) SW-3 grab 

12 groundwater 1 (hotspot) GW-1 grab 

13 groundwater 2 (hotspot) GW-2 grab 

14 groundwater 3 (hotspot) GW-3 grab 
15 conventionally treated wastewater (pilot 

WWTP) 
EFF-4 composite 

16 ozonated conventionally treated wastewater 
(before microsieve, pilot WWTP) 

EFF-4-O3 composite 

17 conventionally treated wastewater (after 
microsieve, pilot WWTP)  

EFF-4-MS composite 

18 ozonated microfiltered conventionally-treated 
wastewater (pilot WWTP)  

EFF-4-MS-O3 composite 

19 tap water (pilot WWTP) TAP grab 

  1012 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
43 

Table 2: Occurrence of cytotoxicity (%) during the analysis of all sample extracts in ten in 1013 

vitro bioassays (except EFF-4-MS (F) and EFF-4-MS-O3 (F): n = 9) pooled according to SPE 1014 

method. Corresponding samples were taken on the same sampling dates in July (D) 2012 and 1015 

in January (F) 2013. 1016 

sample Oasis HLB Telos C18/ENV Supelco ENVI-Carb+ Sample 
 pH 7 pH 2.5 pH 7 pH 2.5 pH 7 pH 2.5 mean 

HOS 80 70 100 50 0 0 50 (n = 60) 

INF-1 60 50 70 50 0 0 38 (n = 60) 

EFF-1 0 0 30 0 10 0 7 (n = 60) 

EFF-4 0 0 0 0 0 0 0 (n = 60) 

 EFF-4-MS (D) 0 0 50 0 0 0 8 (n = 60) 

EFF-4-MS (F) 44 0 56 0 44 0 24 (n = 54) 

EFF-4-MS-O3 (F) 78 0 100 0 33 0 35 (n = 54) 

GW-1 0 0 0 0 10 0 2 (n = 60) 

Method mean 
32 

(n = 78) 
15 

(n = 78) 
50 

(n = 78) 
13 

(n = 78) 
12 

(n = 78) 
0 

(n = 78) 
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Table 3: Most effective SPE methods for the extraction of estrogenic (YES), anti-estrogenic 1018 

(YAES), androgenic (YAS), anti-androgenic (YAAS) and dioxin-like (YDS) activity from 1019 

water and wastewater samples (inner table, based on Table S8). In addition, “Pareto best” 1020 

methods for each bioassay and sample type were computed. Double/triple listings represent 1021 

equally effective methods. Hospital wastewater (HOS) and one WWTP influent (INF-1) were 1022 

not analysed due to excessive cytotoxicity. Brackets: activity ≤ 10%; “-“: no endocrine 1023 

activity/cytotoxicity 1024 

              Bioassay 
 
Sample type 

YES YAES YAS YAAS YDS Pareto best: 
sample type 

EFF-1  (Oasis 2.5) Supelco 7 (Oasis 7) Oasis 2.5 Telos 7 
Oasis 2.5 
Telos 7 

EFF-4 (Telos 2.5) Telos 7 (Oasis 7) Telos 7 Telos 7 
Oasis 7 
Telos 7 

Telos 2.5 

EFF-4-MS (Telos 2.5) Oasis 7 (Supelco 7) Oasis 7 Telos 7 Telos 7 

EFF-4-MS-O3  - Supelco 7 (Supelco 2.5) Telos 2.5 (Telos 2.5) Supelco 7 

GW-1 (Telos 7) Telos 7 (Supelco 7) Telos 2.5 (Supelco 7) 
Oasis 7 

Oasis 2.5 
Telos 7 

Pareto best: 
bioassay Telos 2.5 Supelco 7 Supelco 7 

Telos 2.5 
Supelco 2.5 

Telos 7 Telos 7 

 1025 
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Figure 1: Impact of acidification. Anti-estrogenic activity (A), retinoic acid-like activity (RAR, B) and mutagenicity (Ames TA 100, C) of neutral 

(black) and acidified (grey) aqueous water and wastewater samples (mean in %). Corresponding samples (INF-1/EFF-1, EFF-4/EFF-4-O3 and FB-

IN/FB-OUT) were taken on the same sampling date in March 2012 and April 2012, respectively. 
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Figure 2: Impact of filtration. Endocrine activity (%, mean ± SEM) of unfiltered (black bars) and filtered (white bars) wastewater samples and the 

aqueous suspensions of the filter retentate (grey bars). A:  untreated hospital wastewater (HOS), B: untreated municipal wastewater of WWTP 1 

(INF-1), C: conventionally treated effluent of WWTP 1 (EFF-1). YES: estrogenic, YAES: anti-estrogenic, YAS: androgenic, YAAS: anti-

androgenic, YDS: dioxin-like, RAR: retinoic acid-like, RXR: retinoid-X-like, VDR: vitamin D-like, TR: thyronine-like. Corresponding samples 

(INF-1/EFF-1) taken on the same sampling date in July 2012. 
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Figure 3: Comparison of aqueous and extracted samples. Estrogenic (A), anti-estrogenic (B), anti-androgenic (C), dioxin-like (D) and retinoic 

acid-like (RAR, E) activity in % and genotoxicity as induction rate (umu, F) of the pooled data of aqueous (aqu.) water and wastewater samples 

(0.63-fold final concentration) and of the corresponding 10.4-fold concentrated SPE extracts (extr.). Symbols: mean activity of the individual 

sample, line: mean of all samples of one sample type, filled symbol: aqueous sample, clear symbol: SPE extract, HOS: untreated hospital 

wastewater, INF: untreated influent, EFF: conventionally treated effluent, EFF-O3: ozonated conventionally treated wastewater, GW: groundwater. 

Corresponding samples were taken within the same sampling period in July 2012 and January 2013. 
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Figure 4: Comparison of the six SPE methods. Endocrine activity (0% to 100%) and 

cytotoxicity (0% to -100%) of aqueous samples and the corresponding SPE extracts (0.63 and 

10.4-fold final concentration, respectively) of wastewater treatment plant influents (A), 

effluents (B), ozonated effluent (C) and groundwater (D). Six SPE methods were compared: 

Oasis HLB, Telos C18/ENV and Supelco ENVI-Carb+ extraction at pH 7 and pH 2.5. The 

results were pooled from the different samples according to water type. Green: 0.0% endocrine 

activity/cytotoxicity, red: 100% endocrine activity, grey: 100% cytotoxicity. 
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What you extract is what you see: Optimising the preparation of water and 

wastewater samples for in vitro bioassays 
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Prasse, Ulrike Schulte-Oehlmann, Wolfram Seitz, Thomas Ternes, Marcus Weber, Henning 

Wesely, Martin Wagner  

 

 

HIGHLIGHTS 

• Acidification of (waste)water samples significantly affects their in vitro toxicity 

• Filtration does not affect the toxicity of most (waste)water samples 

• All six SPE methods recovered in vitro toxicity, depending on endpoints/matrices 

• Best SPE methods were identified for each matrix and endpoint 

• Multivariate optimisation identified Telos C18/ENV (pH7) as overall best SPE method 


